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ABSTRACT 

Worldwide environmental concerns have resulted in mandates that CFC 

refrigerants be replaced with alternative refrigerants. The most common 

refrigerant used in household refrigerators is CFC-12, and alternative refrigerants 

HFC-134a and HFC-152a are potential replacements. 

The capillary tube is the predominant expansion device found in household 

refrigerators. It is usually soldered to the suction line for three to five feet of 

length, thus, creating a simple counter-flow heat exchanger. Heat exchanger 

performance is characterized by both the refrigerant mass flow rate and a heat 

transfer effect, commonly referred to as effective subcooling. 

Capillary tube-suction line heat exchanger performance was experimentally 

evaluated with alternative refrigerants HFC-134a and HFC-152a. In 

accomplishing this task, a test facility simulating a household refrigerator was 

designed and constructed with the capability of controlling the appropriate 

operating conditions. Next, efficient experimental test plans were designed using 

statistical methods. Performance databases were then obtained with each 

refrigerant of an applicable range of heat exchanger geometries and operating 

conditions including; capillary tube inner diameter (0,026 to 0.031 in), capillary 

tube length (96 to 130 in), heat exchanger length (30 to 70 in), condenser 

temperature (85 to 132 °F), evaporator pressure (16 to 26 psia), capillary tube 

inlet condition (15 °F subcooled to 5% quality), and oil concentration level (0% 

to 3%). 

Measured mass flow rate ranged between 6 and 21 Ibm/hr. Variables 

having the greatest effect on mass flow rate included condenser temperature. 
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capillary tube inner diameter, capillary tube length, and inlet quality level. 

Measured effective subcooling level ranged between 25 and 60 °F. Variables 

having the greatest effect on effective subcooling level included condenser 

temperature, heat exchanger length, suction line diameter, and suction inlet 

temperature. 

Heat exchanger performance prediction equations were developed for HFC-

134a and HFC-152a, which were based on their respective databases. A general 

performance prediction procedure was also developed based on the HFC-134a 

results, and by considering the fundamental processes affecting mass flow rate 

and effective subcooling. Using the procedure, measured performance was 

successfully predicted for HFC-152a and CFC-12. 
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CHAPTER 1. INTRODUCTION 

Background 

In response to large scale reductions in CFC's as called for in the Montreal 

Protocol (1987) and current environmental politics, many refrigeration equipment 

manufacturers are replacing CFG refrigerants with alternative refrigerants that 

have no potential impact on the stratospheric ozone level. The most common 

refrigerant used in household refrigerators is CFG-12, and alternative refrigerants 

HFC-134a and HFC-152a are potential replacements. 

Refrigeration equipment design practices have evolved over time. These are 

based on past R&D efforts using the common refrigerants of the time, including 

GFG-12. As the next generation of equipment is designed for use with the 

alternative refrigerants, existing design practices have to be re-evaluated. In 

response, industry wide R&D efforts have commenced to develop the necessary 

databases to properly assess system performance, as well as component 

performance, with the alternative refrigerants. 

A critical component in household refrigerators is the capillary tube-suction 

line heat exchanger. Refrigerator system performance models used in the design 

process require accurate component models. The current ASHRAE sanctioned 

procedure for predicting capillary tube-suction line heat exchanger performance is 

applicable to GFG-12 and HGFG-22. Alternative refrigerants have different 

thermodynamic and thermophysical properties, so the ASHRAE design procedures 

do not apply. Therefore, capillary tube-suction line heat exchanger performance 

prediction methods are needed that are applicable to the alternative refrigerants. 
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Capillary tube description 

In refrigeration system terminology, a capillary tube refers to a length of 

drawn tubing with an inner diameter range of 0.025 to 0.090 in. The term 

"capillary tube" is actually a misnomer since the bore is much too large to allow 

capillary action (Stoeker, 1958). A capillary tube is the predominant expansion 

device found in household refrigerators, freezers, and many window air 

conditioners. Its major advantage over more complicated expansion devices is its 

simplicity. In addition, a capillary tube allows the system pressure to equalize 

during the "off cycle", thus allowing the compressor to be driven by a small, low 

torque motor (Staebler, 1948). 

In a refrigeration unit, the capillary tube connects the condenser and 

evaporator (Figure 1.1). As the expansion device, its diameter and length 

combination provides the necessary system restriction for operating at design 

conditions. Refrigerant usually enters the capillary tube as a subcooled liquid, 

and initially experiences a constant pressure drop in the tube due to friction 

alone. After the pressure falls below the saturation pressure, the liquid 

refrigerant will begin to vaporize, or flash. The location corresponding to initial 

vaporization is commonly called the flash point. 

Downstream of the flash point, the pressure drop increases rapidly as a 

result of both two-phase friction and vapor acceleration. Accompanying the rapid 

pressure drop is a corresponding reduction in saturation temperature, and 

therefore, a reduction in refrigerant temperature. As the pressure continues to 

drop, liquid refrigerant continues to flash, the refrigerant temperature continues 
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Figure 1.1: Capiliary tube position in a refrigeration system 
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to decrease, and the quality continues to increase. A choked flow condition 

generally exists at the exit. 

A typical pressure and temperature profile through an adiabatic capillary tube is 

given in Figure 1.2. In a adiabatic capillary tube, the refrigerant temperature 

remains constant until the flash point is reached. For the case shown, the flash 

point occurs at a pressure below the saturation pressure. Downstream of the 

saturation pressure point and prior to the flash point, superheated liquid exists at 

a pressure less than saturation. This is a non-equilibrium, or metastable, 

condition, and only occurs in adiabatic capillary tubes (Pate and Tree, 1984a). 

Refrigeration system design parameters include the evaporator capacity and 

the evaporating and condensing temperatures. The key to a successful system 

design is sizing the capillary tube properly (diameter and length) so that system 

balance is achieved at design conditions. System balance simply refers to the 

"steady" condition that exists when the compressor mass flow rate equals the 

capillary tube mass flow rate. 

Even though sized for a specified design condition, a capillary tube has 

self-compensating characteristics that allow the system to rebalance during off-

design operation. As an example, consider a household refrigerator operating in a 

kitchen where the ambient air temperature remains relatively constant. If several 

gallons of warm milk are suddenly placed inside the refrigerator, the air 

temperature inside the refrigerator will increase. This warmer air passing over 

the evaporator will cause the pressure and temperature of the refrigerant in the 

evaporator to increase. The increase in evaporator pressure will result in the 

compressor drawing more refrigerant out of the evaporator than can be supplied 

by the capillary tube. An unbalanced condition exists, and the resulting 



www.manaraa.com

metastable liquid length 

^temperature profile 

pressure profile 

1 1 1 1 I I I I I I I I 

0 20 40 60 eo 100 120 

Distance from capillary tube inlet (in) 

Figure 1.2: Pressure and temperature profile through an adiabatic capillary tube 
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refrigerant accumulation in the condenser causes an increase in the condenser 

pressure. This, in turn, forces more refrigerant through the capillary tube, and 

the system condition moves back toward a balanced point. Over time, the milk's 

temperature decreases, and the system returns to the design condition. 

