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CHAPTER I 
 

INTRODUCTION 

 

 

Concerns about energy security, the threat of climate change and the need to meet growing 

energy demand pose major challenges to energy decision makers (IEA, 2004). In 2009, the 

residential and commercial building sectors used 5.74x10
12

 kW-hr (19.6 quad; quad is a unit of 

energy equal to 10
15 

BTU or 1.055 × 10
18 

Joules in SI units) of delivered energy, that is 21 percent 

of total U.S. energy consumption. The residential sector for heating, ventilating and air-

conditioning (HVAC) alone accounted for 57 percent of that energy use, leaving 43 percent for 

the commercial sector (EIA, 2011). It is of high priority for the HVAC industry to address this 

critical energy challenge by improving the energy efficiencies of AC systems (Moezzi, 2000; 

Althof et al., 2001; and EPA, 2011) and through the use of new low global warming potential 

(LGWP) refrigerants, thus reducing the direct and indirect greenhouse contributions for AC and 

heat pump systems in the short terms.  

  

 

http://en.wikipedia.org/wiki/BTU
http://en.wikipedia.org/wiki/Joule
http://en.wikipedia.org/wiki/SI
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What is GWP? 

 

GWP is the measure of the amount of heat being trapped by the greenhouse gases in the 

atmosphere. Numerically it is the ratio of heat trapped by a certain mass of a particular gas to the 

heat trapped by the same mass of carbon dioxide. In other words, the GWP value of CO2 is 

standardized to be 1(Forster et al., 2007). EIA defines the GWP as followed, "An index used to 

compare the relative radiative forcing of different gases without directly calculating the changes 

in atmospheric concentrations. GWPs are calculated as the ratio of the radiative forcing that 

would result from the emission of one kilogram of a greenhouse gas to that from the emission of 

one kilogram of carbon dioxide over a fixed period of time, such as 100 years"(EIA, 2011). 

The factors that affect the value of GWP are: 

1. The absorption of infrared radiation 

2. Spectral location of absorbing wavelengths 

3. Atmospheric lifetime 

The radiative properties of a substance decides how much a unit mass can radiate at a given point 

of time, but the overall lifetime signifies how long that radiative component retains in the 

atmosphere (Ramaswamy et al., 2001).  GWP in shorter time horizon can be of great interest if 

the rate of climate change is more important than the overall magnitude (IPCC, l994; Fuglestvedt 

et al., 2000). 

The radiative forcing capacity (RF) is the amount of energy per unit area, per unit time, absorbed 

by the greenhouse gas. The higher the RF value, the more it is going away from the radiative heat 

balance on the atmosphere. It can be determined from equation (1-1) (Forster et al., 2007): 
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(1-1) 

GWP is then calculated as the ratio of the integrated RF values of the greenhouse gas in question 

and CO2 over a certain time horizon. This is the formula that has been adopted in the Kyoto 

Protocol (Kyoto Protocol, 1997) as in equation (1-2). 

     
∫         
  

 

∫    
  

 
     

 
∫       [    ]  
  

 

∫   
  

 
    [    ]   

(1-2) 

Here, TH is the time horizon, RFi is the global mean RF of component i, ai is the RF per unit 

mass increase in atmospheric abundance of component i (radiative efficiency), [Ci(t)] is the time-

dependent abundance of i, and the corresponding quantities for the reference gas (r) in the 

denominator. The numerator and denominator are called the absolute global warming potential 

(AGWP) of i and r respectively (Forster et al., 2011). All the GWP values quoted in this work are 

based on the 100 year lifetime method and taking CO2 as the reference gas. 

It should also be noted that besides this direct global warming effect of the greenhouse gases, 

there are also indirect effects of the degradation products, which could contribute in a lower or 

higher GWP value. While the direct effect of the degradation products, such as CH4 (Methane), 

CO (Carbon Monoxide), NOx (Nitrogen Oxides) and other organic compounds are negligible 

(WMO, 2003), they can lead to ozone formation or destruction, changing the lifetime of CH4, and 

secondary aerosol formation (Prather et al., 2001; Ramaswamy et al., 2001; Collins et al., 2002, 

Berntsen et al., 2005, Shine et al., 2005a). 
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Other Assessing Metrics 

 

Since the introduction of use of GWP as a governing parameter in climatic evaluation, it has been 

well debated if it is really adequate or not. Although it’s a simple and straightforward index, it is 

questionable because of the basis of equivalence of emissions for different gases (Smith and 

Wigley, 2000) and also the fact of being rather inappropriate for short-lived aerosols.  A revised 

GWP method, including climate efficacies was proposed by Fuglestvedt et al. (2003) which was 

later implemented by Berntsen et al. (2005).  

Another relative emission metric has been proposed by Shine et al. (2005b), namely “Global 

Temperature Potential”, which is the ratio of global mean temperature increase at a future time 

horizon for gas x to the reference gas r (generally CO2) following an emission and calculated 

from equation (1-3) : 

    
   

   
 

   
 

 

(1-3) 

Life Cycle Climate Performance (LCCP) is another parameter which not only takes into account 

the direct emissions due to refrigerant leakage, but also the indirect emissions that come from the 

primary energy source while the power is being generated. LCCP covers the system performance, 

ambient temperature, system load and also the CO2 emission rate in electricity generation. LCCP 

is the sum of direct and indirect emissions. Pappassava et al. (2010) described a model for 

calculating LCCP, which was later expanded by Abdelaziz et al. (2012) as in equation (1-4) and 

equation (1-5): 

                                                      

                         

  

 

(1-4) 

Where,  
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(1-5) 

Where, 

                              

                                                                       

                                                                         

                                                                             

                                                                              

                                                          

                                                               

Total Equivalent Warming Number (TEWI) is another metric of measuring the effect of global 

warming caused by the greenhouse gases directly and indirectly. The concept was initiated as a 

simplified tool to evaluate lifetime total warming impact. TEWI can be calculated by knowing the 

total amount of refrigerants and blowing agents being leaked, energy consumed over lifetime and 

the GWP values. As described in Sand et al. (1999), TEWI can be estimated from equation(1-6):  
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(1-6) 

Where, α is the conversion factor used to convert energy use, E and Lifetime, L to corresponding 

CO2 emissions. 

Kruse (1998) suggested separate evaluations of direct and indirect emissions following the Kyoto 

protocol. Only then can be the system tightness compared to the use of refrigerants with lower 

GWP. The cost comes into play as well in order to build a tighter sand energy efficient system. 

Although LCCP and TEWI are probably better parameters to look at for the complete view of 

global warming effects, GWP is a quite well acclaimed metric in the HVAC industry to evaluate 

the refrigerants in order to make sure they follow the recent changes in climate protocols. 

A review of the literature on the continuous efforts of the researchers to study lower GWP 

refrigerants characteristics and their performance when retrofitted into the existing HVAC 

equipment is presented in the following section. 
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CHAPTER II 
 

 

LITERATURE REVIEW 

 

The refrigeration and air-conditioning industry has experienced several changes since the last two 

decades in order to meet the terms of the Montreal Protocol (UNEP, 1987). A gradual phase-out 

of refrigerants that deplete the ozone layer has occurred (Reasor et al, 2010) and CFCs to HCFCs 

have been retrofitted with more environmentally friendly refrigerants. However, HFCs and new 

blends used in modern air conditioning and heat pump systems have still global warming 

potential (GWP) that is of concern. For example R134a is a hydro fluorocarbon refrigerant with 

ODP of zero but with GWP of about 1,430 (Forster et al., 2007) and the European Union directed 

the phase out of R134a in automobile air conditioning in the coming decade.  In residential sector, 

R410A has been a widely used refrigerant until recent concerns about its high GWP value. In this 

review of literature I am mainly going to describe how R410A retrofitted R22 in A/C systems and 

how researchers have been approaching to find a proper drop-in replacement for R410A, with 

lower GWP value. 
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Use of R410A in HVAC systems 

 

R410A was originally introduced in the HVAC industry as a drop-in replacement for HCFC-22 

which was being phased out by the Montreal protocol, with an ODP of 0.05 and GWP value of 

1810 in the 100 year horizon. Researchers investigated if R410A could efficiently replace R22 in 

the already existing systems. Refrigerant R410A is a near-azeotropic blend of R32 and R125, 

with a critical temperature of 72.8C (163F) and a critical pressure of 4.86 MPa (705 psi). Its 

ozone depletion potential is zero but its GWP is 2,088 (Solomon et al., 2007), which is even 

higher than that of HCFC-22. But until the Kyoto Protocol, it was not of concern and R410A was 

adopted in air conditioning and heat pump systems for residential applications (Pande et al., 

1996). R410A has better transport property and higher working pressure than R22, which means 

that the refrigerant pressure loss and its impact on the system performance are relatively smaller. 

Kim et al. (2000) found out that R410A has around 24% higher flow rate than R22 in capillary 

tubes for air-conditioners. Payne and Domanski (2002) investigated that although at 35.0 °C (95.0 

°F) outdoor temperature R410A had roughly the same capacity as R22 and a COP 4% lower, at 

high ambient temperature of 54°C (130.0 °F) the R410A capacity was 9 % lower and COP was 

less by 15% in comparison to that of R22. Domanski et al., (2005) discussed that for a 7°C (44°F) 

evaporator exit saturation temperature, R410A has 10.7% higher capacity and around 2% higher 

COP in comparison to R22. Chen (2008) experimented on four sets of comparable R410A and 

R22 split-type residential A/C systems and concluded that R410A systems can have 3 to 12% 

higher performance than that of R22. He also pointed out that R410A systems can perform more 

and more efficiently at lower ambient temperatures and also mentioned the fact that R410A 

systems have a lower LCCP index than that of R22. R410A has been considered as a high 

volumetric cooling capacity refrigerant, which means that it can absorb significant amount of heat 

from the air for a unit volume of refrigerant in a direct expansion evaporator.  
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Replacement of R410A in HVAC systems 

 

Several researchers investigated refrigerants that could potentially retrofit R410A in air 

conditioning systems. For example R32 has been proposed in mini-split systems, which are 

popular in China and Japan (Pham, 2010). R32 has a GWP of 675 (Forster et al., 2007). R32 

having a larger volumetric capacity than R410A, can work with 50% reduced charge than that of 

R410A for similar system performance (Taira et al., 2011). Pham and Rajendran (2012) 

investigated on R32 and other HFO blends as potential low GWP candidates. They found out that 

R32 can have 2.6 to 3.9% higher capacity with a decrease in 0.8 to 1.5% in COP when used as a 

drop-in replacement for R410A, and this is accompanied with 20 to 70° F increase in discharge 

temperature. They also suggest that R32 can be serve as the initial candidate to meet the HFC 

phase out until 2020, but eventually in order to meet the cap of 15% GWP decrease by 2030 its 

future is uncertain. Barve and Cremaschi (2012) also suggest similar findings for R32 where it 

has similar COPs and up to 10% higher system capacity when compared to R410A. The 

flammability characteristics of R32 pose some concerns in case of leakage or in case of failure of 

the equipment. 

Natural refrigerants have also been proposed as alternative refrigerants to R410A for heat pump 

systems. Natural refrigerants have zero ozone depletion potential and minimum global warming 

potential since these fluids are available in nature. However, they usually require a system 

designed ad-hoc for the specific application, which make retrofitting of R410A with natural 

refrigerants difficult, especially in existing equipment (Yin et al., 1998).  CO2 (R744) has a GWP 

value of 1, but the refrigeration cycles are transcritical, that means it requires cooling the 

compressed fluid at supercritical high-side pressure (Kim et al., 2004). Numerical results and 

experimental validations for CO2 air conditioning cycles are present in literature (Rasmussen et 

al., 2003; Rigola et al., 2004). Results for CO2 transcritical heat pumps for residential application 

were presented in Richter et al. (2003). 
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Few studies on refrigerants that have zero ozone depletion potential and GWP less than 500 are 

available in the literature. Minor and Spatz (2008) presented R1234yf as a candidate for replacing 

R134a in automobile air conditioning systems and reported that it could perform within 10% of 

the system performance compared to the original refrigerant. R1234yf showed similar 

refrigeration properties as that of R134A when used in refrigeration applications as well (Leck, 

2009). Because of its low working pressure, R1234yf might not be considered as a direct drop-in 

replacement for R410A.  

Following the work of Kontomaris et al. (2009), low GWP new blend DR-11 (Kontomaris et al., 

2010) and XP10 (Kontomaris et al., 2012) were presented as replacements for R134a in chiller 

applications with an decrease of 2.5 % and an improvement of up to 8% in COP respectively. 

Developmental refrigerants L-20 and L-41 were presented as replacements for R407C and R410A 

respectively in positive displacement chiller applications with similar COPs (Spatz, 2012). The 

author also described the potential replacement refrigerants N-12 and N-13 in centrifugal chiller 

applications. An overview of the objectives of low GWP refrigerants and how these new fluids 

can be implemented into existing equipment can be found in McLinden (2011).  Yana Motta et al. 

(2012) reported new low GWP developmental refrigerants N-40 and N-20 that offered great 

reduction of environmental impact in current and future refrigeration systems. 

Some experimental studies for retrofitting R410A in small split systems have been published in 

the recent years. Horie et al. (2010) discussed the refrigerant cycle characteristics of R32 and 

R1234yf with respect to R410A in heat pump applications. The authors highlighted the benefits 

and shortcomings of these two refrigerants with respect to R410A. Developmental refrigerants 

from various refrigerant manufacturers were retrofitted in existing systems lately and preliminary 

findings seemed to suggest that new development refrigerants were viable options. Yana Motta et 

al. (2010) investigated on a 3-ton 13 SEER split system R410A unit with a heating capacity of 

10.1 kW and an HSPF of 8.5.  The two new refrigerants, HDR-06 and HDR-11 exhibited up to 
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7% reduction in capacity and up to 4% improvement in COP in comparison with R410A. Both 

these refrigerants caused lower thermal and volumetric efficiencies associated with slight increase 

in discharge temperatures with respect to R410A. Pham and Rajendran (2012) presented 

experimental results for three new HFO blends, with GWP values around 500, tested in R410A 

optimized A/C and HP units. These blends reportedly have system capacities within -10% to +1% 

and EER within -4% to +7% of that of R410A.   

Wang et al. (2012) presented a summary report on thirty eight promising alternative low GWP 

refrigerants, accumulating results from industry-wide co-operative research by AHRI. The GWP 

values of these refrigerants ranged from 0 to 1500. Thermodynamic modeling results and 

experimental data for all these refrigerants during compressor calorimeter tests, direct drop-in 

tests and soft-optimization tests were compared to those of baseline refrigerants. AHRI specified 

that all the tests were carried out following AHRI standard 210/240 and ASHRAE standard 37 for 

testing unitary air-conditioners and heat pumps. Drop-in tests were conducted with only minor 

modifications, if needed, and for the soft optimization tests, even evaporator and condensers 

circuitry might have been changed ensuring that the total heat transfer areas remained the same.  