Capillary tube-suction line heat exchangers 

In the household refrigerator application, the capillary tube is soldered on 

to three to five feet of the compressor suction line, thereby creating a simple 

counter-flow heat exchanger (Figure 1.3). This has two main advantages over an 

adiabatic configuration. First, heat transfer from the capillary tube increases the 

refrigeration capacity of the system for a given mass flow rate. Second, heat 

transfer to the suction line prevents slugging of the system compressor. These 

effects are illustrated in the P-h diagram shown in Figure 1.4 for an ideal 

refrigeration cycle. 

Capillary tube-suction line heat exchanger performance is characterized by 

both the refrigerant mass flow rate and a heat transfer effect, commonly referred 

to as effective subcooling. Effective subcooling, EFFsc, is a calculated quantity 

based on the heat transferred from the capillary tube flow to the suction line flow 

and is given by 

E F F s c  =  ̂ ( T s 2 - T s , )  ( 1 . 1 )  

In Equation 1.1, Cpgg is the suction line vapor specific heat at the vapor pressure 

and average vapor temperature, Cpf^ is the capillary tube liquid specific heat at 
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Figure 1.3: Capillary tube-suction line heat exchanger arrangement 
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the average liquid temperature through the heat exchange region, and Tgi and 

Ts2 are the suction line inlet and exit measured vapor temperature, respectively. 

The increase in suction line vapor temperature through the heat exchanger 

will result in an increase in the specific volume. The compressor work required 

for the heat exchanger configuration is, therefore, greater than for the adiabatic 

configuration, since work is JvdP (ignoring kinetic and potential energy effects.) 

In the heat exchanger configuration, the increase in required work to the system 

is generally greater than the improvement in refrigeration capacity. 

Based on thermodynamic performance considerations alone, refrigeration 

units incorporating the adiabatic capillary tube configuration would be preferable 

to those with the heat exchanger configuration. However, the heat exchanger 

improves compressor reliability, which is a more important consideration to the 

household appliance customer. 

Literature review 

During the past 50 years, adiabatic capillary tube performance has been 

studied extensively. A representative group of these researchers include Bolstad 

and Jordan (1948), Hopkins (1950), Whitesel (1957), Cooper et.al. (1957), Mikol 

(1963), Koizumi and Yokohama (1980), Kuijpers and Janssen (1983), Kuehl and 

Goldschmidt (1990,1991), Li et. al. (1990), Chen et. al. (1990), and Wijaya 

(1991). In comparison, capillary tube-suction line heat exchanger performance, 

or nonadiabatic capillary tube performance, has been the focus of only a small 

number of studies. This is somewhat surprising since the capillary tube-suction 

line heat exchanger configuration has been used in household refrigerators for 
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years. The research efforts that have been reported in the literature are reviewed 

in the following paragraphs. 

Swart (1946) discussed the fundamentals of refrigeration system design 

using a capillary tube-suction line heat exchanger. The major emphasis of the 

work was to show the increase in system capacity realized by employing a heat 

exchanger. Experimental testing was done with CFC-12, and conducted on a 

capillary tube of diameter 0.042 in, lengths of 84 and 108 in, and heat exchange 

lengths of 60 and 72 in. No information on the test facility was given, even 

though measured pressure profiles along the capillary tube with and without heat 

exchange are shown. 

Staebler (1948) also gave a thorough discussion of the basics of 

refrigeration system design using a capillary tube. He states that the refrigeration 

capacity can be increased 35% by soldering the capillary tube to the suction line, 

and recommends a heat exchange length of at least 48 in. Test data for CFC-12 

are presented for a number of capillary tube diameters and lengths, all soldered to 

48 in of suction line. Condenser temperatures were 86 and 108 °F, and 

evaporator temperature ranged between -15 and 30 °F. No information about the 

suction line or the capillary tube inlet temperature is given. 

Boldstad and Jordan (1949) reported experimental results for capillary 

tube-suction line heat exchanger analysis. Compared to the earlier efforts, their 

test apparatus is described thoroughly. A relatively wide range of capillary tube 

diameters, lengths, and inlet pressures were tested, but only with a heat exchanger 

length of four feet. The suction line inlet temperature was varied, but is not 

reported as an independent variable. Mass flow rate data are presented in plots 

for the different inlet pressures, capillary tube diameters, and capillary tube 
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lengths. This information is useful to the designer after considering the heat 

exchanger effectiveness. Sample calculations are given. 

Christensen and Jorgensen (1967) looked at a single heat exchanger made 

up of a 0.028 in diameter and 197 in long capillary tube, and a 3/8 in diameter 

suction line in thermal contact for 39.4 in. The only independent geometry 

variable was the position of the 39.4 in long heat exchange region. The 

independent boundary variables were condenser temperature (inlet pressure), inlet 

subcool level, and evaporator temperature. As in the earlier efforts, it was shown 

that condenser temperature (or pressure) has a large effect on mass flow rate. 

Also, the presence of heat exchange with the suction line increased the capillary 

tube mass flow rate beyond what was measured for the corresponding adiabatic 

case. In several of the configurations, there was very little or no effect of 

evaporator temperature on mass flow rate. This was contrary to the Bolstad and 

Jordan (1949) results which demonstrated a consistent increase in flow rate with 

decreasing evaporator temperature for all test configurations. A possible 

explanation may be that Christensen and Jorgensen used brine as the thermal 

contact medium, while Bolstad and Jordan soldered the capillary tube to the 

suction line. 

Pate and Tree (1984a) reported on experimental results from a capillary 

tube-suction line heat exchanger study with application to household refrigerators 

using CFC-12. A single 0.028 in diameter capillary tube was instrumented such 

that pressures and wall temperatures were measured along the tube length. In 

addition, suction line gas temperatures were measured. Inlet conditions and 

suction line conditions were varied, as well as heat exchanger length and position. 

Using their experimental data base. Pate and Tree (1984b) also developed a two-
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phase flow model for the capillary tube flow. This is the only capillary tube two-

phase flow model including suction line heat exchanger that has been reported in 

the literature to date. 