A summary with an overview of all the refrigerants mentioned in the literature review is 

presented in Table 1. 

Table 1: Summary of the refrigerants in literature review 

Refrigerant Authors Year Applications 

R410A 

Kim et al. 2000 Capillary tubes 

Payne and Domanski 2002 Split type residential A/C 

Domanski et al. 2005 NIST evaporator model 

Chen 2008 Split type residential A/C 

R32 

Pham 2010 Mini-split system 

Taira et al. 2011 Split type residential A/C 

Pham and Rajendran 2012 Unitary A/C and H/P 

Barve and Cremaschi 2012 Split type residential H/P 
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Horie et al. 2010 Heat Pump 

CO2 

Yin et al. 1998 Existing A/C system 

Rasmussen et al. 2003 Numerical analysis 

Richter et al. 2003 Residential H/P 

Kim et al. 2004 Split type residential A/C 

R1234yf 
Minor and Spatz 2008 AutomobileA/C 

Leck  2009 Refrigeration 

DR-11 Kontomaris et al. 2010 Chiller, replacement of R134a 

XP10 Kontomaris et al. 2012 Chiller, replacement of R134a 

L-20 and L-41 Spatz 2012 Positive displacement chiller 

N-12 and N-13 Spatz 2012 Centrifugal chiller 

N-40 and N-20 Yana Motta et al. 2012 Refrigeration 

HDR-06 and HDR-11 Yana Motta et al. 2010 Split type residential A/C 

 

New developmental refrigerants and their characteristics 

 

This thesis extends the previous studies from (Leck, 2010) to R410A heat pump split system for 

ducted HVAC installations and for residential applications. This thesis presents data of the 

thermal performance and capacity of two new lo GWP refrigerants that are still in the R&D stage 

and are referred throughout this report as DR-4 and DR-5 (DR- refer to as developmental 

refrigerant). Some properties of the candidate refrigerants are presented in Table 2. 

Table 2: Some properties of refrigerants investigated in this thesis 

 R410A DR-4 DR-5 

Temperature Glide (K) 0.1 5 1 

GWP 2088 <300 <500 

Toxicity Non-toxic Non-toxic Non-toxic 

Flammability Class 1 Class 2L Class 2L 

Lubricant compatibility POE POE POE 

 

DR-4 and DR-5 had temperature glides of 5C (9F) and 1C (1.8F) respectively during phase 

change from saturated liquid to saturated vapor. DR-5 has a GWP value less than 500, while DR-
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4 has an even lower value, less than 300. They were not toxic, compatible with POE lubricant, 

chemically stable, not corrosive, and had flammability characteristics of class 2L refrigerants 

according to ASHRAE standard 34 (Leck and Yamaguchi, 2010), which means they have mild 

flammability and lower flame propagation rate. One of the major constituent of these two 

refrigerants was R1234yf.  

While the details will be discussed later in the thesis, Figure 1 shows the P-h diagram and the 

refrigeration cycle analysis of R410A, DR-4 and DR-5. The diagrams were constructed based on 

the measured data for each refrigerant when charged into a heat pump unit, which ran at AHRI 

standard 210 A-Test cooling mode conditions. DR-4 had a refrigeration cycle that was similar to 

that for R410A but shifted toward the lower pressure range. DR-5 cycle was wider than those for 

R410A and DR-4. The pressure lift across the compressor was lower for both DR-4 and DR-5 

compared to R410A. The pressure ratio, defined as the ratio between the discharge pressure and 

suction pressure, was about 2.43 and 2.60 for DR-4 and DR-5, respectively, whereas the 

compressor ratio of R410A was about 2.64. The discharge pressure of DR-4 was lower than 

R410A discharge pressure by about 570 kPa (83 psi) while DR-5 discharge pressure was 90 kPa 

(13 psi) lower than the corresponding discharge pressure for R410A at similar operating 

conditions. The superheat and sub-cooling and the pressure drops in the evaporator and condenser 

are shown in the P-h diagram. The degree of suction superheat was about 5.2C (9.4F) for 

R410A and, by adopting the same TXV, 1.9C (3.4F) for DR-4, and 3.5C (6.3F) for DR-5. 

The degree of sub-cooling at the TXV inlet location was about 5.5C (10F) for R410A, 3.2C 

(5.7F) for DR-4, and 6.3C (11.3F) for DR-5.  The refrigerant flow rates were 101 g/s (810 

lbm/hr) for the unit with R410A, 81 g/s (646 lbm/hr) for DR-4, and 82 g/s (656 lbm/hr) for DR-5.  



14 
 

 

Figure 1: Pressure-enthalpy diagram and refrigeration cycles for R410A, DR-4 and DR-5 at 

AHRI A test condition (data measured in the present thesis) 

 

Figure 2 shows the T-s diagram and the refrigeration cycle analysis of the three refrigerants based 

on the measured data at AHRI standard 210 A-Test cooling mode operation. In accordance with 

the P-h diagram, the DR-5 cycle was wider than that of R410A and DR-4.  The figure depicts that 

the working temperatures for all the refrigerants are quite similar. Decrease of temperature in the 

evaporator and condenser coils are shown in the T-s diagram. One interesting observation from 

the cycle in the T-s diagram of Figure 2 is the discharge temperature at the compressor outlet. 

DR-4 had almost similar discharge temperature compared to R410A while DR-5 had 9.8°F 

(5.4°C) higher discharge temperature. 
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Figure 2: Temperature-entropy diagram and refrigeration cycles for R410A, DR-4 and DR-5 at 

AHRI A test condition (data measured in the present thesis) 

 

Proposed refrigerants in literature 

 

Leck (2010) presented modeling results and experimental data on DR-4 and DR-5, along with the 

other low GWP candidates. The AC cooling cycle modeling results were calculated based on 

evaporator temperature of 7°C, Condenser temperature 47°C, Liquid sub-cooling of 12K, suction 

gas superheat of 3K and compressor volumetric efficiency of 70%. The modeling was based on 

ideal cycle assumption with no pressure drops or heat losses and only with preliminary values of 

the transport properties. Initial findings denoted that DR-5 had similar discharge pressure and a 

discharge temperature 6°C higher than that of R410A. On the other hand DR-4 had a discharge 

pressure almost 500 kPa lower and a discharge temperature 4°C lower than R410A. DR-5 was 

designed to have the similar capacity and COP 1% higher with 75% reduction in GWP, while 
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DR-4 would have a COP 1.3% higher associated with up to 20% drop in system capacity in 

comparison with R410A. Similar analysis was done with these refrigerants for a heating cycle in 

heat pump, with evaporator temperature 0°C and condenser temperature 45° and both DR-5 and 

DR-4 performance were predicted to be similar as the ones for the cooling cycle. DR-4 had a drop 

of heating capacity by 20% with 1% higher heating COP and DR-5 had similar heating capacity 

and 1% lower heating COP. The author suggested that moderate decreases in capacity 

accompanied with a slight increase in COP could make these refrigerants attractive for use in 

heating and air conditioning applications. 

Leck (2010) extended the work by measuring the system performance in air conditioning 

experimentally. The test unit was a commercial split system unit with rated capacities of 2.8 KW 

for cooling and 3.2 kW for heating, and the tests were operated in an environmental chamber. 

R410A was first run to establish the baseline and then DR-4 and DR-5 were evaluated in drop-in 

testing without any modifications to the system. The Cooling COP and heating COP was higher 

by 4% and 1% respectively for DR-5, whereas DR-4 had a drop of 3 to 10% in system 

performance when compared to that of R410A. Annual Performance Factor (APF) was calculated 

as the sum of weighted cooling season load plus heating season heat load for Tokyo climate 

conditions, and it was observed that DR-5 had 3% higher and DR-4 had 3% lower APF values 

with respect to R410A. The LCCP values of DR-5 and DR-4 were found to be 24% and 21% less 

respectively than that of R410A. The author suggested that DR-5 could be a potential drop-in 

replacement for R410A, but DR-4, in spite of having a GWP almost 86% less than R410A, would 

need system modifications such as increasing the suction line size and heat transfer area to have 

better system capacities.   

DR-5 was later investigated as a potential replacement for R410A in A/C and heat pump 

applications and thermodynamic cycle modeling was done by AHRI under 5 different testing 

conditions, varying the evaporator and condenser temperatures, compressor suction superheat and 
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condenser sub-cooling (Wang, 2012). The report suggests that DR-5 could have relative capacity 

up to 4% higher and relative COP of 1 to 4% higher in comparison to the baseline capacity of 

R410A.   

From the literature review, it can clearly be observed that there is continuous ongoing effort to 

meet the environmental protocols for refrigerants with the goal to achieve desirable performance 

from the existing systems while they are retrofitted with the alternative refrigerants.  But besides 

that, elimination of any loss of refrigerant to the atmosphere should be minimized by design, use, 

service practices and end of life decommissioning of the equipments. One has to remember that it 

is still essential to use refrigerants that can give forth higher system performance and hence lower 

LCCP. The use of high performance refrigerant itself reduces the adverse environmental effect, 

because that means less energy is required to run the air conditioning and heat pump unit. Less 

energy translates directly in less fuel consumed upstream that is at the electric power plant. The 

effort should not just be going after the lower GWP refrigerants based on the GWP cap of useable 

refrigerants, but rather maintaining a protocol based on a weighted GWP and LCCP based 

method that could weight direct and indirect contributions of a refrigerant to the greenhouse 

effects. 
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CHAPTER III 
 

 

OBJECTIVE 

 

The main purpose of this particular work is to investigate the possibility of the two new LGWP 

refrigerants, namely DR-4 and DR-5, to retrofit R410A in residential air conditioning 

applications. Given the necessity of implementing new refrigerants that satisfy the latest 

environmental protocols and possibly in the existing systems without major modifications, this 

work provides some information of two new LGWP refrigerants and studies the performance of 

these two particular refrigerants if they are used in a conventional R410A split system residential 

unit. 

The specific objectives of this thesis are as follows: 

 To test R410A and DR-4, DR-5 (DR- developmental refrigerants) with direct drop-in and 

soft optimization of TXV 

 To optimize the charge and to compare the system capacity and energy performance for 

each refrigerant at design and off-design conditions 

 To estimate the evaporator and condenser coil performance and pressure drop across the 

evaporator coil 
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 To assess the compressor performance by investigating the discharge temperatures, 

thermal and volumetric efficiencies 

The approach was to collect data and conduct an evaluation of the energy performance and 

capacity of the two LGWP refrigerants when they retrofit R410A in a commercially available 

heat pump system. The experimental study was conducted on a 5 ton nominal capacity heat pump 

ducted split system at design and off-design conditions of extreme high temperatures. The 

experiments were conducted in a large scale psychrometric chamber at Oklahoma State 

University and refrigerant cycle temperatures and pressures were directly measured. The thermal 

and transport characteristics of the refrigerants are discussed for straight drop-in tests, in which 

none of the original components of the unit were modified, and for soft-optimization tests, in 

which the original R410A thermal expansion valve was modified for further optimization of the 

refrigeration cycles.  
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CHAPTER IV 
 

 

EXPERIMENTAL SETUP 

 

 

This section describes the experimental facility, the test apparatus, instrumentation of all the 

necessary sensors, acquiring data into the DAQ system and Lab View interfacing and controls 

built for monitoring the test setup.   

The experimental campaign was carried out in a large psychrometric chamber at Oklahoma State 

University, which has two adjacent rooms simulating the outdoor and indoor ambient conditions. 

The outdoor and indoor units of the split system heat pump assembly were placed into the 

psychrometric chamber and connected with copper piping for refrigeration flow. Necessary 

pressure, temperature and flow sensors were installed on both the refrigeration and air side for 

analyzing the cycle and measuring the system capacity and performance. The sensors were 

connected to the already existing data acquisition system of the chamber and read into Lab View 

for monitoring and further processing of data. 
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Psychrometric Chamber 

 

The psychrometric chamber at OSU was originally designed for testing HVAC equipments and 

research. The control variables such as temperature, humidity and air flow rate can be controlled 

and maintained precisely inside the psychrometric chamber. A psychrometric chamber is different 

from an environmental test chamber because it is able to maintain conditions with the addition of 

a live thermal load. It acts as an infinite heat source or sink by balancing the load that an unit 

rejects or absorbs in order to maintain a desired test condition. 

The psychrometric chamber at OSU consists of two similar adjacent rooms, where the outdoor 

chamber simulates the outdoor weather having a design temperature range of -40 to +130°F and 

the indoor chamber replicates typical indoor environment with temperature ranging from 55 to 

100°F. The chamber was intentionally oversized to minimize the interference of the testing 

equipment with the walls and the ceiling of the chamber. Uniform air flow distribution is ensured 

through a raised perforated floor design. More details on the construction and design specifics of 

the chamber can be found in (Cremaschi and Lee, 2008) and (Lifferth, 2009). Table 3 shows the 

summary of the chamber specifications. 

Table 3: Chamber Specifications 

 Outdoor Chamber Indoor Chamber 

Dimensions 22x22x17 ft
3
 (6.7x6.7x5.2 m

3
) 19x22x17 ft

3
 (5.8x6.7x5.2 m

3
) 

Temperature range -40 to +130°F (-40 to 55°C) 55 to 100°F (13 to 38°C) 

Relative humidity 10 to 95% 20 to 90% 

Maximum capacity 15 tons (53 kW) 15 tons (53 kW) 

Maximum air flow rate 8000 cfm 8000 cfm 

 

The basic operational principal of the psychrometric chamber is to overcool the air than the 

desired set point by blowing air using variable speed blowers. Air flows across cold cooling coils 
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and then across electric heaters, controlled by PID (Proportional, Integral, Derivative) scheme. At 

OSU psychrometric chamber, humidity is maintained by a PID controlled electric steam 

generator. The steam is injected into the air stream to set the required humidity. In order to make 

sure that the dry-bulb and wet-bulb measurements are accurate and satisfy ASHRAE and AHRI 

standards, airside temperatures are mechanically averaged using sampling tree and measured in 

the wet-bulb probe. The air flow measurements are made following ANSI/ASHRAE Standard 

41.2 (1987). There are nozzle banks in both the outdoor and indoor chamber, where air flow rate 

and air pressure can be varied by changing the blower speed and changing the free flow area. 

Following ANSI/ASHRAE Standard 37 (2009), the OSU psychrometric chamber is setup for 

inside or outside air enthalpy methods of measuring system capacity of HVAC equipments. More 

details on the built-in instrumentations and control strategies of the psychrometric chamber can 

be found in Worthington et al. (2009) thesis.     

 

Heat Pump Unit 
 

The heat pump used for the present experimental campaign was a commercial and off the shelf 

R410A split system, with a rated capacity of 5 ton, Seasonal Energy Efficiency Ratio (SEER) of 

13 and Heating Seasonal Performance Factor (HSPF) of 8.5. The unit was assembled as a typical 

ducted HVAC residential unit. As shown in Figure 3, there were two units of the heat pump 

assembly, namely the outdoor unit placed in the outdoor chamber and the indoor unit placed into 

the indoor chamber. Both the units were placed 3ft away from the walls following the standards 

to make sure that there was good distribution of air around them. The outdoor unit consisted of a 

compressor, a coil and a fan, whereas the indoor unit consisted of a blower-fan couple. The unit 

was powered with a 3-phase, 208 VAC and 60Hz connection using a variable voltage 
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transformer.  The nominal current of the unit was 7.5 Amps and the maximum current was 15.0 

Amps. 

 

Figure 3: Layout of the Heat Pump system inside OSU psychrometric chamber 

 

The outdoor unit had a fixed speed hermetic scroll compressor, with capacity of 4HP, nominal 

voltage of 208-230V at 60 Hz and suction and discharge connections of 7/8" and 1/2" 

respectively. The compressor nominal speed was around 3600 rpm and it had a swept volume of 

47.4cm
3
/rev and displacement volume of 9.9m

3
/h. It was pre-charged with 53oz. of POE 



24 
 

lubricant, which had a viscosity of 30 cSt at 104°F.  Additional 22oz. of lubricant was charged 

into the compressor to compensate for the oil being retained in the additional length of suction 

line. There was a built-in fixed speed fan in the outdoor unit and a refrigerant suction line 

receiver, with capacity of 19.2oz, a four way valve that enabled the heat pump to operate both in 

cooling and heating mode, and a TXV that operated as an expansion device while in heating 

mode. The outdoor unit would go into a lockout condition if it sensed 263°F at discharge line for 

30s continuously. There were also high and low pressure switches to ensure safe operation of the 

unit. 

The indoor unit had a built-in blower with a capacity of 3/4hp and rated voltage of 230VAC. It 

had a pre-programmed motor which could be set to rotate at 5 different speeds. Motor wires could 

be connected to motor speed tap receptacles to give the blower various speeds. In order to keep 

consistency, all through the experimental campaign, the motor was set to give a constant rpm at 

208 VAC that would produce around 1800-1900 cfm at 0.2 inWC external static pressure. The 

speed taps were connected to the ports 3 and 5, as shown in Figure 4. The indoor unit also came 

with a TXV that performed as the expansion device during cooling operation.  

 

Figure 4: Speed tap connections for the blower motor (model: X13
TM

 FM18) 

3 

5 
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The outdoor and indoor units were connected through copper piping across the two rooms. The 

liquid line was a 3/8" OD pipe, while the vapor line came out from the outdoor unit as 7/8" pipe 

but continued all the way as a 1" pipe. Both the liquid and vapor lines were almost 40ft in length. 

All the refrigerant line was well insulated with ultra-flexible foam rubber pipe insulation that was 

3/8" thick.  A P-trap was made at the drain of the pan of the indoor blower and coil assembly to 

collect the water condensate from the indoor unit. The heat pump specifications are summarized 

in Table 4.  

 

Table 4: Heat Pump Specifications 

 Description Model No. Brand 

Rated capacity 5 ton - JCI/York 

SEER 13 - - 

HSPF 8.5 - - 

Compatible refrigerant R410A - - 

Power source 3 phase, 208V, 60Hz - - 

Compressor type Hermetic scroll compressor HRH049U1LP6 Danfoss 

Compressor swept vol. 47.4cm
3
/rev - - 

Lubricant POE oil, viscosity 30 cSt - - 

Outdoor fan Fixed speed F48AA68A50 A.O. Smith 

Indoor Blower Fixed speed 5SME39NXL014A Genteq 

Liquid line 3/8" OD Copper - - 

Vapor line 7/8" and 1" OD Copper - - 

TXVs R410A optimized S1-1TVM4K1 JCI/York 

Suction line receiver 19.2 oz. 
QFQ-Y2089-S003-

00 

Dunan 

Insulation 
3/8" thick ultra-flexible foam 

rubber pipe insulation 

- - 
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The outdoor coil was a serpentine type with six circuitries, while the indoor coil was A-shape 

with 8 circuitries, as shown in Figure 5. There were distributors at the outlet of the TXVs that 

ensured proper distribution of refrigerant through the coils. The coil geometries are summarized 

in Table 5. 

 

Figure 5: Outdoor coil (left) and Indoor coil (right) 

 

Table 5: Coil Geometry 

 Indoor Coil Outdoor Coil 

Type/Configuration A-shape Serpentine 

No. of circuiting  8 6 

Pipe nominal size 9.5 mm (3/8 inch) 12.2 mm (½ inch) 

Fin density 5 fins per cm (13 fins per inch) 9 fins per cm (23 fins per inch) 

Dimensions 45cm x 70cm x 2 

 (17.5" x 27.5" x 2) 

84cm x (81cm x 2+66cm)  

(33" x (32" x 2+26") 

* The measurements in this table were made at Oklahoma State University on off-the-shelf coils. 

They represent a small number of physical measurements and they were not given by the 

manufacturer 
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Once the refrigerant lines were established, the next step was to configure the air side for flow, 

pressure and temperature measurements.  Figure 6 shows the air side construction of the heat 

pump setup. 

 

Figure 6: Indoor Unit (left side) and Outdoor unit (right side) 

 

ASHRAE standard 41.2 describes that air has to be sampled at a minimum distance of 4ft (1.2 m) 

from the outlet of the blower in order to measure the pressure and temperatures at the indoor unit 

outlet.  As shown in Figure 6, a 4ft (1.2 m) tall duct was built from the unit outlet to sample the 

supply air. For better accessibility and suitability of the flexible duct connections, the ductwork 

dropped down to a well insulated 2ft x 2ft x 2ft (0.6m x 0.6m x 0.6m) box. 12" X 24"X 48" (0.3ft 

x 0.6 m x 1.2m) rectangular aluminum ducts were used for erecting the ductwork and 1" thick 

foam insulation panels were used for constructing the box. The ductwork was well insulated with 

Supply 

air duct 

Flexible 

duct 

Sampling 

Tree 

Wet bulb 

probe 
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board foam insulation of 1" (0.025m) thickness. A 24 inch (0.6m) diameter flexible yellow duct 

was connected the box to the code tester as shown in Figure 6. More details on the air side duct 

construction can be found in (Barve, 2012).  

 

 

Instrumentation 

 

Both the refrigerant side instrumentation and the air side instrumentation will be discussed in this 

sub-section, where the sensor installations will be described and explained in details. 

 

Refrigerant side instrumentation 

 

Figure 7 shows the instrumentation along the refrigerant line in cooling mode. The target was to 

put pressure and temperature sensors in pairs in such a way that together they represent the 

corresponding state point defining two independent refrigerant properties. These data are useful 

for monitoring the system and can also be used later on to calculate the enthalpies and entropies 

to determine the refrigerant capacity, system heat balance and energy balance. 

In the diagram, absolute pressure transducers are denoted with Pi, inline thermocouples with Ti, 

surface thermocouples with Ts,i and mass flow meter with MFM. The discharge inline 

thermocouple and pressure transducer, designated by P1 and T1 were installed right after the 

reversing valve, because it was not possible to install them inside the unit casing due to space 

constraints. The 4 way reversing valve was well insulated and the pipeline in between were well 

insulated to minimize heat losses between the discharge port and the location of the sensors. P2 

and T2 were located at condenser outlet and after about 40ft of pipeline P3 and T3 were installed at 

the TXV inlet.  
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Figure 7: Refrigerant side instrumentation of the experimental setup 

 

With the original unit it was not possible to put sensors after the TXV because the distributor was 

connected directly after the TXV.  When the TXV was later replaced with a manual expansion 

valve, as shown in Figure 8, during the soft optimization of TXV, P4 and T4 were installed right 

after the TXV to measure the pressure drop across the coil. The details of the soft optimization 

will be discussed later in the test procedure sub-section.  After the evaporator, P5 and T5 were 

installed to measure the properties at evaporator outlet. Although the pressure transducer at 

compressor suction was placed right before the suction port, the inline thermocouple to the 

suction temperature was located before the 4-way valve and at about 3ft of pipeline distance from 

the compressor suction port.   
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Figure 8: TXV (left side) and Manual metering valve (right side) 

 

The suction pressure is directly measured by using the outdoor unit access valve, shown as P6 in 

Figure 7. The port for P6 is at only few inches from the compressor suction port. There was not 

enough space to install a pressure transducer right after the compressor discharge port. Instead I 

measured the compressor discharge pressure after the 4‐way valve by using the pressure 

transducer P1 in Figure 7. The sensors P1 and T1 were located at about 2 feet of pipeline from the 

compressor discharge port and after the 4‐way valve. Surface thermocouples were installed right 

at the compressor discharge and suction ports. These thermocouples and the corresponding in‐line 

thermocouples were used to compensate for the temperature drop across the pipe line and 

estimate the discharge and suction temperatures. There were also surface thermocouples installed 

on the top and bottom shell of the compressor to monitor the compressor crankcase temperature. 

For measuring the refrigerant flow rate, a Coriolis type one directional flow meter was installed in 

the liquid line after the condenser. The flow meter was installed on the liquid line, because its 

accuracy is better when the liquid fluid is circulated on the flow meter. The flow meter was from 

Micromotion, model: CMF025 Elite, serial no: 14090445, with a nominal range of 100 to 

4750lbm/hr and an accuracy of ±0.1%. Because the outdoor room goes to very high and very low 

temperatures, the flow meter was placed on the liquid line in the indoor room to ensure safety of 
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the electronics. The flow meter being one directional had to be associated with a set of 4 ball 

valves since the direction of the refrigerant flow changes for cooling and heating operation. As 

shown in Figure 9, for cooling operation the refrigerant flow was from right to left and only ball 

valves 1 and 2 were open. For heating operation only ball valves 3 and 4 were open so that the 

flow always passes through the flow meter in the same direction. 

 

Figure 9: Directional flow corrector for mass flow meter 

 

Air side instrumentation 

 

Although the refrigerant side measurements were important to understand the cycle and 

functioning of the unit, the primary measurements being used for capacity and performance 

calculation were determined from the air side instrumentation.  For maintaining the standard dry 

bulb and wet bulb temperatures in the outdoor chamber, a sampling tree was placed in front of the 

outdoor unit as shown in Figure 3. A sampling tree is an instrument that mechanically averages 

the air around it and then takes the air through a 4" silver flexible duct to the wet bulb probe, 

which is a psychrometric device used to measure the dry bulb and wet bulb temperatures of the 

air using very precise temperature sensor RTD and following ASHRAE standard 116. A typical 

sampling tree and a wet bulb probe are shown in Figure 10. Details about the construction and 

working principle of the wet bulb probe can be found in Worthington et al. (2011). In addition to 
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the RTDs, as a secondary checkpoint RH sensors are used in the wet bulb probes as well. The RH 

values measured with the RTDs and the one measured from the RH sensor had to be within 3% as 

the checkpoint of a good calibration before commencing the test. 

 

Figure 10: Sampling tree (top) and Wet bulb probe (below) 

Similar approach was followed for measuring the psychrometric properties of the indoor ambient 

and unit return air. The sampling probe was placed beneath the indoor unit at the coil inlet of air 

and it was connected to a wet bulb probe similar to the one shown in Figure 10.  

For measuring the supply air properties the sampling probe was placed right near the bend of the 

ductwork shown in Figure 6 and was connected to a wet bulb probe located inside the indoor 

code tester as shown in Figure 3. Because there was about 15 ft (4.6m) distance from the 

sampling tree to the wet bulb probe some discrepancy in the measured and the supply 
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temperatures was observed. To account for this a mesh of 5 thermocouples was installed before 

the sampling tree at only 4ft (1.2m) from the blower discharge section to measure the average 

supply temperature inside the rectangular duct. The calculation approach of the supply air 

properties is later discussed in the data reduction section.  Additionally, to see the temperature 

distribution after the indoor coil, a mesh of 7 thermocouples was installed right after the coil.  

In order to measure the air side pressure drop across the supply and return of the indoor unit, one 

pressure tap was open to the ambient and another pressure tap was open to the supply air inside 

the duct at a height of 4ft from the unit outlet. These two taps were connected to a differential 

pressure transducer. To make sure that the pressure at the supply air is well averaged, a set of 4 

pressure taps along the periphery of the rectangular duct was installed, as shown in Figure 11. 

 

Figure 11: Pressure taps in the supply duct 

 

The volume flow rate of air was measured using an in-house nozzle bank located at the code 

tester of the indoor chamber. The supply air would be blown through the aluminum duct and then 

via the box, entered the flexible duct and was carried to the code tester. The nozzle bank is inside 

the code tester just below an in-house blower and on top of a set of dampers. The nozzle bank 
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consists of 9 nozzles, as shown in Figure 12: 6 of them have diameter of 5.5", 2 of them 4" and 

one has diameter of 3". Pressure taps across the nozzle bank measured the pressure drop. 

Knowing the desired flow rate and the desired pressure drop, only a number of nozzles were kept 

open and the others were closed with plastic film and duct tape. The nozzle configuration for this 

experimental campaign is shown later in Figure 21. The flow rate was calculated using a Lab 

View code by taking the nozzle free flow area and pressure drop across nozzle as inputs. The 

code tester blower speed was adjusted to maintain a desired external static pressure between 

supply and return to 0.2 inWC. In addition the pressure drop across the nozzle bank was set in the 

range of 2 to 3 inWC.   

 

Figure 12: Flow nozzle bank 

 

The combined power of the outdoor unit fan, the compressor and the indoor unit blower was 

measured with a watt transducer, as shown in Figure 13. It is a 3000V and 50A transducer and 

had a 4-20 mA current output representative of the electric power in watts. The unit power is 

required to determine the performance of the unit during its runtime. 

Open 

Nozzle Pitot tube 
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Figure 13: Watt transducer 

 

The unit was connected to a control board provided by the manufacturer, which on the other side 

was connected to the DAQ system and Lab View controls of the chamber, as shown in Figure 14.  