In summarizing the earlier research into capillary tube-suction line heat 

exchanger performance, the following points can be made. First, all previous 

work was done with CFC-12, which has been the common refrigerant used in 

household refrigerators during the past 45 years. Second, the majority of the 

earlier studies certainly expanded the understanding of capillary tube-suction line 

heat exchangers; however, the results are not readily applicable to designing 

refrigerators. And third, all past efforts have been limited in scope to three or 

four variables due to the complexity of the non-adiabatic capillary tube flow 

phenomenon. In reality, capillary tube-suction line heat exchanger performance is 

potentially affected by up to 10 design variables. 

Objective and scope of the study 

The primary objective of this study was to experimentally evaluate the 

capillary tube-suction line heat exchanger performance with alternative 

refrigerants HFC-134a and HFC-152a. Since capillary tube-suction line heat 

exchangers are used mainly in household refrigerators, a test facility was first 

constructed simulating this application. A database, which incorporated the 

effects on performance of ten heat exchanger design variables, was then obtained 

for each alternative refrigerant. This experimental effort greatly exceeds the 

scope of any previously reported study. 
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Based on their respective databases, heat exchanger performance prediction 

equations were developed for HFC-134a and HFC-152a. These can be considered 

design tools that are readily usable by engineers, and that are also much more 

accurate than the tools previously available for use. 

General heat exchanger performance prediction procedures were also 

developed that enable performance predictions to be made for other pure HFC 

and CFC refrigerants. The procedures were developed by considering the 

fundamental processes influencing mass flow rate and effective subcooling, and 

involve scaling the predicted performance for HFC-134a through thermodynamic 

and thermophysical properties. 

An underlying focus of this study was on the application of statistical 

methods in designing the experimental test plan. Statistical methods applied to 

experimentation insure balance and efficiency in testing, which, for this study, 

translated into a thorough coverage of all ten variable effects with a minimum of 

experimental test points. 

Overall, this study will have a major impact on the design of the next 

generation of household refrigerators. The improved accuracy of the design tools 

will mean more efficient unit operation. The use of alternative refrigerants will 

mean no potential for depleting the stratospheric ozone level. 
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CHAPTER 2. EXPERIMENTAL TEST FACILITY 

The test facility was designed to represent an actual refrigerator for the 

region bounded by the capillary tube inlet and exit, and the suction line inlet and 

exit. A one-pass-through design concept was used that has several advantages 

when compared to a compressor driven system. These advantages include a faster 

time to reach steady conditions, and better control of capillary tube inlet pressure. 

In addition, it has the capability of running either pure refrigerant or 

oil/refrigerant mixtures. A schematic of the test facility is shown in Figure 2.1. 

Heat exchanger assemblies were installed into the test stand by making 

connections to four attachment platforms that slid laterally along a horizontal 

track (Figure 2.2). Upon each attachment platform was a fixed 12 in long, 3/8 in 

copper tube that included a pressure and fluid temperature measurement location 

at the test section connection point. Attachment platforms were connected to the 

preheater, evaporator, and condenser/receiver through 3/8 in flexible plastic 

tubing. 

Heat exchanger assemblies were tested in a horizontal and straight 

configuration. A typical capillary tube connection is shown in Figure 2.3. This 

connection was made by first drilling a slightly oversized hole in the center of a 

compression fitting plug. Next, the capillary tube was pushed through the hole 

and soldered in place. The capillary tube/plug assembly was then screwed into 

the corresponding compression fitting nut fixed to the 3/8 in tubing on the 

attachment platform. The suction line connections were simply made using 

compression fitting unions. 
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Capillary tube inlet pressure was controlled by using a bladder 

accumulator. Due to compatibility considerations, the accumulator bladder 

material was butyl rubber during operation with both HFC-134a and HFC-152a. 

The bladder material was buna N during operation with CFC-12. Evaporator 

pressure was set in the receiver since there was a relatively small pressure drop 

between the capillary tube exit and the condenser/receiver for the range of flow 

rates tested. The operating temperature (and, therefore the saturation pressure) 

of the receiver was controlled by using a water-glycol supply from the I.S.U. 

Refrigeration Laboratory's 40 ton chiller. 

The capillary tube inlet condition, either subcooled or quality, was 

established with an electric preheater. The preheater power level was controlled 

manually with a rheostat and measured with a wattmeter. The preheater consisted 

of electric heating tape wrapped around eight feet of 3/8 in copper tubing that had 

an enhanced inner surface. Inlet quality was determined from knowledge of the 

measured flow rate and power to the preheater. It is important to note that the 

capillary tube inlet temperature and pressure were measured two inches prior to 

the capillary tube inlet, which insured a known inlet condition. 

The evaporator exit temperature was established with an electric heater of 

similar construction to the preheater, and also controlled manually by a rheostat. 

During most test point runs, the evaporator exit temperature was 50 to 70 °F 

above the saturation temperature associated with the evaporator pressure. The 

suction inlet temperature was controlled by using a refrigerant/water-glycol 

coaxial heat exchanger positioned between the evaporator exit and suction inlet 

(Figure 2.1). The water-glycol supplied to the heat exchanger was the water-

glycol exiting the condenser/receiver. Refrigerant entered the heat exchanger at 
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the relatively warm evaporator exit temperature, and was reduced to the desired 

suction line inlet temperature. The suction line inlet temperature level was 

controlled by varying the water-glycol flow rate to the heat exchanger by using a 

valve located just upstream of the heat exchanger. 

System temperatures were measured with type-T thermocouple probes 

immersed in the refrigerant flow stream at several key points in the system. Key 

points included the preheater inlet, capillary tube inlet, and the suction line inlet 

and exit. Measured thermocouple accuracy was ±0.5 °F for the test facility. 

System pressures were measured with pressure transducers at the capillary 

tube inlet and exit, and suction line inlet. Evaporator pressure was taken as an 

average of measured values at the capillary tube exit and suction line inlet. The 

accuracy of the capillary tube inlet pressure transducer was ±0.25 psia, and the 

accuracy of the evaporator transducer was ±0.10 psia. A calibration check was 

performed on the critical instrumentation before testing commenced and midway 

through the testing. Pressure and temperature measurements were shown to be 

within specification for both calibration checks. 

The mass flow rate though the capillary tube-suction line heat exchanger 

was measured just upstream from the preheater by using a coriolis-type true mass 

flow meter that was claimed accurate to within 1% by the manufacturer. A 

calibration check was made on the unit by using water flow rates comparable to 

the refrigerant flow rates tested, and confirmed the manufacturer's accuracy 

claim. 

Since the system is a one-pass-through design, after each test it was 

necessary to recycle the refrigerant in the receiver back to the bladder accumulator. 

This was accomplished with a magnetically driven gear pump. The pump's gears 
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were made of Ryton which has been proven to be compatible with many 

refrigerants, including HFC-134a, HFC-152a, and CFC-12. 