Thus the blower, the compressor and the reversing valve could be actuated individually from Lab 

View. The defrost controls were also on-board. 

 

Figure 14: Unit control circuit board 

Current 

transformer 

Voltage 

transformer 
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Data Acquisition 

 

The built-in data acquisition system of the chamber was used for acquiring all the data from the 

sensors to the chamber computer for further processing. While the details of the data acquisition 

system can be found in Worthington et al. (2012), I am going to describe briefly here in this sub-

section.  

As shown in Figure 15, all the sensors other than the thermocouples were powered using relays 

and the relays could be turned on from Lab View main program. Once the sensor is powered, it 

senses the corresponding quantity as a resistance and sends a current or voltage output through 

the wiring first to the DAQ box and then to the National Instruments PXI via the terminal block 

and module. The signal is then sent to the main Lab view code called ‘Target’. The signal is 

processed, converted to the variable value and then sent for further processing and monitoring to 

the secondary Lab View code named ‘Host’.   

 

 

Figure 15: Data acquisition system 
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The DAQ box, as shown in Figure 16, works as a quick connection junction for the chamber 

DAQ and the sensors. There are terminal strips for connecting the thermocouples and speaker 

connectors for connecting RTDs and other in/out signals. 

 

Figure 16: DAQ box 

 

From the back of the DAQ box, the wires go to the corresponding National instrument terminal 

block and module, as shown in Figure 17. There are different dedicated modules for 

thermocouples, RTDs, relays and other input signals. All the modules are put into the slots of NI 

SCXI-1001 cards. There are two of them in the chamber DAQ system. The cards are connected 

via data cables to NI PXI-1042Q, which acts like a CPU. The Lab View code is loaded in to the 

PXI. So eventually when all the channels in the modules are configured by automation explorer, 

which is more like an OS to a normal computer, the sensors are ready to be read in Lab View for 

further processing. Besides the two SCXIs, there are also 2 SCB-68 cards connected to the DAQ 

system, which can send analog or digital output signals. These two are mainly used for 

controlling variable frequency driven devices. All the channels in the DAQ system are referred to 

by index numbers in the order they are read by the PXI. 

Speaker 

connectors 

TC Terminal 

strips 
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Figure 17: National instruments SCXI and modules 

 

The DAQ system of all the in-house instrumentation of the chamber has been discussed in 

Worthington et al. (2012). The instrumentations adhered to this particular work are tabulated in 

Table 12 of the Appendix B. The function of the refrigerant side thermocouples and pressure 

transducers are described referring to Figure 7. 

 

Lab View 

 

The Lab View real time software for the chamber had two main VI (Virtual instruments). The 

first one was the ‘target’, that ran in the remote PXI while the second one was the ‘host’, that ran 

in a common CPU. The function of the target was to read in all the sensors dedicated to the 

chamber, convert them to engineering units, control and monitor the chamber conditioning and 

ensure safe operation of the chamber equipments. All the data were processed in the target and 

then sent to the host computer for further processing, mostly for creating graphical user interfaces 

and plotting graphs dedicated to individual projects.  Both the target and host were designed with 

user friendly graphical interfaces that make monitoring the system intuitive. The details of the 

graphical interface and its associated hard coding and the wiring diagrams have been described in 

SCXI 1001 

Terminal 

block 
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(Worthington, 2011). Some of the screenshots of the target interface have been attached to 

Appendix C. In this sub-section only the portions of Lab View related to this particular work is 

going to be discussed. 

Figure 18 shows the outdoor and indoor room conditioning interfaces on the target. For both the 

rooms the user had to specify the desired dry bulb and wet bulb temperatures as per the standards 

and turn the heater and humidifier on to let the PID to take control of conditioning the room and 

attain steady state and stable temperatures. The user could fine tune the proportional, integral and 

derivative gains of the PID controls. The PID gains used throughout this campaign are listed in 

Table 6. 

 

Figure 18: Outdoor and indoor room conditioning on Lab View 
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Table 6: PID gains 

 Proportional Integral Derivative 

Outdoor heater 4.5 3.0 0.0 

Indoor heater 4.4 6.0 0.0 

Humidifier 40.0 0.0 0.0 

 

As discussed earlier, the unit was controlled through control wires connected to a circuit board. 

The control wires were activated by relays administrated from target Lab view target interface in 

the ‘HVAC unit’ tab, as shown in Figure 19. Here not only the relays for the blower, the 

compressor and the four way valve can be activated, but also the unit power, and high and low 

side pressures could be monitored to investigate if the unit has really started running or not. For 

cooling mode operation, the blower (G), the reversing valve (O) and the compressor (Y1) were 

activated. For heating mode, only the blower (G) and the compressor (Y1) were activated. 

 

Figure 19: Unit solid state relay control on Lab View 
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Figure 20 shows the code tester interface, where the user can adjust the in-house blower speed 

and the damper positions in order to get the desired flow rate and pressure drop across the unit. 

The psychrometric condition of the code tester and the nozzle temperatures are monitored here as 

well. Another function of the target VI is to establish the shut-off limits for the unit operation. 

There were cut-off limits set for high discharge pressure, low suction pressure and high unit 

power. If any of those limits were reached during the test, then the LabView controls I developed 

in this thesis automatically shut down the unit. This was a safety procedure of the LabView 

controls. 

 

Figure 20: Code tester interface 
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Once all the sensors are read in the target, they are sent over to the host computer and the 

secondary Lab View code is used to graphically represent the data associated with a particular 

project. Figure 21 shows the flow nozzle selection interface for a desired flow rate and the nozzle 

configuration for the present work. The user would put a desired value of flow rate and Lab View 

would recommend a nozzle configuration based on the code following ASHRAE standards 216. 

The user still has to configure the nozzle bank manually as suggested in the instrumentation sub-

section. 

 

Figure 21: Host interface for the nozzle bank 

 

Figure 22 and Figure 23 represent two different tabs for monitoring the heat pump setup in 

cooling and heating modes respectively.  They show all the components and instrumentation on 

the refrigerant side. All the data are displayed every 2 seconds.  
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Figure 22: Heat pump setup in the host (cooling mode) 

 

Figure 23: Heat pump setup in the host (heating mode) 
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In addition to the loop diagrams, for closer monitoring of the system steadiness and stability, 

there are plots of pressures, temperatures and flow rate being displayed. The instantaneous unit 

power, system capacity and COP are calculated and plotted as well, as shown in Figure 24.  

 

Figure 24: Plots for monitoring the refrigerant side in the host 

 

Figure 25 shows the interface where the thermocouples for the supply temperature and the 

temperature distribution across the indoor coil are displayed. The plot of the supply 

thermocouples is mostly useful when there is frost-defrost cycling during heating conditions. It is 

very easy to identify the initiation of defrost cycles by monitoring the plot. The mesh 

temperatures are useful to monitor as well because they tell the user if the evaporator is flooded 

or not.    
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Figure 25: Monitoring the airside in the host 

 

A sample wiring diagram window in the host VI is shown in Figure 26. The wiring is done in a 

clean and formatted way so that the users later on can easily follow the logic of the program. The 

index number of the sensor is used to refer to the channel that it is being read in. Necessary 

calculations, logical and numerical operations are performed in the wiring diagram as well. 

 

Figure 26: Wiring diagram window in the host 
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After the system reached steady state and required conditions, data are recorded using a recording 

module in the Lab View host, as shown in Figure 27. User can specify the recording rate and the 

duration. The general procedure is to record the data for an hour at each test condition with a rate 

of 2 seconds for each sample. The recorded data is saved as a text document, which can be 

opened in an excel spreadsheet for data reduction and analysis. 

 

Figure 27: Recording module 
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CHAPTER V 
 

 

DATA REDUCTION 

 

 

This section is mainly dedicated to the process of reducing the data from the sensor readings to 

meaningful quantities. The process starts from recording the data in an excel spreadsheet as 

discussed before, then scanning through the data for necessary parameters and finally using basic 

thermodynamic relations, such as mass and energy balances to come out with quantities such as 

the system capacity and COP. 

As any instrumentation has some uncertainty involved with it, there is bound to be a propagation 

of error throughout the calculation. Although the effort is to keep the systematic error to the 

minimum, for example by calibrating the thermocouples and RTDs to increase their accuracy 

level, there are still precision errors involved with all the instrumentation. It is important to point 

out the level of uncertainty and also study the parametric effect of different inputs in the 

measurement of critical quantities. An uncertainty analysis is carried out and described in this 

section.  

.
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Data reduction 

 

The primary calculations of the system capacity and performance are based on the air side 

measurements and the indoor side air enthalpy method. Engineering Equation Solver (EES) is 

used to determine the properties of moist air. The refrigerant side calculations are mainly used as 

secondary method to check the accuracy of the instrumentation before commencing a test. 

 

Air side calculations 

 

First of all, the volumetric flow rate ( ̇) of air is calculated from the nozzle bank data using 

ANSI/ASHRAE Standard 41.2. The density of air (ρair) and Specific heat (Cp) values are 

determined as functions of the nozzle dry bulb tempertaure and the supply humidity ratio (ωsupply). 

Then the mass flow rate of air ( ̇) is calcualted using equation (5-1) 

 ̇    ̇       (5-1) 

 

The supply humidity ratio is a function of the dry (DBsupply) and wet bulb (WBsupply) temperatures 

measured in the code tester wet bulb probe, and supply pressure (Psupply). Once this value is 

known, it is used along with the average temperature of the 5 thermocouples placed inside the 

duct (Tsupply, avg) to calculate the supply enthalpy (hsupply). The water liquid enthalpy (hf) and vapor 

enthalpy (hg) are measured at Tsupply, avg  as well. 

The air return properties, such as the return enthalpy (hreturn) and return humidity ratio (ωreturn) are 

directly measured with the dry (DBreturn) and wet bulb (WBreturn) temperatures measured in the 

room wet bulb probe.  
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The total airside system cooling capacity (Qtotal, air) is then calculated using equation (5-2): 

                ̇                     (5-2) 

 

Sensible (Qsensible) and latent  (Qlatent) capacities are calculated respectively using  equations (5-3) 

and (5-4). 

            ̇                           (5-3) 

 

          ̇                             (5-4) 

 

Where Treturn is the dry bulb temperature of the return air (in °F or °C). Tsupply, avg is the average of 

the temperatures from 5 thermocouples in the supply duct. For heating, the total capacity is equal 

to the sensible capacity, as there is no moisture removed during the process.  The value of Tsupply, 

avg is bigger than Treturn though. 

The latent heat is also measured using a mass balance method by collecting  and weighing the 

condensate from the indoor unit. A latent heat balance is carried out using equation (5-5) to make 

sure that the air side measurements are accurate enough. A value 0f 10-15% is considerably good 

enough.  

          
             

       
      

(5-5) 

 

Where, Qmass is the latent heat of vaporization estimated by collecting the mass of water, 

calculated using  

       
 

 
        

(5-6) 

 

Where, mw is the mass of water collected in time period of the test, t and hfg is the latent heat of 

vaporization. 
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Once the system capacity was measured, it was divided by the total unit power to measure the co-

efficient of performance (COP), both in terms of Btu/hr as in equation (5-7). 

     
          

           
 

(5-7) 

 

Where, Wunit is the measured unit power, that is compressor power plus outdoor fan power plus 

indoor blower power. 

Energy Efficieny Ratio (EER) is another quantity to denote the system performance with the unit 

power in watts and system capacity in Btu/hr, as in equation (5-8). 

     
          

     
 

(5-8) 

 

A standard volume flow rate (SCFM) was also calculated in terms of per Btu/hr of refrigeration 

produced, as in equation (5-9). 

      
 ̇

          
 

(5-9) 

 

For the frost-defrost H2 test condition, the averaged integrated capacity, power and EER values 

are calculated using the set of equations listed below. First of all, the differences between the 

supply and return temperatures are integrated over time as γ as in equation (5-10). The average 

integrated capacity is calculated as a function of volume flow rate, Cp, humidity ratio at the 

nozzle, specific volume at the nozzle and the duration of a full frost-defrost cycle, as suggested in 

equations (5-11) and (5-12). Then the averaged EER value is calculated by dividing it with the 

averaged integrated power (Eh) as in equations (5-13) and (5-14). 

  ∑[(                   )        ] (5-10) 

 

                 (5-11) 
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    ̇      

                
 

(5-12) 

 

   
∑[            ]

      
 

(5-13) 

 

              
  

  
 

(5-14) 

 

Where, Qh is the average integrated capacity. Cp, Wn and Vn are respectively the specific heat, 

humidity ratio and specific volume of air at nozzle dry-bulb temperature. tcycle is the time from the 

end of one defrost cycle to the end of the next one. Eh is the average integrated power. 

Refrigerant side calculations 

 

All the refrigerant side enthalpies, entropies and saturation properties were calculated either with 

EES or manually using the tables provided by the refrigerant manufacturer. As described 

previously in the instrumentation sub-section, there were some modifications required in the 

temperature measurement of the inline thermocouples. With reference to Figure 7, the modified 

temperatures are as shown below: 

                       (5-15) 

 

                         (5-16) 

 

These corrections allow to estimate the actual refrigerant temperature at suction and discharge 

from the nearest wall surface temperature by interpolation.  

Refrigerant side capacity is essentially calculated from the mass flow rate of refrigerant ( ̇   ) 

and the enthalpy difference across the indoor coil, regardless of cooling or heating operation, as is 

equation (5-17). 

                 ̇         (5-17) 
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The enthalpy difference, Δh for cooling and heating are respectively as below: 

                                     (5-18) 

 

                                     (5-19) 

 

Where, hindoor coil, in and hindoor coil, out are the refrigerant enthalpies at the inlet and outlet of the 

indoor coil.  

As the inlet fluid at the evaporator inlet is in two phase, it is not possible to measure the enthalpy 

just from the pressure or temperature. So it is measured with the assumption that the expansion 

process is isenthalpic, or the enthalpy at the indoor coil inlet is equal to the TXV inlet enthalpy. 

The coil inlet quality can also be measured with this assumption.  The properties at the evaporator 

outlet, compressor suction and compressor discharge are measured from the superheated vapor 

table whereas the properties at condenser outlet and TXV inlet are calculated assuming sub-

cooled liquid. It is ensured from the saturation properties whether there is really superheat and 

sub-cooling though.  These quantities are measured from the difference in the saturation 

temperature and the actual temperature.  

The compressor work and the outdoor coil capacity are calculated as well with the refrigerant 

flow rate and enthalpy change across those components. A refrigeration loop energy balance is 

carried out, showed in equation (5-20) to check if there were any heat losses due to improper 

insulation and if the instrumentation worked properly and was properly calibrated. In ideal cases 

this value should be 0, but as some heat losses through the insulation were expected or due to the 

precision of the instrumentation, an energy balance of 2 to 3% is considered quite good. 

                
                                       

          
      

(5-20) 
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As shown in Figure 28, the energy balance residual for all the tests done during this campaign are 

well within ±3%. 

 

Figure 28: Energy Balance on tests 

 

For the TXV soft-optimization tests, the pressure drop across the evaporator is as in equation 

(5-21). 

                                  (5-21) 

 

Where, Pevap, in and Pevap, out are the pressures at the inlet and outlet of the evaporator. 

The degree of superheat at evaporator outlet and the degree of sub-cooling at condenser outlet are 

calculated as governed respectively by equations (5-22) and (5-23). 
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 (5-22) 

 

                                      
 (5-23) 

 

Where, Tsat@P=Pevap, out and Tsat@P=Pcond, out are the saturation temperatures at evaporator and 

condenser outlet pressures. SHevap, out  and SCcond, out are the degree of superheat at evaporator 

outlet and the degree of sub-cooling at condenser outlet respectively. 

Compressor volumetric efficiency (ηv) is calculated by using equation (5-24) and then normalized 

(ηv, N) with respect to that of R410A as in equation (5-25). 

   
                              

                    
 

                              

                     ̇    

 
(5-24) 

 

     
      

        
 

(5-25) 

 

Where  ̇     is the compressor volumetric capacity and it was estimated from the manufacture 

data. The suction density was calculated from the data of pressures and temperatures measured at 

the suction port. 

Thermal efficiency of the compressor (ηT) was defined as shown in equation (5-26), and then 

normalized (ηT, N) with respect to R410A data by using equation (5-27). 

   
                             

                              
 

                                

                           
 

(5-26) 

 

     
      

        
 

(5-27) 

 

Where hcomp, dis., actual  and hcomp, dis., isentropic are the actual and isentropic enthalpies at compressor 

discharge and hcomp, suc is the compressor suction enthalpy. The isentropic work was calculated 

from the measurements of suction temperature and pressure and discharge pressure and the actual 

work was calculated based on the compressor suction and discharge temperatures and pressures. 

It should be noted that the discharge pressure and temperature sensors were located on the 
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refrigerant discharge line after the 4-way. The distance between these sensors and the compressor 

discharge port was about 0.6 m (2 ft) of pipeline. The 4-way valve and the refrigerant pipelines 

were well insulated to prevent heat losses to the ambient. However, some heat exchange was 

expected to occur between the hot vapor in the discharge line and the cold vapor in the suction 

line when the refrigerant crossed the 4-way valve. 

Compressor pressure ratio (Pr) is calculated as a ratio of the discharge pressure over the suction 

pressure as in equation (5-29) 

    
                             

                           
 

          

        
 

(5-28) 

 

Where Pdischarge and Psuction are the compressor discharge and suction pressures respectively. 

 

Heat balance 

 

To demonstrate that the instrumentation worked properly, was installed and connected correctly 

and calibrated properly a heat balance between the air side and the refrigerant side capacities was 

carried out for each test. All heat balance tests are reported in Figure 30 and they had a reasonable 

heat balance within 5%. To determine the heat balance, the first law of thermodynamics was 

applied on the control volume of the indoor unit. Air side capacity was considered as the base 

value for the heat balance. A schematic of the heat balance at the indoor unit for both cooling and 

heating modes is shown in Figure 29. 
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Figure 29: Schematic of the heat balance at the indoor unit for (a) cooling mode and (b) heating 

mode 

 

The blower work (Wblower) was determined by running the blower separately and was measured to 

be about 1194 Btu/hr (350W). For cooling and heating mode, equation (5-29) and equation (5-30) 

govern the corresponding heat balances at the indoor unit. 

           
                         

          
      

(5-29) 

 

           
                         

          
      

(5-30) 

 

Where, Qtotal, air is given in equation (5-2) and Qref is given in equation (5-17). 

Figure 30 shows the heat balance on all the tests done during the experimental campaign of this 

thesis. 80-85% of the tests are well within ±5% of heat balance. The outlying points on the plot 

are for tests with DR-4, where it was hard to maintain sufficient degree of sub-cooling at the 

condenser outlet. So the refrigerant entering the flow meter might have had some vapor entrained 

in the liquid and the mass flow rate of refrigerant might have been less accurate in such 

conditions. As a result the calculated refrigerant side capacity might not be accurate and higher 

heat balance was observed. 
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Figure 30: Heat balance on all tests conducted in the present work 

 

Uncertainty Analysis 

 

There is uncertainty involved with all instrumentations used in the test apparatus. Manufactures 

provide the accuracy of some instrumentation as a percentage of its full scale reading, whereas 

the thermocouples and the RTDs were calibrated in-house and in-situ using a thermal bath and a 

precision thermometer for better accuracy and to account for the effect of having long wires from 

the sensor to the chamber DAQ system.  Table 7 shows the instrumentations used in the test 

apparatus and their accuracy level. 
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Table 7: Nominal values and accuracies of instrumentations 

Measurement Manufacturer Model Nominal Value Accuracy level 

Manufacturer 
 

OSU 
Chamber 

Unit supply DB RTD Omega PT-100 12.8°C to 22.5°C 
(55.04°F to 72.5°F) 

±0.1°C (±0.2°F) 
 

±0.05°C 
(±0.1°F) 

Unit supply WB RTD Omega PT-100 12.8°C to 18.8°C 
(55.04°F to 65.84°F) 

±0.1°C (±0.2°F) 
 

±0.05°C 
(±0.1°F) 

Unit return DB RTD Omega PT-100 19.8°C to 27.65°C 
(67.64°F to 81.77°F) 

±0.1°C (±0.2°F) 
 

±0.05°C 
(±0.1°F) 

Unit return WB RTD Omega PT-100 11.95°C to 20.6°C 
(53.51°F to 69.08°F) 

±0.1°C (±0.2°F) 
 

±0.05°C 
(±0.1°F) 

Nozzle DB RTD Omega PT-100 12.8°C to 22.5°C 
(55.04°F to 72.5°F) 

±0.1°C (±0.2°F) 
 

±0.05°C 
(±0.1°F) 

Supply 
thermocouples 

Omega T-type 12.5°C to 45.1°C 
(54.5°F to 113.18°F) 

±0.3°C (±0.5°F) 
 

±0.05°C 
(±0.1°F) 

Diff. PT across 
nozzle 

Setra Model 
264 

0-3 in WC ±0.25% F.S. 
 

n/a 

Diff. PT across unit Setra Model 
264 

0-3 in WC ±0.25% F.S. 
 

n/a 

Barometer Vaisala PTB110 0.002 to 1100 in WC ±0.12 in WC 
 

n/a 

Refrigerant gauge 
PT 

Setra Model 
206 

0-500 psig ±0.13% F.S. n/a 

Refrigerant MFM Micromotion CMF025 
Elite 

100-4500 lbm/hr ±0.1% F.S. 
n/a 

- 

Unit power Flex core AGW 0 to 45,000 watts ±0.2% Rdg - 

Refrigerant charge Topline AWS-
330BP 

0 to 65 lbm ±0.5 lbm  - 

 

An EES model was developed for estimating the uncertainty of the experimental setup in 

measuring the volume flow rate of air, system capacity and system performance. The model is 

presented in Appendix A: EES code for uncertainty analysis. The EES uncertainty model uses 

Taylor’s series expansion approach by taking into account the error propagation in the 

measurements. The EES model also does the calculation on the percentage of uncertainty caused 

by a particular measurement. 

Using the model, the calculated uncertainty was 3.4% on system capacity and 3.6% on COP. 

Table 8 summarizes the sensitivity of measurements on the calculated values for a sample B-test 

condition for DR-5. 
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Table 8: Sensitivity analysis of measurements towards error propagation 

Measured quantity 
% of uncertainty on 

air volume flow rate 

% of uncertainty on 

airside capacity 

% of uncertainty on 

airside COP 

Barometric pressure 0.88% 0% 0% 

ΔPnozzle 98.75 1.2% 0.41% 

ΔPunit 0% 0% 0% 

Pbefore nozzle 0% 0% 0% 

Proom 0% 0% 0% 

Unit power 0% 0% 65.76% 

Tsupply, avg 0% 4.86% 1.64% 

DBnozzle 0.35% 0% 0% 

DBreturn 0% 0% 0% 

DBsupply 0% 5.12% 1.75% 

WBreturn 0% 53.81% 18.42% 

WBsupply 0.01% 35.06% 12.00% 

  

From the analysis, it is certain that the pressure drop across nozzle has maximum effect on the 

error propagation in CFM calculation. Thus to minimize the error, the nozzle configuration was 

selected such that at least 2.4 inWC were measured across the nozzle during each test. Since the 

full scale at the differential pressure transducer was 3inWC, the uncertainty in the volume flow 

rate was low. 

For system capacity the most critical measurements are the WB temperatures on both the supply 

and the return side. Supply DB and supply mesh thermocouple temperatures have noticeable 

effects on the uncertainty propagation as well. These parameters have considerable effect on the 

uncertainty of COP calculation as well, but the most influential one is the measurement of unit 

power. So in order to get more accurate values of capacity and COP, the RTDs and 
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thermocouples have to be calibrated very precisely and also the watt transducer needs to be well 

suited for the range of power being measured. 

 

Test Procedure 

 

This sub-section describes the test procedures followed during this experimental campaign. The 

experiments were conducted in the psychometric chamber at Oklahoma State University (OSU) 

and the refrigerant cycle pressures and temperatures were measured at design and off-design 

conditions with outdoor temperature ranging from -8.3C (17F) to 46C (115F) and in both 

heating and cooling modes at full load conditions. Additional tests were conducted at extreme 

high temperature conditions of 43C and 46C (110F and 115F) to measure the refrigerant 

condensation pressure and compressor discharge temperature when the unit is exposed to hot 

climates.  These ambient conditions are extreme but often occur during the summer months in the 

South and Midwest regions of the United States, as well as in the Middle East areas and Southeast 

Asia.  

The tests were divided into two series. The first one with no modifications to the system, termed 

as the Drop-in tests, and the second one by changing the TXV with a manual adjustable 

expansion valve, referred to as the TXV soft-optimization tests. 

 

Drop-in tests 

 

The experimental campaign in this work focused on highlighting the direct drop-in replacement 

performance of DR-4 and DR-5. A series of experiments were carried out with the TXVs that 

were originally installed in the unit for R410A. These tests are referred to as drop-in tests.  
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Charge optimization was conducted for each refrigerant since the refrigerant charge is a key 

factor for the energy performance of an air conditioning system. Overcharging a system can 

impair the compressor run during off-design conditions and part load operations. On the other 

hand studies showed that, a system undercharge by 12 to 19 percent can cause an average 

reduction of about 13 percent in cooling capacity and about 8 percent in energy efficiency (Kim 

and Braun, 2010). The charge optimization was conducted at the AHRI 210 A cooling test 

conditions. Following the same procedures as described in (Barve and Cremaschi, 2012), once the 

control tolerances were satisfied and steady state conditions were achieved, data were recorded 

for 1 hour with a sample rate of 2 seconds. The average COPs and cooling capacities were 

calculated from the data and the refrigerant charge that provided the maximum COP was selected 

as to the optimum charge for the system. During the charge optimization process the degree of 

vapor superheat at the compressor suction was constrained to the above of at least 2.2C (4F). 

Then, with the optimum refrigerant charge, the system was run for a broad range of temperatures 

from -8.3C (17F) to 46C (115F) and in both heating and cooling modes at full load 

conditions. 

The cycle thermodynamic points and flow rates were measured with outdoor temperature ranging 

from 27.8ºC (82ºF), referred as B-test in the AHRI standards (AHRI, 2010), to 46.1ºC (115ºF). 

Extreme outdoor temperature of 43.3ºC (110ºF) is referred to as HT1-test and 46.1ºC (115ºF) is 

referred to as HT2-test throughout this thesis (HT- refer to High Temperature). In heating mode 

of the unit, tests were conducted at three different outdoor conditions:  H1-test of 8.3ºC DB/ 

6.1ºC WB (47ºF /43ºF), H2-test of  1.7ºC DB/ 0.6ºC WB (35ºF /33ºF) and H3-test of -8.3ºC DB/-

9.4ºC WB (17ºF/ 15ºF), with the indoor temperature at 21.1ºC DB (70ºF) for all the tests. H2 was 

a frost-defrost test, and the periodic cycle performances were recorded after at least 6 frost-

defrost cycles of the unit. Average integrated capacity and EER were calculated from the 

transient data of the unit operating under frost and defrost conditions. The design testing 
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conditions are as that of described for cooling and heating mode for unitary split system having a 

single speed compressor and a fixed-speed indoor fan. All the testing conditions are summarized 

in Table 9. 

Table 9: Testing Conditions 

 

Heat 

Pump 

Mode 

Test 

Description 

Air entering indoor unit 

temperature 

Air entering outdoor unit 

temperature 

Dry-bulb Wet-bulb Dry-bulb Wet-bulb 

°F °C °F °C °F °C °F °C 

Design 

Conditions 

Cooling A-test 80.0 26.7 67.0 19.4 95.0 35.0 - - 

Cooling B-test 80.0 26.7 67.0 19.4 82.0 27.8 - - 

Heating H1-test 70.0 21.1 60.0
max

 15.6 47.0 8.33 43.0 6.11 

Heating H2-test 70.0 21.1 60.0
max

 15.6 35.0 1.67 33.0 0.56 

Heating H3-test 70.0 21.1 60.0
max

 15.6 17.0 -8.33 15.0 -9.44 

Off-design 

Conditions 

Cooling HT1-test 80.0 26.7 67.0 19.4 110.0 43.3 - - 

Cooling HT2-test 80.0 26.7 67.0 19.4 115.0 46.1 - - 

 

All the cooling and heating tests were first done with R410A in the system. Once done with all 

the tests, R410A was recovered from the system slowly and then the system was vacuumed. 

Following this, DR-4 and DR-5 were charged in to the system one after another and the testing 

procedure described above was repeated for both of them. To observe the effect of any oil carried 

over during the process of recovering the refrigerants from the system on the measured 

performance, tests were repeated with optimum charge of R410A. As the two series of tests with 

R410A before and after DR-4 and DR-5 had capacity and COP within the experimental 

uncertainty of the test facility, the results presented in this thesis could be considered independent 

of the order of testing. The final values reported in this thesis were averaged for R410A from the 

two sets of data. 
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TXV soft-optimization 

 

Additional tests were conducted to investigate the potential performance of the system with the 

new refrigerants when minor adjustments to the thermal expansion valve were implemented. 