The data acquisition was controlled by a Zenith Z-386 computer and 

incorporates a National Instruments AT-MI0-16L board with 2 AMUX-64 

multiplexer boards. During testing a data acquisition program ran continuously 

and collected system data every 30 seconds, providing a continuous visual update. 

After a test point was completed, the data was downloaded to a spreadsheet 

template where basic manipulations of the data were carried out and plots 

generated. 
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CHAPTER 3. EXPERIMENTAL DESIGN AND METHODOLOGY 

Background 

Based on previously reported research and engineering experience, it was 

determined that up to ten independent design variables have a potential effect on 

capillary tube-suction line heat exchanger performance (Table 3.1). Using more 

Table 3.1: Design variables 

Design 
Variable 

Design Variable 
Description 

Tcond condenser temperature 

do capillary tube i.d. 

Lc capillary tube length 

Lhx heat exchanger length 

ds suction line i.d. 

Linlet capillary tube adiabatic 
entrance length 

DTsc, Q capillary tube inlet condition 
subcooled or quality 

DTsh refrigerant vapor superheat 
level at the suction line inlet 

LP evaporator pressure 

%oil %oil concentration 

common approaches to experimental design, the amount of testing suggested in 

order to examine all ten effects was overwhelming. For example, any thorough 

evaluation of independent variable effects on performance would have to include 

the investigation of combined variable effects, referred to as interaction effects. 
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If each of the ten variables were tested at three different levels, the combination 

of all possible variable levels would require a total of 3 '0, or 59049 test points. 

This was obviously unrealistic, and is one reason why past efforts have been 

relatively limited in scope. 

Considering the time and resource constraint, the need was apparent for an 

alternate approach to more common practices in designing the most efficient test 

plan. At this point, it was decided that incorporating statistical methods in the 

experimental design process would offer the best solution. 

Statistical methods applied to experimentation are well established tools in 

areas where governing fundamental equations do not exist. In fields such as 

agriculture and biological sciences, most analyses are empirically based. Here, 

the attributes of statistical methods are recognized, including efficient 

experimental design and objective data collection methodology. However, in 

many engineering R&D efforts, statistical methods are not commonly employed. 

This is surprising since engineers frequently use empirically based design 

correlations. 

Statistical methods benefit an experimental effort in terms of efficiency. In 

other words, the application of statistical methods can maximize the amount of 

information obtained from a minimum number of experimental test points. This 

improvement in efficiency comes from an investment of time in the design of the 

experimental plan prior to the beginning of experimentation. The approach also 

insures that the resulting data is easily reduced and analyzed by using common 

statistical analysis techniques. 

Application of statistical methods also includes the incorporation of testing 

procedures which help insure the highest degree of quality and objectivity in the 
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data. Experimental error is the random "noise" in data that cannot be explained 

by the independent variables being varied, and is commonly characterized as 

precision. In order to reduce experimental error, statistical methods emphasize 

the importance of a methodical testing process. 

Another major emphasis of statistical methods in experimental work is 

randomized data procurement. In many experiments, data is not taken in a 

random manner, but based on convenience. The advantage of randomizing the 

order in which test points within a test matrix are run is that the possibility of an 

unexplained bias occurring in the collected data is reduced. Randomized data 

procurement is not always the most time expedient data collection plan. 

However, the gain in overall data integrity far outweighs the relatively minor time 

sacrifice. 

Two-level factorial designs 

Before proceeding, some basic statistics terminology needs to be made 

clear. The independent heat exchanger design variables are referred to as factors, 

main effects, or explanatory variables. The dependent variables (mass flow rate 

and effective subcooling) are referred to as the response variables. An interaction 

between two or more factors implies that the effect of the combination of factors 

on the response variable is different from what would be predicted given the 

individual effects of each factor separately. An interaction effect can be 

synergistic by adding to the individual effects of the factors, or antagonistic by 

subtracting from the individual effects of the factors. In this study, the calculated 
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interaction effect on mass flow rate between the factors condenser temperature 

(Tcond) and capillary tube diameter (dc) was statistically significant. An 

exaggerated plot of this phenomenon is given in Figure 3.1. If the calculated 

interaction effect was insignificant, then the two lines representing the mass flow 

response in Figure 3.1 would be parallel. Interaction effects involving three 

factors or more are routinely assumed to be insignificant. In addition, these 

higher level interactions are very difficult to visualize or explain physically. 

In applying statistical methods in this study, the core experimental test 

matrices were constructed based on a two-level factorial design. With a two-level 

factorial design, each independent variable is tested at a low and high "level" 

(hence, the term two-level), corresponding to the variable's specific application 

range. Within the two-level factorial design test matrix, testing is balanced such 

that each independent variable is tested at its two levels the same number of 

times. A full two-level factorial design test matrix would require experimental 

test points for all possible variable level combinations. For example, a full two-

level factorial design with three variables would require 2^, or eight experimental 

test points. In the case of ten variables, a full two-level factorial design would 

require 2^^, or 1024 experimental points. This large number of test points can be 

reduced by using a fractional factorial design approach. 

Fractional factorial designs require only a fraction of the total number of 

test points associated with a full factorial design. A fractional design allows for a 

broad based experimental evaluation of a relatively large number of independent 

variables (such as ten), with a relatively small number of runs. Testing is still 

balanced, as in the full factorial design. By first taking a superficial look at the 

linear response relationships of all independent variables (based on the two 
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levels), the variables having a major effect on the response variable can be 

identified. If necessary, additional experimental test points can then be focused 

on the important variables, while variables having little or no effect can be 

eliminated from the analysis. In this way, fractional factorial designs allow for a 

methodical, "building block" approach to data collection, and thus, are a very 

efficient experimental tool. 

A disadvantage of fractional factorial designs is that even though 

interaction effects can be calculated, it may be impossible to differentiate between 

some of the interactions. These interactions are termed confounded. Main 

effects can also be confounded with interactions, so experiments are usually 

designed such that main effects are confounded with three factor and higher 

interactions (routinely assumed insignificant). These are referred to as designs 

with resolution IV or higher (V, VI, etc.). Both the HFC-134a and HFC-152a 

core test matrices are resolution IV designs. Resolution IV designs also mean 

that two-factor interactions will be confounded with other two-factor 

interactions. This could have caused problems with identifying the legitimate 

interaction effects. However, a general sense of the relative variable effects on 

performance provided some guidance in defining the test matrices, and problems 

were avoided. Confounding patterns for all test matrices are included in 

Appendix D. 

Testing methodology 

To achieve the highest possible level of precision, consistent testing 

methods were essential. Each of the heat exchanger assemblies was prepared for 
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testing in the same manner. Capillary tubes were rinsed internally with isopropyl 

alcohol twice and dried using nitrogen prior to being installed in the test stand. 

After installation, the evaporator and test section portion of the circuit were 

evacuated for a minimum of one hour to remove any non-condensable gases and 

moisture. All heat exchanger assemblies were thoroughly insulated prior to 

testing. 

The test points within a given test matrix were run in random order, and all 

test points were run using identical procedures. Before refrigerant flowed 

through the test section, the evaporator pressure was pre-set at the desired level. 

The temperature of the chiller's water-glycol delivered to the condenser/receiver 

(which sets evaporator pressure) was maintained at the pre-set level throughout a 

test point run. Also prior to the test run, the mass flow meter's "zero flow" 

calibration was verified. The capillary tube inlet condition would initially be set 

at 100 psia and near room temperature (a subcooled condition). As the 

refrigerant began to flow through the test section, the capillary tube inlet pressure 

was increased to the saturation pressure value corresponding to the condenser 

temperature test point level. After establishing the pressure, the capillary tube 

inlet temperature was controlled by adjusting the power supplied to the preheater. 

Similarly, evaporator exit conditions were controlled by adjusting power to the 

evaporator heater. 

The capillary tube quality inlet condition test points were more difficult to 

obtain. The thermodynamic equilibrium quality, x, at the capillary tube inlet was 

calculated from an energy balance on the refrigerant flow as follows. 
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X = Hnet " '"^PfcC^sat '  T^prehtr-in) ^3 

riihfg 

where qnet was the net heat transferred to the refrigerant between the preheater 

inlet and the capillary tube inlet. The value of qnet's given by 

^net "igross " nioss (3 .2) 

The gross preheater power level, qgj-oss' was measured by the wattmeter. The 

heat loss to the surroundings, qioss' was calculated from an energy balance on the 

refrigerant flow when the capillary tube inlet temperature just reaches the 

saturation point, Tg^t, for the inlet pressure. 

•iloss ^ Qgross " n^Cpfc(Tsat - Tpj-gh^r-in) (3.3) 

Once the steady saturated inlet condition was established, the power to the 

preheater was increased slightly by 3 to 4%. At this point, instead of "searching" 

for the appropriate preheater level and mass flow rate balance to achieve steady 

flow, the preheater power level was held constant. This allowed the inlet quality 

to increase, which in turn caused a decrease in mass flow rate. The mass flow 

response was generally slow enough so that all important parameters except the 

increasing quality were maintained at a steady level. Quality level was then 

determined from Equation 3.2. 

The key to a stable capillary tube flow rate throughout a test point was in 

maintaining the suction line inlet temperature at a relatively stable level. This 

was accomplished with the refrigerant/water-glycol heat exchanger. A relatively 
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stable refrigerant flow rate resulted in only minor power level changes to the 

preheater and evaporator heater as the target test condition was approached. 

Steady system conditions were generally reached in 15 to 30 minutes. 
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CHAPTER 4. EXPERIMENTAL RESULTS FOR HFC-134a 

HFC-134a has already been accepted as the replacement refrigerant for 

CFC-12 by many domestic refrigeration equipment manufacturers. In response, 

the bulk of this study's experimental evaluation of heat exchanger performance 

was done with HFC-]34a. 

Performance testing with HFC-134a was accomplished in three phases. 

Phase 1 test points were run with a subcooled condition at the capillary tube inlet, 

which is the most common refrigerator design condition. Phase 2 test points were 

run with a quality condition (i.e., two-phase) at the capillary tube inlet, since 

occasionally a low quality condition ranging from 0 to 5% exists during a 

refrigerator's off-design operation. Phase 3 testing focused on determining the 

effect of a typical range of refrigerant/oil mixture concentration levels on heat 

exchanger performance. 

The details of each phase are discussed in the chapter sections that follow. 

Phase 1: Subcooled inlet 

Test matrix 

Phase I testing was the most comprehensive of the phases since it 

represents the most common design condition in household refrigerators. The 

core HFC-134a subcooled inlet test matrix was a 1/16 fraction of a full two level 

factorial design with nine independent design variables (resolution IV.) A full 

factorial design with nine variables would include 512 (or 2^) test points, while a 
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1/16 fraction includes 32 (1/16 of 512) test points. The nine variables and their 

respective low (-) and high (+) test levels are given in Table 4,1, All Phase 1 

testing was done at the 1% oil concentration level. 

The complete Phase 1 core test matrix with all variable level settings is 

presented in Table 4,2, Each independent variable was tested 16 times at the low 

(-) and high (+) level, providing balance in the testing. The test matrix used 32 

different heat exchanger assemblies, one for each of the five geometric variable 

combinations (2^ = 32), The added benefit of testing 32 different assemblies was 

that production variability was included in the testing, and appeared as part of 

the data scatter. In this way, there was empirical evidence of the potential 

production variability. In keeping with the requirements of a statistical design, 

the 32 test points were run in random order. 

Table 4.1: HFC-134a Phase 1 variables and test ranges 

revel 
Toond 85 F 132 F 

do 0.026 in 0.031 in 

ds 0.201 in 0.319 in 

Lc 96 in 130 in 

Lhx 40 in 70 in 

Linlet 6 in 20 in 

DTsc 5F 10 F 

DTsh 5F 20 F 

LP 19 psia 24 psia 
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Table 4.2; HFC-134a Phase 1 test matrix and "+" levels are given 

in Table 4,1) 

Run(HX) J, ,  l-h* 1̂'.' " T LP ' Wise OIRIT 

1 • + + + 4- 4-

2 + + . . + + + - -

3 + + - + 4- 4" 

4 + + + . + + - -

5 + . - + - 4- 4-

6 + + . - - - - -

7 . + + + + - . - -

8 _ + + + + . 4- 4-

9 + - . 4* - + + - + 

10 + + + - - + 4- -

11 + . + . 4- 4- -

12 _ + . + + 4- - 4-

13 _ 4- + . + - - 4-

14 + _ + - + - - 4- -

15 + + + + . - 4-

16 _ - _ + - - - 4- -

17 - . . . . - + - -

18 + . + + + - + - -

19 _ + . - + 4- 4* 4-

20 + + + + + + 4- 4- + 

21 - + + + - 4- - + 

22 - . . + + + 4- + -

23 + . . - 4* 4- 4- -

24 + + + - - 4- - + 

25 - + + . - + - + -

26 . . + - - - - - 4-

27 + + . + + + . 4- -

28 + . + + - - - 4-

29 _ . . + + - - -

30 + - + + - + - - -

31 •f + + - - 4- 4* 

32 - - - + - - + 4-
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Mass flow data reduction 

Calculated variable effects 

Measured mass flow rate data from the core test matrix was analyzed using 

a standard statistical analysis package, SAS (SAS, 1989). Individual variable 

effects, or main effects, and interaction effects were calculated within SAS using 

Yates' algorithm (Box, et.al., 1978). All nine main effects, plus the two factor 

interactions between the dominant main effects, are presented in Table 4.3 and 

Figure 4.1. A preliminary mass flow rate prediction equation. Equation 4.1, was 

constructed including the calculated effects given in Table 4.3. 