These tests are referred in this thesis as tests with soft optimization of the TXV. The optimization 

is considered “soft” because it required minor adjustments of the expansion valve as compared to 

major changes of the system components. The TXV on the indoor coil was replaced by a manual 

expansion valve that served to actively control the degree of superheat at the compressor suction 

and to set the high side and low side saturation pressures for the new refrigerants when the unit 

was in cooling mode. Several tests were required to optimize the refrigerant charge with the 

modified expansion valve. For each charge the opening of the expansion valve was varied in a 

parametric fashion in search of the maximum COP at similar capacities or of the maximum 

capacity at similar COPs. The system performance with modified expansion valve were measured 

for cooling mode only and with outdoor temperature ranging from 27.8ºC (82ºF) to 46.1ºC 

(115ºF). 
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CHAPTER VI 
 

 

RESULTS AND DISCUSSIONS 

 

 

To validate all the measured and calculated quantities during the experimental campaign, the 

performance of the unit with R410A were compared against the rating performance data provided 

by the manufacturer. Parameters such as the supply and return temperatures, standard air flow 

rate, indoor capacity and EER values were compared. A summary of the comparison between the 

OSU data and the manufacturer data for AHRI cooling and heating tests is shown in Table 10. 

Table 10: Comparison between OSU and manufacturer data for R410A 

Tes

t 

Air flow rate, 

 ̇ 
Capacity, Q COP 

Discharge 

pressure, Pd 

Suction 

Pressure, Ps 

Supply 

temperature  

 ̇     ̇    

 ̇    

      

          

     

      

              

       

      

              

       

      

              

       

      

           

% difference (°F) 

A -7.4 2.4 1.8 5.8 14.6 -0.9 

B -7.6 6.5 8.2 6.8 14.8 -1.4 

H1 -11.2 5.8 -9.0 24.3 19.6 6.2 

H2 - 7.9 -6.8 - - - 

H3 -9.9 8.8 -18.7 57.9 27.3 4.4 

*subscript: OSU= Oklahoma State University; man. = manufacturer 
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The volume flow rates of air for the tests conducted at OSU were within 11% of that conducted at 

the manufacturer facility. This difference was mainly because of the density calculation which is 

highly sensitive to the measurement of wet bulb temperature. The system capacities calculated 

from the tests at OSU were a little higher and within 9% of the values from the manufacturer. 

This could be due to the fact that the system at OSU was slightly overcharged in searching for 

maximum COP. The increased change in the system capacity was also reflected in lower OSU 

supply temperatures for the cooling tests and higher OSU supply temperatures for the heating 

tests in comparison to the data from the manufacturer. The COP values were slightly higher in 

comparison with the data provided by the manufacturer for cooling tests and up to 19% lower for 

the heating tests. This can be explained by the observation that the heating tests conducted at 

OSU had higher compressor suction and discharge pressures. That means the compressor had to 

work more and resulted in lower COP. Overall the OSU data was in good agreement with the 

manufacturer data and thus the testing facility was validated.  

The purpose of this section of the thesis is to present all the results found throughout the 

experimental campaign. The discussion of the experimental findings is organized in the following 

sub-sections: Charge optimization results during Drop-in tests, Performance and capacity 

comparison during Drop-in tests, Charge optimization results during TXV optimization tests, 

Performance and capacity comparison during TXV optimization tests, Evaporator and condenser 

coil performance and Compressor performance.  

 

Charge optimization results during Drop-in tests 

 

For the charge optimization of each refrigerant during drop-in tests, initially a certain amount of 

refrigerant was charged into the system and the system was run at AHRI A-test condition. Then 

the charge was increased by a small amount each time and the corresponding capacities and 
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COPs were calculated. Charge optimization was continued until the COP started to drop. The 

other parameter of concern was the superheat at compressor suction to ensure the safe operation 

of the compressor. 

Figure 31(a) and (b) show the normalized COP and the superheat at the compressor suction 

during charge optimization for R410A. The error bar in Figure 31(a) represents the uncertainty in 

COP. Once the maximum COP was found, the corresponding charge, 19.8 kg was established as 

the optimum charge and that COP of R410A was set as the baseline for comparing the other 

refrigerants. The R410A optimized TXV was able to maintain a suction superheat around 10°F 

even at very high refrigerant charges, as shown in Figure 31(b).  

 

Figure 31: (a) COP and (b) Superheat in drop-in charge optimization for R410A 

 

For DR-4 charge optimization, the refrigerant charge was varied from 7 to 7.45 kg only, and there 

was no superheat at all if further refrigerant was charged, as shown in Figure 32(b). So the 

superheat was a more influential criterion in the charge optimization of DR-4. 7.2 kg of 

refrigerant was selected as the optimum charge on the basis of a favorable superheat and a good 

enough COP. Figure 32(a) shows the normalized COPs for DR-4 with respect to the COP of 

R410A with optimum charge. 
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Figure 32: (a) COP and (b) Superheat in drop-in charge optimization for DR-4 

 

As shown in Figure 33(a) and (b), the charge of DR-5 was varied from 6.8 to 9.1 kg in the search 

of the maximum COP with a favorable degree of superheat at compressor suction. The plot in 

Figure 33(a) shows that maximum COP with respect to the baseline of R410A was for a charge of 

8.4 kg., and thus chosen as the optimum charge for the drop-in tests. As indicated in Figure 33(b), 

for DR-5 the TXV could maintain the superheat even at higher charges, suggesting that charge 

management for DR-5 could potentially be a lot easier than that of DR-4. The fact that the 

superheat actually increased at higher refrigerant charges for DR-5 can be explained by analyzing 

the mechanism of the externally equalized TXV. The three forces controlling the operation of the 

TXV were the pressure caused by expansion of the liquid inside the bulb (Pbulb), the evaporator 

outlet pressure (Pevap) and the pressure equivalent of the spring force (Pspring). The first one is an 

opening force and the last two are closing forces. The bulb pressure is proportional to the outlet 

surface temperature at the evaporator. 
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Figure 33: (a) COP and (b) Superheat in drop-in charge optimization for DR-5 

 

As shown in Figure 34, Figure 35 and Figure 36, the evaporator outlet pressure and refrigerant 

flow rate increased and evaporator outlet surface temperature decreased with increasing charge 

for both R410A and DR-4. But none of these quantities had any significant and consistent change 

for DR-5. That means even though more charge was being added, it wasn’t really going into the 

system and having any effect on the refrigerant flow and thus the superheat seemingly increased 

at higher charges for DR-5. 

 

Figure 34: Evaporator outlet pressures for drop-in charge optimization 
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Figure 35: Evaporator outlet surface temperatures for drop-in charge optimization 

 

 

Figure 36: Refrigerant flow rates for drop-in charge optimization 

 

50.0

52.0

54.0

56.0

58.0

60.0

62.0

64.0

66.0

68.0

70.0

6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

E
v
a

p
o

ra
to

r 
o

u
tl

et
 s

u
rf

a
ce

 t
em

p
ea

rt
u

re
 (

F
) 

Refrigerant charge (kg) 

R410A

DR-5

DR-4

280

290

300

310

320

330

340

350

360

370

380

6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

R
ef

ri
g

ea
rn

t 
fl

o
w

 r
a
te

 (
k

g
/h

r)
 

Refrigerant charge (kg) 

R410A

DR-5

DR-4



70 
 

The hypothesis to explain this phenomenon is that while doing the drop-in charge optimization 

with DR-5, the liquid pipeline after condenser acting as a receiver was never completely full, as 

shown in Figure 37. So while putting additional refrigerant charge, it was filling up the receiver 

first and then being circulated into the system. This hypothesis is supported by Figure 38 which 

shows that the condenser pressure consistently increased for increasing charge of DR-5 similar to 

R410A and DR-4. This indicates that the additional charge was pumped by the compressor and it 

went into the condenser but never really affected the overall flow rate or the superheat of the 

system. Going higher in charge wouldn’t make any sense because the COP was already dropping, 

as indicated in Figure 33(b), but optimizing the system with lower charges could be interesting. 

 

Figure 37: Condenser receiver  

 

Figure 38: Condenser pressures for drop-in charge optimization 
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Performance and capacity comparison during Drop-in tests 

 

During the straight drop-in tests, the capacities and COPs for DR-4 and DR-5 at varying range of 

outdoor temperatures and for both cooling and heating mode operations are shown in Figure 39 

and Figure 40, normalized with respect to that for R410A at similar conditions. An increase of 3 

to 4% in cooling capacity during cooling mode and a decrease of 5 to 10% in heating capacity 

during heating mode were observed for DR-5 with respect to R410A. The COP of the unit with 

DR-5 was from 1 to 7% higher in cooling mode and from 1 to 22% higher in heating mode. Thus, 

DR-5 performed well when used for retrofitting R410A in the heat pump split system for ducted 

residential applications used in the present work. The COP of the unit with DR-4 was from 4 to 

6% higher in cooling mode and from 11 to 16% higher in heating mode. Both DR-4 and DR-5 

performed well in comparison to R410A at extreme high temperature (HT1 and HT2 tests) and 

extreme low (H3-test) outdoor temperature conditions.  

 

Figure 39: System performance in drop-in testing 
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As shown in Figure 40, in heat pump mode, while the COPs were higher than R410A the capacity 

of the system with DR-5 was lower by 5 to 10%. The cooling capacities were up to 4% higher in 

comparison to R410A. For DR-4, which has the lowest GWP among R410A and DR-5, the 

straight drop in tests showed that the cooling capacity decreased by about 15 to 18% in cooling 

mode and by as much as 30% in heating mode with respect to R410A. But the system capacity 

could be increased by adjusting the TXV, as it will be discussed later in regard to Figure 51. 

 

Figure 40: System capacity in drop-in testing 
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the expansion valve again until maximum COP was measured. This sub-section explains the 

charge optimization results during the soft-optimization of TXV. 

Figure 41 shows the results of COPs from the tests during the charge optimization of R410A with 

the adjustable manual expansion valve. The values are normalized with respect to the maximum 

COP and plotted against the normalized pressure ratio. As indicated in the plot, a charge of 9 kg 

was the optimum charge during drop-in tests. But during TXV-optimization, it was found that for 

a certain position of the TXV, R410A could produce the maximum COP with a charge of 8.85 kg. 

This point is highlighted in the plot with an arrow as the optimum charge during TXV-

optimization. The two dotted lines denote the establishment of the baseline for comparing the 

other refrigerants. The data from point (1, 1) in Figure 41 will later be used as the references for 

evaluating the COPs, capacities and pressure ratios of DR-4 and DR-5 during TXV soft-

optimization tests.  

 

Figure 41: COP vs. Pressure ratio for R410A TXV optimization at AHRI A cooling conditions 
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Figure 42 shows the capacities during TXV optimization for R410A. Although the maximum 

COP value was primarily regarded as the standard parameter to look at in order to search for the 

optimized charge, the system capacity had to be within an acceptable range as well to support it. 

As indicated in the plot, at point (1, 1) the maximum system capacity was obtained with the 

optimum charge in the system.  

 

Figure 42: Capacity vs. Pressure ratio for R410A TXV optimization at AHRI A cooling 

conditions 
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Figure 43: Superheat vs. Pressure ratio for R410A TXV optimization at AHRI A cooling 

conditions 
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the expansion valve was properly adjusted for each charge. For refrigerant charges of 7.7 kg and 

8.2 kg the COPs and capacities were similar to the one measured at 7.0 kg but the compressor 

ratios were higher. These three charges also provided similar degree of superheat and the charge 

of 7.0 kg was selected as optimum charge based on the fact that for this charge the refrigerant 

pressure ratio was the closer to that of the drop-in test and the unit was easier to control. If we 

look at the degree of superheat shown in Figure 46, different openings of the expansion valve 

with 7.0kg provided higher degree of superheat. With 7.7 kg it was difficult to increase the 

superheat and all three data points at this charge of 7.7 kg have superheat between 2 and 4F. At 

8.0 kg only one point is given in Figure 46, which represents the only opening of the expansion 

valve that provided enough superheat. With this charge any further small adjustments of the 

expansion valve were not possible because the degree of superheat of refrigerant DR-4 dropped 

suddenly below 2F. This could compromise the compressor safety. Thus, 7.0 kg was chosen as 

optimum charge for DR-4 because it provided the highest COP, highest capacity, and the safest 

envelope operating conditions for the compressor.  

 

Figure 44: COP vs. Pressure ratio for DR-4 TXV optimization at AHRI A cooling conditions 
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Figure 45 shows the capacity data during TXV optimization for DR-4. As indicated with the 

arrow in the plot, the normalized capacity for DR-4 with the optimum charge was 0.91, which 

was not necessarily the maximum. But this charge was still chosen to be the optimum on the basis 

of the maximum COP being achieved, with reference to Figure 44. The maximum capacity was 

achieved at a higher normalized pressure ratio of 0.955.  

 

Figure 45: Capacity vs. Pressure ratio for DR-4 TXV optimization at AHRI A cooling conditions 
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Figure 46: Superheat vs. Pressure ratio for DR-4 TXV optimization at AHRI A cooling 

conditions 

 

Figure 47 shows the results of the charge optimization for DR-5, with the normalized COP data 

plotted against the normalized pressure ratio and with the values of R410A chosen as reference. 

The maximum COP is indicated in the figure with an arrow and it had a normalized pressure ratio 

of 0.983 and a normalized COP of 1.03 for 7.9 kg (17.5 lbm) of DR-5 charged into the unit. Once 

the refrigerant charge was varied and the expansion valve was promptly adjusted, it was observed 

that this charge yielded to the highest COP, and thus it was chosen as the optimum charge of DR-

5 in the unit with the new expansion valve. It should be noticed that the charge of DR-5 in the 

unit during straight drop-in tests was 8.4 kg (18.5 lbm). This was the optimum charge of DR-5 

when the original TXV of the unit was present. It should be noted that same markers at a given 

refrigerant charge in Figure 46 represent different openings of the expansion valve. 
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Figure 47: COP vs. Pressure ratio for DR-5 TXV optimization at AHRI A cooling conditions 
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change in the degree of superheat at the compressor suction. The manual valve was turned within 

1/8th of a turn to collect all the data points presented in the plot and the superheat would go 
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Figure 48: Capacity vs. Pressure ratio for DR-5 TXV optimization at AHRI A cooling conditions 

 

Figure 49: Superheat vs. Pressure ratio for DR-5 TXV optimization at AHRI A cooling 

conditions 
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Performance and capacity comparison during TXV optimization tests 

 

With a soft optimization of TXV, the capacity and the COP of DR-4 and DR-5 were further 

improved with respect to the ones measured during the drop-in tests. These improvements are 

shown in Figure 50 and Figure 51. The data in solid bars represent the cooling capacities and 

COPs during drop-in tests.  

 

Figure 50: System performance in TXV soft-optimization 

 

Figure 51: System capacity in TXV soft-optimization 
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For example, at AHRI A cooling conditions the COP of DR-4 was about 4% higher with respect 

to R410A and the cooling capacity was about 15% lower. When the TXV and the corresponding 

refrigerant charge were further optimized, DR-4 COP increased by an additional 2% and DR-4 

cooling capacity augmented by an additional 6%. This soft optimization of the unit increased the 

capacity from 0.85 during the drop-in test to 0.91 for the run with TXV soft optimization test. 

These results are shown in the bar referred to as “A” for DR-4 in Figure 50 and Figure 51. Figure 

50 and Figure 51 showed that optimization of the TXV overall increased the cooling capacity of 

DR-4 from 5 to 8% and the COP from 2 to 6% with respect to that of drop-in tests considering the 

range of outdoor temperatures in cooling mode.  

For DR-5 it was observed that the manual expansion valve was less efficient than the TXV in the 

system at design cooling conditions. This could be observed from the values measured for the A-

test in Figure 50 and Figure 51 for the case of DR-5. The drop-in values were slightly higher than 

the values obtained with the TXV optimization leading to the conclusion that the TXV for R410A 

was already well suited to work with DR-5 at design cooling conditions (A-test). At B-test 

conditions and at very high extreme outdoor temperature (HT-2) the adjustments of the expansion 

valve produced additional 1 to 3% higher COPs with respect to those of drop-in tests. The 

capacity variations between drop-in tests and TXV optimization tests for DR-5 were practically 

within the experimental uncertainty of the test set up.   

 

Evaporator and condenser coil performance 

 

Temperature distribution 

 

As described earlier in the instrumentation sub-section, right after the indoor coil and before the 

blower, there was a thermocouple mesh with seven thermocouples, located about 6 inches from 
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the top of the coil. The thermocouples were numbered from T1 to T7 and located in the mesh as 

shown in Figure 52. 

 

Figure 52: (a) Location of thermocouple mesh after indoor coil and (b) designation of mesh 

thermocouples [air flow is exiting the paper in (a) and in the upward direction in (b)] 

 

The temperature distribution in the mesh can give an indication on how the refrigerant is 

distributed along the cross-section of the indoor coil. It should be noted that the refrigerant 

entered the coil through the distributor from the front-left and front-right with reference to the 

mesh diagram, as shown in Figure 52(b). Figure 53, Figure 54 and Figure 55 show the 

temperature distribution in the mesh for the moderate A-test cooling condition and two extreme 

temperature conditions, high temperature HT2-test cooling condition and low temperature H3-test 

heating condition. As shown in these figures, T1, T3 and T6 were always higher than T2, T5 and 

T7. As the differences were consistent for all the testing conditions and for all the refrigerants, it 

was more likely due to a systematic error rather than the uncertainty of the instrumentation. The 

convection heat transfer from the refrigerant tube surface to the surrounding air can be expressed 

with  ̇             , where h is the convection heat transfer coefficient of air, A is the heat 
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transfer surface area, Tair is the bulk air stream temperature and Tw is the wall temperature of the 

tube. Tw was expected to be almost constant throughout the indoor coil because the refrigerant 

was mostly in two phase and didn’t change temperature until the outlet. As   ̇ was constant, the 

only two parameters that could change were h and Tair. Now, h is directly proportional to the 

Nusselt number (Nu), which is again a function of air Reynolds number (Re). If the local air 

velocity was higher at any point, the associated Re and Nu would be higher as well. That would 

result in a higher value of convective heat transfer coefficient and Tair would decrease at that 

point. As the thermocouple mesh was only 6 inches away from the coil and just below the blower, 

air was not mixed well before the mesh. Air velocity probably was a little higher on the right side 

of the coil rather than the left side given that the outlet header of the refrigerant was positioned on 

the left side, creating an additional resistance for the air stream. That could have resulted in 

comparatively lower air temperatures recorded by the thermocouples T2, T5 and T7 in 

comparison to T1, T3 and T6. 

 

Figure 53: Temperature distribution after evaporator in AHRI A-test condition 
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Figure 54: Temperature distribution after evaporator in HT2-test condition 

 

 

Figure 55: Temperature distribution after condenser in AHRI H3-test condition 
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For example, for R410A, at A-test condition thermocouples T1 and T6 show a temperature of 

around 58ºF, T2, T5 and T7 show around 55ºF, and T3 around 60ºF. T4 was located right on top 

of the middle portion of the A-shaped indoor coil, where the top of A-coil is covered with a thin 

plate. Thus right at the top of the plate air is warmer because of a local stagnation point. Air does 

not mix well before T4 which was only 6 inches away from the top plate. As a result T4 exhibits 

a temperature of around 62ºF, little higher than the others. For DR-5 these temperatures are 

within ±1ºF, while for DR-4 they are consistently 3 to 4ºF higher than R410A. All these 

temperatures are represented in Figure 53.   

As discussed earlier in the test procedure sub-section, the test data were recorded for at least one 

hour. It would be interesting to follow the temperature distribution for all the mesh thermocouples 

along time for this one hour to see how stable the supply temperatures were. Figure 56, Figure 57 

and Figure 58 represents the temperature distribution along time for R410A, DR-5 and DR-4 

respectively.  

 

Figure 56: Temperature distribution after evaporator along time for R410A 
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Figure 57: Temperature distribution after evaporator along time for DR-5 

 

Figure 58: Temperature distribution after evaporator along time for DR-4 
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As from Figure 56 and Figure 57, both for R410A and DR-5, the thermocouples T3 and T6 

exhibited the maximum deviation from stable condition, whereas for DR-4, the maximum 

deviation was for T6 and T7 as indicated in Figure 58. This instability in temperature means that 

there was some mal-distribution of refrigerant along the circuitries.  

 

Pressure drop in the evaporator coil 

 

When retrofitting R410A with DR-4 and DR-5 at A-test cooling condition, the flow rates and 

corresponding pressure drops across the evaporator (including the pressure drop across the inlet 

distributor) are shown in Figure 59.  

 

Figure 59: Normalized pressure drop vs. normalized flow rate at A-test condition (during TXV 

soft-optimization tests) 
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Data were normalized with respect to flow rates and pressure drops for R410A, that is, the point 

of coordinates (1, 1) is the operating point of the system at the A-test condition by using optimum 

charge of R410A. DR-4 flow rates varied from 0.63 to 0.83 and the evaporator pressure drops 

were from 0.72 to 0.81 times lower than those of R410A. The operating zone of DR-5 was flow 

rate between 0.77 to 0.81 and evaporator pressure drop in between 0.66 to 0.76. The region above 

the diagonal line indicates that the flow regimes, refrigerant densities and viscosities of the two 

phase mixture circulating in the evaporator yielded to higher flow losses with respect to R410A. 

It should be emphasized that because of physical constraints in the distributor and indoor coil 

assembly, the refrigerant pressure tap at the inlet of the evaporator was installed at the inlet of the 

indoor coil refrigerant distributor. Thus, the pressure drops reported in Figure 59 are actually the 

pressure drops across the coil plus the pressure drop across the refrigerant inlet distributor.  

Degree of superheat at evaporator outlet 

 

The original TXV of the R410A unit was designed to adjust the load of the evaporator for a broad 

range of outdoor temperatures. For all the refrigerants, the superheat at compressor suction was 

controlled to at least 2.2ºC (4ºF) for the purpose of safe operation of compressor. The superheat at 

the evaporator outlet is shown in Figure 60 and Figure 61 for the drop-in tests and TXV soft 

optimization tests respectively. During drop-in tests, R410A had a degree of superheat at the 

evaporator outlet from 3 to 4ºC (5.6 to 7ºF), which yielded to a degree of superheat at the 

compressor suction of about 5.5ºC (10ºF). For DR-5, the TXV worked well, that is, it controlled 

the evaporator loading and provided similar degree of superheat at the outlet of the evaporator. 

For DR-4 at extreme high temperatures, controlling the superheat to above 0.6ºC to 1ºC (1ºF to 

1.7ºF) if the system charge was constant was a major challenge. The charge that yielded to 

optimum COP at A-test conditions also produced very low degree of superheat at extreme high 

temperature conditions and very high degree of superheat at B-test conditions.  
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Figure 60: Degree of superheat at evaporator outlet for drop-in tests 

 

Figure 61 shows that it was possible to decrease the degree of superheat by adjusting the TXV, 

which also resulted in higher capacities and COPs of the system with the LGWP refrigerants. An 

important observation is that the system charge was not modified for R410A and DR-5 while it 

was adjusted for DR-4. This means that DR-5 was easier to be used as straight drop-in R410A 

replacements in the present AC system while DR-4 required charge management strategy and 

adjustments of the TXV to guarantee enough degree of superheat at the compressor suction, 

especially for extreme high ambient temperatures in which the unit was operating during the HT1 

and HT2 tests. In case of DR-4, there was not any degree of superheat at evaporator outlet (i.e. 

flooded evaporator) as shown by the negative bars for the A, HT1, and HT2 tests in Figure 61. 

Due to the heat gained along the suction line and suction accumulator, a minimum acceptable 

degree of superheat at the compressor suction was achieved but operating conditions with flooded 

evaporator are not recommended.  
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Figure 61: Degree of superheat at evaporator outlet for TXV soft-optimization tests 

 

 

Degree of sub-cooling at condenser outlet 

 

The degree of sub-cooling at condenser outlet for drop-in tests and TXV-optimization tests are 

shown in Figure 62 and Figure 63. Figure 62 indicates that R410A had a condenser sub-cooling 

of about 5.7 to 7.3ºC (10 to 13ºF). The degree of sub-cooling was about 6.6ºC (12ºF) for DR-5 
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62).  
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Figure 62: Degree of sub-cooling at condenser outlet for drop-in tests 
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Figure 63: Degree of sub-cooling at condenser outlet for TXV soft-optimization tests 

 

 

Compressor performance 

 

Compressor reliability might be affected by the compressor discharge temperature and pressure. 

Excessive discharge temperature might cause metal fatigue of the valves and thermal stress of the 

lubricant. Figure 64 and Figure 65 show the discharge temperatures for all the refrigerants during 

straight drop-in and TXV-optimization tests respectively. The temperatures were normalized with 

respect to the discharge temperatures of R410A at the same system testing condition. 

Figure 64 shows that during drop-in tests DR-5 had a slight increase of the discharge temperature 

of only 3 to 5ºC (5.4 to 9ºF) during cooling and a drop of 1 to 25ºC (2 to 45ºF) during heating. 

DR-4 had lower discharge temperatures by about 5 to 9ºC (9 to 16.2ºF) during cooling and up to 

47ºC (85ºF) during heating in comparison to that of R410A.   
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Figure 64: Normalized compressor discharge temperature during drop-in tests 

 

Figure 65 shows that during the TXV soft optimization tests, for DR-5 and DR-4, the increase in 

capacity was accompanied by an increase of the compressor discharge temperature. DR-5 yielded 

to an increase of discharge temperature up to 8ºC (14.4ºF) while even if DR-4 discharge 

temperature increased it was always lower than that of R410A by about 2 to 6ºC (3.6 to 10.8ºF).  

 

Figure 65: Normalized compressor discharge temperature during TXV soft-optimization tests 
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Compressor volumetric efficiency 

 

Volumetric efficiency takes into account the effect due to refrigerant vapor re-expansion in the 

clearance volume, pressure drop across suction and discharge valves and superheating of the 

colder vapor being in contact with hot compressor metal surfaces. Figure 66 shows the 

normalized volumetric efficiency for the DR-4 and DR-5 refrigerants with respect to R410A for 

the drop-in tests and Figure 67 represents the same quantities for the TXV soft optimization 

cooling tests for the entire range of outdoor temperatures.  

DR-5 yielded to a 2% increase in volumetric efficiency during cooling and up to 8% increase 

during heating with respect to that of R410A for the drop-in tests and an increase of 1 to 3% for 

the TXV soft optimization cooling tests. DR-4 volumetric efficiency was 3 to 6% lower for both 

the drop-in and TXV soft optimization cooling tests. During drop-in heating tests it was up to 

37% lower for DR-4. The flow rate data for DR-4 might not be accurate though because of the 

absence of sub-cooling, and thus one should be careful to generalize conclusions from these data 

of volumetric efficiencies for DR-4.  

 

Figure 66: Normalized volumetric efficiency during Drop-in tests 
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Figure 67: Normalized volumetric efficiency during TXV soft-optimization tests 

 

Compressor thermal efficiency 

 

Figure 68 and Figure 69 represents the thermal efficiency data for DR-4 and DR-5 during drop-in 

and TXV optimization tests respectively. All the data are normalized with respect to that of 

R410A at similar testing conditions.  

Figure 68 shows that for DR-5 there was a drop of 10 to 15% in thermal efficiency compared to 

R410A and DR-4 had 13 to 20% lower thermal efficiencies during the drop-in tests. This could 

be due to the different magnitude of the heat exchanged in the 4-way valve, which could affect 

the values of the actual discharge temperatures read from the discharge temperature sensor. The 

actual heat losses from the compressor were not accounted in the estimation of the compressor 

thermal efficiency. However, the compressor was enclosed in an insulated box inside the unit and 

the temperature difference between the compressor shell and the surrounding air was expected to 

be small.  Unfortunately the air temperature surrounding the compressor was not measured. So 

the above assumption cannot be verified. 
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Figure 68: Normalized thermal efficiency during Drop-in tests 

 

Figure 69 shows the normalized thermal efficiencies during the TXV soft optimization tests. The 

compressor experienced a drop of thermal efficiency from 9 to 12% for DR-5 and from 14 to 

23% for DR-4.  While these data are still preliminary they indicate that an optimization of the 

TXV yields to higher thermal efficiencies, higher volumetric efficiency and slightly higher 

discharge temperatures. 

 

Figure 69: Normalized thermal efficiency during TXV soft-optimization tests
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CHAPTER VII 
 

 

CONCLUSION 

 

This thesis presents a study and new data on Low Global Warming Potential (LGWP) 

developmental refrigerants and it focuses on AC and heat pump systems for residential 

applications. A 17.6 kW (5 ton) AC ducted split unit, originally designed for R410A and 

commercially available off-the-shelf, was retrofitted with two new developmental refrigerants, 

DR-4 and DR-5 that have GWP ranging from 300 to 500. The experimental campaign was 

conducted at the psychrometric chamber of Oklahoma State University.  