Table 4.3: HFC-134a Phase 1 calculated variable 
effects on mass flow rate 

Main effects 
«ind 

Calculated 
effect 

Tcond + 3.24 

dc + 2.53 

Lc -0.90 

Dish -0.28 

LP -0.20 

Disc + 0.12 

Lhx + 0.10 

Linlet -0.07 

ds + 0.04 

dc X Tcond + 0.71 

Lc X Tcond -0.29 

dc X Lc -0.10 
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Figure 4.1: HFC-134a Phase 1 variable effects on mass flow rate 
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12.57 + -•>•24X'j'j;Qfj(j + 2.53X(Jq - 0.90Xlq- 0.28X£)'j"sh 

- 0.20XLP + 0.12XDTsc  +  O ^O^Llix "  O O^Xunlet + 0 04Xds 

+ 0-71X(jQ*'j'cond " ®^^^Lc*Tcond " ® '®^dc*Lc (41) 

Equation 4.1 was designated "preliminary" because the statistical significance of 

each variable effect had not yet been established. 

The interpretation of Equation 4.1, which is of a convenient form for the 

statistical analysis of the data, is based on the nature of the two level factorial 

design. The value 12.57 is the mean mass flow rate for the 32 test points. Each 

X parameter corresponds to a subscripted main effect or two level interaction, 

and has values of-1 and +1. The -1 and +1 values correspond to the variable's 

low and high test level. The X parameter coefficients are the calculated effects 

given in Table 4.3. For example, the calculated effect of evaporator pressure 

(LP) on mass flow rate is -0.20 Ibm/hr. This means that a change in evaporator 

pressure (LP) between its low (-1) and high (+1) level will be reflected in a 

predicted change in mass flow rate (nipred) +0.20 to -0.20 Ibm/hr, for a total 

decrease of 0.40 Ibm/hr. 

Significance limit 

The statistical significance of a main effect or interaction effect was 

determined by comparing the calculated effect to a function of the experimental 

error, or random "noise" associated with the test facility and methodology. 

Experimental error was quantified by the repeatability of the measured data. In 
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order to be deemed statistically significant, a calculated effect had to be larger 

than what could be attributed to random "noise" alone. 

Eight test points were selected at random from the core test matrix for 

replication testing and were run in a random order. By analyzing the data scatter 

surrounding the predicted mean response using Equation 4.1 and including the 

replicate test points, the mass flow rate significance limit was determined to be 

0.12 Ibm/hr. Calculated main effects and interaction effects beyond 0.12 Ibm/hr 

were included in the final prediction equation. Supporting SAS analysis output is 

included in Appendix E. 

Prediction equation 

The final mass flow rate prediction equation is given in Equation 4.2, and 

includes all calculated effects greater than 0.12 Ibm/hr. 

mpred(lbm/hr) = 12.57 + 0.1373(Tcond-108.6) + 1010(dc-.0285) 

- 0.0531(Lc-l 13) - 0.04078(DTsh-12.85) 

- 0.0737(LP-21.4) + 0.0464(DTsc-8.2) + 0.0064(Lhx-55) 

+ 12,034(dc-.0285){Tcond-108.6) 

- 7.228xl0-4(Tcond-108.6)(Lc-l 13) 

+ 5.867(dc-.0285)(Lhx-55) (4.2) 

In using Equation 4.2, variable units must be consistent with the units specified in 

the nomenclature listing. 
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In comparing Equation 4.2 with its preliminary form. Equation 4.1, the 

Linlet and ds variables, and the dc*Lc interaction do not appear in the final 

equation because these effects do not meet the test for significance. The dc*Lhx 

interaction was added to the final equation since its calculated effect of 0.22 

Ibm/hr was greater than the significance limit. Finally, the final equation retained 

the Lhx effect (0.10 Ibm/hr) due to its importance to the heat exchanger design 

process, even though it did not quite meet the significance limit. 

A plot of measured versus predicted mass flow rate using Equation 4.2 is 

given in Figure 4.2, and shows good agreement. The 95% confidence interval for 

Equation 4.2 is ±0.40 Ibm/hr, and the 95% prediction interval (shown in Figure 

4.2) is ±0.85 Ibm/hr. The 95% confidence interval means that with 95% 

confidence, the stated interval bounding the predicted performance value will 

include the true mean performance value. The 95% prediction interval means that 

with 95% confidence, the stated interval bounding the predicted performance 

value will include the actual measured performance value for an individual heat 

exchanger. These intervals were calculated based on a statistical analysis of the 

scatter in the data around the predicted mean value. The implicit assumption of a 

normal distribution of residuals in the data around the predicted mean values was 

verified. 

A plot of the measured versus predicted mass flow rate using Equation 4.2 

for the eight replicate test points is given in Figure 4.3, and verifies the excellent 

repeatability in the test facility and methodology. 
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Analysis of mass flow variable effects 

Tcond effect 

One of the most significant variables affecting mass flow rate was 

condenser temperature (Tcond), with a calculated effect of 3.24 Ibm/hr. This 

effect is presented graphically in Figures 4.4 and 4.5, where mass flow rate is 

shown to increase with condenser temperature for a fixed capillary tube geometry. 

This response is more readily understood in terms of condenser pressure. Figure 

4.6 shows the liquid-vapor saturation curve for HFC-134a. Condenser pressure is 

the saturation pressure corresponding to the condenser temperature. As 

condenser temperature increases, the condenser pressure increases, which is the 

capillary tube inlet pressure. Hence, the mass flow rate increases with the inlet 

pressure, as would be expected. 

do and Lc effects 

The two other most significant variables affecting mass flow rate were 

capillary tube diameter (dc) and length (Lc), with calculated effects of 2.53 and 

-0.90 Ibm/hr, respectively. These effects are shown in Figures 4.4, 4.5, and 4.7. 

The mass flow response for any flow restriction device with a fixed upstream and 

downstream condition is inversely related to the resistance provided by the 

restriction device. In other words, an increase in flow resistance means a 

decrease in flow rate, and visa versa. For a capillary tube, flow resistance is 

inversely related to the flow area, or diameter, and is directly related to length. 
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In Figures 4.4, 4.5, and 4.7, the effects of dc and Lc are as expected. As 

diameter increases, the flow resistance decreases, and the mass flow rate 

increases (Figures 4.4 and 4.7). Conversely, as capillary tube length increases, 

the flow resistance increases, and the mass flow rate decreases (Figures 4.5 and 

4.7). 

DTsc effect 

The effect on mass flow rate of inlet subcooling level (DTsc) was +0.12 

Ibm/hr, which means mass flow rate increases with an increase in inlet subcooling. 

This effect can also be explained in terms of flow resistance within the capillary 

tube. With a subcooled inlet condition, the refrigerant remains liquid until the 

onset of vaporization, or the flash point. Upstream of the flash point, the 

subcooled liquid experiences a constant pressure drop due to friction alone. 

Downstream of the flash point, the pressure drop increases rapidly as a result of 

both the two-phase friction and vapor acceleration. The pressure gradients in the 

subcooled and two-phase regions are directly related to their respective 

contributions to overall flow resistance. An increase in the inlet subcool level for 

a fixed condenser temperature will result in an increase in the length of the 

subcooled liquid region, and the vaporization point will be delayed. It then 

follows that as inlet subcool level increases, overall flow resistance will be 

reduced, and mass flow rate will increase. 
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DTsh and LP effect 

For suction line inlet superheat level (DTsh) and evaporator pressure (LP), 

the calculated effect on mass flow rate were -0.28 and -.20 Ibm/hr, respectively. 

This implies that an increase in superheat level or evaporator pressure results in a 

decrease in mass flow rate. These effects are both related to suction line 

temperature level, and are consistent with previously reported mass flow rate 

behavior in nonadiabatic capillary tubes. 

All prior nonadiabatic studies have shown that the effect of heat transfer 

from the capillary tube is an increase in mass flow rate. It had been generally 

reasoned that the heat transfer effectively increased the subcool level of the liquid 

refrigerant, and delayed the vaporization point. As discussed previously, an 

increase in the subcool level decreases the overall flow resistance in the capillary 

tube, and the result is an increase in mass flow rate. Pate and Tree (1984a, 

1984b), though, showed that heat transfer from the capillary tube to the suction 

line did not necessarily delay the vaporization point, but did suppress 

considerably the quality increase in the capillary tube. The effect is still a 

decrease in overall flow resistance, and an increase in flow rate. 

If either the evaporator pressure or inlet superheat level is increased, the 

suction line temperature level will increase. This increase in suction line 

temperature for a fixed capillary tube inlet condition will result in a decrease in 

the temperature difference between the two flow streams, and thus, the heat 

transfer rate. Corresponding to the decrease in heat transfer rate, the mass flow 

rate will also decrease, which agrees with the calculated effect for both the 

evaporator pressure (LP) and suction line inlet superheat level (DTsh). 
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The effect of the evaporator pressure (LP) on mass flow rate can be 

separated from the suction line temperature effect described in the previous 

paragraph. The evaporator pressure is also the capillary tube discharge pressure. 

For an increase in evaporator pressure between the Phase 1 low and high levels, 

19 and 24 psia, the effect on mass flow rate is -0.40 Ibm/hr. For this evaporator 

pressure increase, the suction line inlet temperature can be maintained at a 

constant level by reducing the superheat level, DTsh, by 10 °F. The effect on 

mass flow rate of a 10 °F decrease in DTsh is +0.37 Ibm/hr. The net effect on 

mass flow rate of an independent evaporator pressure change is -0.03 Ibm/hr, 

which is insignificant. Therefore, for the evaporator pressure range tested, the 

capillary tube flow can be considered choked. 

Lhx effect 

The calculated effect of heat exchanger length (Lhx) on mass flow rate was 

+0.10 Ibm/hr. The increase in heat exchange length is directly related to an 

increase in heat transfer area, and thus, heat transfer rate. As described 

previously, an increase in heat transfer rate between the flow streams will result 

in an increase in mass flow rate. 
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Effective subcooling data reduction 

Calculated variable effects 

Effective subcooling data from the core test matrix was analyzed using 

SAS. All nine main effects, plus the two factor interactions between the dominant 

main effects, are presented in Table 4.4 and Figure 4.8. A preliminary effective 

subcooling prediction equation. Equation 4.3, was constructed that included the 

effects given in Table 4.4. 

EFFscpi-eiim(F) ~ 39.2 + 7.45XjQond " ^-^^^DTsh 2.72XLhx 

-2.55XLP- 1.68Xds-0.55XDTsc 

- 0.36X(jj. + 0.02XLjj|}gt + O.OOXL^ 

+ 1 • lOXjcQfid+Lhx • ^•^^^ds*Tcond 

+ 0.3 IXdsKQ-rsh + 0-30Xjcond*DTsh 

+ 0.25XLp*DTsh - 0.20XLp*Lhx 

+ 0. 1 2 X(1s *l j ^x  - 0-11 ̂ DTsh*Lhx 

- 0.10Xxcond*LP + 0 08Xds*LP (4 3) 

The interpretation of the terms in Equation 4.3 follows the description given 

previously for Equation 4.1. 
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Table 4.4: HFC-134a Phase 1 calculated 
variable effects on EFFsc 

Main effects 
aind 

interactions 

Caiculated 
effect 
m 

Tcond + 7.45 

DTsh -3.29 

Lhx + 2.72 

LP -2.55 

ds -1.68 

DTso -0.55 

dc -0.36 

Linlet + 0.02 

Tcond X Lhx + 1.10 

ds X Tcond -0.48 

ds X DTsh + 0.31 

Tcond X DTsh + 0.30 

LP X DTsh + 0.25 

LP X Lhx -0.20 

ds X Lhx + 0.12 

DTsh X Lhx -0.11 

Tcond X LP -0.10 

dsxLP + 0.08 
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Figure 4 8: HFC-134a Phase 1 variable effects on EFFsc 
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Significance limit 

As in the mass flow rate data analysis, the statistical significance of all 

calculated effects on effective subcooling was determined by comparison to a 

function of the experimental error. By analyzing the data scatter surrounding the 

predicted mean response using Equation 4.3 and by including the replicate test 

points, the effective subcooling significance limit was determined to be 0.26 °F. 

Calculated main effects and interactions effects beyond 0.26 °F were included in 

the final prediction equation. Supporting SAS analysis output is included in 

Appendix E. 

Prediction equation 

The final effective subcooling prediction equation is given in Equation 4.4 

below, and includes effects greater than 0.26 °F. 

EFFsCpred(F) = 39.2 + 0.3 156(Tcond-108.6) - 0.4735(DTsh-12.85) 

+ 0.1815(Lhx-55 - 0.9262(LP-21.4) - 28.54(ds-0.260) 

- 0.2188(DTsc-8.2) - 143.6(dc-0.0285) 

+ 3.116xl0-3(Lhx-55)(Tcond-108.6) 

- 0.343(Tcond-]08.6)(ds-0.260) 

+ 0.756(ds-0.260)(DTsh-12.85) 

+ 1.829xl0-3(Tcond-108.5)(DTsh-12.85) (4.4) 
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In using Equation 4.4, variable units must be consistent with the units specified in 

the nomenclature listing. 