The following conclusions can be drawn from the work discussed in this thesis: 

 The new developmental refrigerants DR-5 and DR-4 had 6% and 4% higher cooling 

COPs than R410A at A-test conditions, respectively. These two refrigerants had 7% and 

10% higher heating COP than R410A at H1-test condition, respectively. The 

optimization of the expansion valve could improve further the COPs of these two 

refrigerants when the unit operates at design and extreme high temperature conditions. 
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 With proper charge management, DR-5 had 3% improvement in cooling capacity than 

R410A at A-test condition. The heating capacity was about 5% lower in comparison to 

R410A at H1-test condition. DR-4 had 14% lower cooling capacity at A-test condition 

and 30% lower heating capacity when compared to R410A. By conducting an 

optimization of the expansion valves the drop in capacity was partially mitigated.  

 The compressor discharge temperatures and pressure of DR-5 were similar to those of 

R410A while DR-4 had significant lower discharge pressures and lower discharge 

temperatures than those for R410A. This was due to lower saturation pressures of DR-4 

during condensation and evaporation processes in direct-expansion equipment. A soft 

optimization of the TXV was helpful in increasing the cooling capacity at the expenses of 

lowering compressor suction degree of vapor superheat and increasing the compressor 

discharge temperatures.  

 The system with DR-5 had an improved compressor volumetric efficiency with an 

increase of 2% with respect to R410A at A-test condition, while DR-4 had lower 

volumetric efficiency by about 6%. 

 The AC split system with the LGPW refrigerants of the present work had lower flow 

rates than that of R410A and the pressure drops across the evaporator also decreased. 

A summary of the refrigerants characteristics and performance studied in the present thesis and in 

the literature is given in Table 11. The comparison of cooling COP, cooling capacity, volumetric 

efficiency, thermal efficiency and pressure drop are given for the A-test cooling condition, and 

the heating COP and heating capacity are given for the H1-test heating condition, as specified in 

the table. 
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Table 11: Summary table of characteristics and performance for refrigerants in the present thesis 

 Present thesis Literature 

R410A DR-4 DR-5 DR-4 DR-5 

GWP Not tested <300 <500 

Toxicity Not tested Non-toxic Non-toxic 

Flammability Not tested Class 2L Class 2L 

Lubricant 

compatibility 
Not tested POE POE 

Volumetric heat 

capacity (cooling-

A test) 

1 0.86 1.03 0.82 1 

COP (cooling- A 

test) 
1 1.04 1.06 0.90 1.04 

Volumetric heat 

capacity (heating- 

H1 test) 

1 0.7 0.95 0.81 1 

COP (heating- H1 

test) 
1 1.10 1.07 0.97 1.01 

Charge 

management 
excellent 

Difficult at 

extreme high 

temperatures 

excellent 

Not reported 

Operation of 

system with no 

modification 

excellent 
Scope of further 

improvement 
excellent 

Normalized 

discharge 

temperature 

0 -11.5 +6.8 

ηV,N 1 0.94 1.02 

ηT,N 1 0.82 0.88 

ΔPevap 1 0.79 0.71 

 

The original R410A TXV controlled well the evaporator thermal loads for DR-5 while DR-4 

required charge management strategies and adjustments of the TXV. The charge management 

was critical when the unit was brought to extreme high temperature ambient conditions. From this 

point of view DR-5 was easier to be used as a replacement for R410A in the present AC system 
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for residential stationary applications. DR-4 is expected to perform better in the same system with 

a bigger compressor. 

An important lesson I learnt from this research project is the potential energy improvements that 

new developmental refrigerants might provide when used to retrofit R410A in residential HVAC 

units. The performance and operation of the system with and without modification of the system 

expansion valve and the refrigerant charge management for these new refrigerants have never 

been reported in a comprehensive way in previous published work. This thesis fills these gaps. It 

also makes the work unique in the sense that it analyzes the performance of the components, such 

as the compressor and the evaporator at design and off design conditions of extreme high ambient 

temperatures. This will help the researchers to have a better understating of the challenges when 

using low GWP refrigerant in current AC systems and how to modify the system components in 

order to increase the energy efficiency and sustainability of the system.  

Although the industry has to heavily focus on the environmental issues at this point, I believe it is 

important to gauge the energy performance and inspect component compatibility of the system 

when using new LGWP refrigerants. Using a LGWP refrigerant is beneficial from a GWP 

perspective but could become detrimental on the system energy performance. A severe reduction 

of the system performance will result in burning more fossil fuel somewhere else at the power 

plant stage. If that occurs then the overall effect on the environment of using a LGWP refrigerant 

in air conditioning and heat pump systems might not be beneficial. While this thesis focuses 

mainly on measuring the energy performance of the units using LGWP refrigerants as “drop-in” 

fluids, ongoing and further work is needed to assess potential system modifications and 

optimizations.  
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  APPENDICES 

 

Appendix A: EES code for uncertainty analysis 

 

"Procedure for finding CFM (AHRI/ASHRAE statndard 37)" 
 
Procedure CFM_calc(T_db_nozzle,omega_supply,P_nozzle_inlet,delta_P_nozzle, N_1, N_2, 
N_3, N_4, N_5, N_6, N_7, N_8, N_9, N_10:CFM) 
 
 T_abs= T_db_nozzle+459.67 
 v=0.370486*T_abs*((1+1.607858*omega_supply)/P_nozzle_inlet) 
 rho=1/v*(1+omega_supply) 
 
 D[1]=N_1*0.5/12 
 D[2]=N_2*3/12 
 D[3]=N_3*4/12 
 D[4]=N_4*4/12 
 D[5]=N_5*5.5/12 
 D[6]=N_6*5.5/12 
 D[7]=N_7*5.5/12 
 D[8]=N_8*5.5/12 
 D[9]=N_9*5.5/12 
 D[10]=N_10*5.5/12 
 
 CA=0 
 i=0 
 
 Repeat 
        i= i+1 
        Re=1.363E6*D[i]*(delta_P_nozzle*rho)^0.5 
        C=2.2E-31*Re^5-6.09E-25*Re^4+6.77E-19*Re^2+1.28E-7*Re+0.969 
        A=3.1416*D[i]^2/4 
        CA=CA+C*A 
 Until (i=10) 
 
 alpha=1-(5.187*delta_P_nozzle)/(rho*53.35*T_abs) 
 Y=1- 0.548*(1-alpha) 
 CFM=1096*CA*Y*(delta_P_nozzle/rho)^0.5 
  
End CFM_calc 
 
 
"Converting pressure units" 
 
delta_P_unit_psi=delta_P_unit*0.0361
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delta_P_nozzle_psi=delta_P_nozzle*0.0361 
P_room_psi=P_room*0.0361 
Barometer_psi=Barometer*0.0361 
P_before_nozzle_psi=P_before_nozzle*0.0361 
 
 
"Defining Pressures" 
 
P_return=P_room_psi+ Barometer_psi 
P_supply=P_return+delta_P_unit_psi 
P_nozzle_inlet=P_before_nozzle_psi+Barometer_psi 
 
"Return air properties"  
h_return=Enthalpy(AirH2O,T=T_db_return,B=T_wb_return,P=P_return) 
omega_return=HumRat(AirH2O,T=T_db_return,B=T_wb_return,P=P_return) 
 
"Supply air peroperties" 
omega_supply=HumRat(AirH2O,T=T_db_supply,B=T_wb_supply,P=P_supply) 
h_supply=Enthalpy(AirH2O,T=T_db_mesh,w=omega_supply,P=P_supply) 
 
C_p_supply=Cp(AirH2O,T=T_db_nozzle,w=omega_supply,P=P_supply) 
rho_supply=density(AirH2O,T=T_db_nozzle,w=omega_supply,P=P_supply) 
 
"Calculate CFM" 
Call CFM_calc(T_db_nozzle,omega_supply,P_nozzle_inlet,delta_P_nozzle, 0,1,1,0,1,0,0,0,0,0 
:CFM) 
 
 
"Capacity calculations" 
delta_h=abs(h_return-h_supply) 
Capacity=CFM*rho_supply*(h_return-h_supply)*60 
Capacity_sen=CFM*rho_supply*C_p_supply*(T_db_return-T_db_mesh)*60 
Capacity_lat=CFM*rho_supply*(omega_return-omega_supply)*60 
 
"COP calculation" 
COP=Capacity/(Power*3.413) 
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Appendix B: DAQ Channels for the Project 

 

Table 12: DAQ channels for the project 

Index 

no. 
Label Function DAQ module no. 

Ch. 

no. 
Type of data 

Signal 

type 

Type/model 

of sensor 

Connection 

location 

Inline Thermocouples 

196 T4_11 T1 SCXI 1-MODULE7 Ch_4 Temperature - T-type TC DAQBOX_4 

197 T4_12 T2 SCXI 1-MODULE7 Ch_5 Temperature - T-type TC DAQBOX_4 

198 T4_13 T6 SCXI 1-MODULE7 Ch_6 Temperature - T-type TC DAQBOX_4 

153 T7_35 T4 SCXI 1-MODULE5 Ch_25 Temperature - T-type TC DAQBOX_7 

396 T7_41 T3 SCXI 2-MODULE6 Ch_12 Temperature - T-type TC DAQBOX_7 

397 T7_42 T5 SCXI 2-MODULE6 Ch_13 Temperature - T-type TC DAQBOX_7 

Surface Thermocouples 

199 T4_14 Ts6 SCXI 1-MODULE7 Ch_7 Temperature - T-type TC DAQBOX_4 

200 T4_15 Ts1 SCXI 1-MODULE7 Ch_8 Temperature - T-type TC DAQBOX_4 

202 T4_17 Ts7 SCXI 1-MODULE7 Ch_10 Temperature - T-type TC DAQBOX_4 

203 T4_18 Ts0 SCXI 1-MODULE7 Ch_11 Temperature - T-type TC DAQBOX_4 

204 T4_19 Ts8 SCXI 1-MODULE7 Ch_12 Temperature - T-type TC DAQBOX_4 

205 T4_20 Ts9 SCXI 1-MODULE7 Ch_13 Temperature - T-type TC DAQBOX_4 

398 T7_43 Ts4 SCXI 2-MODULE6 Ch_14 Temperature - T-type TC DAQBOX_7 

399 T7_44 Ts5 SCXI 2-MODULE6 Ch_15 Temperature - T-type TC DAQBOX_7 

Air-side Thermocouples 

410 T7_55 
Supply 

TC 
SCXI 2-MODULE6 Ch_26 Temperature - T-type TC DAQBOX_7 

411 T7_56 
Supply 

TC 
SCXI 2-MODULE6 Ch_27 Temperature - T-type TC DAQBOX_7 

412 T7_57 
Supply 

TC 
SCXI 2-MODULE6 Ch_28 Temperature - T-type TC DAQBOX_7 

413 T7_58 
Supply 

TC 
SCXI 2-MODULE6 Ch_29 Temperature - T-type TC DAQBOX_7 

415 T7_60 
Supply 

TC 
SCXI 2-MODULE6 Ch_31 Temperature - T-type TC DAQBOX_7 

400 T7_45 
After 

coil TC 
SCXI 2-MODULE6 Ch_16 Temperature - T-type TC DAQBOX_7 

402 T7_47 
After 

coil TC 
SCXI 2-MODULE6 Ch_18 Temperature - T-type TC DAQBOX_7 
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404 T7_49 
After 

coil TC 
SCXI 2-MODULE6 Ch_20 Temperature - T-type TC DAQBOX_7 

405 T7_50 
After 

coil TC 
SCXI 2-MODULE6 Ch_21 Temperature - T-type TC DAQBOX_7 

406 T7_51 
After 

coil TC 
SCXI 2-MODULE6 Ch_22 Temperature - T-type TC DAQBOX_7 

407 T7_52 
After 

coil TC 
SCXI 2-MODULE6 Ch_23 Temperature - T-type TC DAQBOX_7 

408 T7_53 
After 

coil TC 
SCXI 2-MODULE6 Ch_24 Temperature - T-type TC DAQBOX_7 

In/Out signals 

302 In/Out4_5 P1 
SCXI 1-

MODULE11 
Ch_14 Pressure 4-20 mA 

1000 psi 

PG 
DAQBOX_4 

339 In/Out7_6 P3 
SCXI 1-

MODULE12 
Ch_19 Pressure 4-20 mA 500 psi PG DAQBOX_7 

340 In/Out7_7 P5 
SCXI 1-

MODULE12 
Ch_20 Pressure 4-20 mA 500 psi PG DAQBOX_7 

341 In/Out7_8 P4 
SCXI 1-

MODULE12 
Ch_21 Pressure 4-20 mA 500 psi PG DAQBOX_7 

326 In/Out6_5 P6 
SCXI 1-

MODULE12 
Ch_6 Pressure 4-20 mA 500 psi PG DAQBOX_6 

327 In/Out6_6 P2 
SCXI 1-

MODULE12 
Ch_7 Pressure 4-20 mA 500 psi PG DAQBOX_6 

337 In/Out7_4 MFM 
SCXI 1-

MODULE12 
Ch_17 Flow Rate 4-20 mA MFM DAQBOX_7 

RTDs 

270 RTD4_9 
Outdoor 

DB 
SCXI 1-MODULE9 Ch_14 Temperature - RTD DAQBOX_1 

271 RTD4_10 
Outdoor 

WB 
SCXI 1-MODULE9 Ch_15 Temperature - RTD DAQBOX_1 

259 RTD2_1 
Nozzle 

DB 
SCXI 1-MODULE9 Ch_3 Temperature - RTD DAQBOX_2 

260 RTD2_2 
Supply 

DB 
SCXI 1-MODULE9 Ch_4 Temperature - RTD DAQBOX_2 

261 RTD2_3 
Supply 

WB 
SCXI 1-MODULE9 Ch_5 Temperature - RTD DAQBOX_2 

280 RTD5_9 
Return 

DB 
SCXI 1-MODULE9 Ch_24 Temperature - RTD DAQBOX_5 

281 RTD5_10 
Return 

WB 
SCXI 1-MODULE9 Ch_25 Temperature - RTD DAQBOX_5 
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Appendix C: Miscellaneous Lab View Screenshots 

 

 

Figure 70: Outdoor conditioning loop 

 

 

Figure 71: Indoor conditioning loop 



112 
 

 

Figure 72: Sensor relay tab 

 

Figure 73: Shut-off limits for chamber and unit 
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Figure 74: PID controls for the heaters supplying hot water
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