In comparing Equation 4.4 with its preliminary form, Equation 4.3, the 

Linlet and Lc variables do not appear in the final equation. Also not appearing in 

Equation 4.4 are the following interactions; LP*DTsh, LP*Lhx, ds*Lhx, 

DTsh*Lhx, Tcond*LP, and ds*LP. These variables and interactions did not meet 

the test for significance. 

A plot of measured versus predicted effective subcooling using Equation 

4.4 is given in Figure 4.9, and shows good agreement. The 95% confidence 

interval for Equation 4.9 is ±0.88 °F, and the 95% prediction interval (shown in 

Figure 4.9) is ±1.84 °F. 

A plot of measured versus predicted effective subcooling using Equation 

4.4 for the eight replicate test points is given in Figure 4.10, and verifies the 

repeatability in the test facility and methodology. 

Analysis of effective subcooling variable effects 

Tcond, DTsc, LP, and DTsh effects 

The calculated effects of Tcond, DTsc, LP, and DTsh were relatively large 

because these variables are directly related to the definition of EFFsc. EFFsc was 

defined in Equation 1.1 based on an energy balance between the two flow 

streams. 

EFFsc (Cpgs/Cpfc)(Tg2 - Tgj) ( 1 . 1 )  
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It is used, along with mass flow rate, to quantify the increase in refrigeration 

capacity for the heat exchanger configuration in comparison to an adiabatic 

capillary tube configuration. 

By definition, EFFsc is the difference between the capillary tube inlet 

temperature, T^i and an effective temperature exiting the heat exchanger region. 

The inlet temperature level, Td, is established by the condenser saturation 

temperature, Tcond, and the inlet subcool level, DTsc. 

Since Tcond and DTsc define Td, and thus, EFFsc, the calculated effects of 

Tcond and DTsc were relatively large. 

The suction line inlet temperature in Equation 1.1, Tgj, is established by 

the evaporator saturation temperature, Tgyap, at the evaporator pressure, LP, and 

suction line inlet superheat level, DTsh. 

T c 2 -

EFFsc = Tci - Tc2 (4.5) 

T^i = Tcond - DTsc (4.6) 

Tsl Tevap@LP "*• DTsh (4.7) 

Since LP and DTsh define Tgj, and thus, EFFsc, the calculated effects of LP and 

DTsh were also large. 
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Lhx and ds effects 

The two dominant variables in the EFFsc prediction equation (Equation 

4,4) that are independent of the EFFsc definition are suction line diameter, ds, 

and heat exchanger length, Lhx. A graphical representation of the effect of heat 

exchanger length (Lhx) and condenser temperature (Tcond) on effective 

subcooling is given in Figure 4.11. In Figure 4.11, EFFsc increases with Lhx 

because the total heat transfer area between flow streams increases. 

Ah/t = (7:ds)Lhx (4.8) 

The effect of suction line diameter (ds) and condenser temperature (Tcond) 

on EFFsc is given in Figure 4.12, and EFFsc is shown to decrease with ds. This 

effect can be explained by considering that ds affects both the total heat transfer 

area (Equation 4.8) and the suction line heat transfer coefficient, as given below. 

Nuds = /(Reds)0-^= / ( l / d s )0  8 (4.9) 

h  =  Nuds (ks /ds )  =  / ( l / d s ) l -8  (4 .10 )  

The heat transfer rate between flow streams is a function of the product of h 

(Equation 4.10) and A^/t (Equation 4.8), and the net effect of ds is (l/ds)®-^. 

Since EFFsc is an indicator of heat transfer rate, EFFsc will decrease with ds, 

which agrees with the measured result. 
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Performance prediction verification 

A two level factorial design results in prediction equations linear in all 

independent variables. Therefore, the next experimental step was to investigate 

the possibility of nonlinear variable effects on both response variables, mass flow 

rate and effective subcooling. The simplest approach was to run additional test 

points at mid-range levels of the most significant variables, and make comparisons 

between the measured and predicted performance. If significant nonlinear effects 

existed, then measurements and predictions would not agree. 

Seven mid-range level test points were defined for different combinations 

of the most significant variables affecting heat exchanger performance. These test 

points were run using seven production heat exchanger assemblies supplied by a 

refrigerator manufacturer. In Figure 4.13, measured mass flow rate is compared 

to predictions using Equation 4.2. All data falls within the 95% prediction 

interval. 

Likewise, in Figure 4.14, measured effective subcooling is compared to 

predictions using Equation 4.4. For two of the heat exchanger assemblies, 

measured effective subcooling levels are greater than predicted. These two heat 

exchanger assemblies had suction lines with an enhanced inner surface. The 

enhancement had the effect of increasing the suction line heat transfer coefficient, 

and thereby, the heat transfer rate. Since Equation 4.4 was developed based on 

smooth suction line tubes, the increase in effective subcooling beyond the 

predicted mean value is attributed to the effect of the enhanced inner surface 

suction line. 
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The final conclusion is that there are no significant nonlinear effects on 

mass flow rate and effective subcooling for the range of variable levels tested. In 

addition, the use of production heat exchanger assemblies provided for the 

irrefutable evidence that verified the prediction accuracy of Equations 4.2 and 

4.4. 

Performance equation sensitivity 

Geometry variability amongst the 32 heat exchanger assemblies and 

instrumentation error (as part of the experimental error) were contributing factors 

to the scatter in the data seen in Figures 4.2 and 4.9. Uncertainty analyses 

demonstrated that predicted flow rate was the most sensitive to capillary tube 

diameter. All other factor variabilities had a relatively small effect on predicted 

mass flow rate and effective subcooling. The 32 capillary tubes tested were from 

the same manufacturer's lots of capillary tubes with nominal inner diameters of 

0.026 and 0.031 in. The result was a very small tube-to-tube variation in actual 

capillary tube diameter, quoted to be ±0.0001 in. Manufacturing tolerance on 

capillary tube diameter can be on the order of ±0.0005 in. If a refrigerator 

manufacturer's stock of capillary tubes have a similar variability in actual tube 

diameter, then this can result in flow rate variation within the nominal size. For 

example, the predicted flow variation for Phase 1 test points 5 and 8 with a 

capillary tube diameter variation of ±0.0005 in is ±0.33 and ±0.5 Ibm/hr, 

respectively, which would be deemed a significant effect in the current study. 

Production stock capillary tube diameter variability can be reduced through 

standardized flow capacity measurements such as the referenced ASHRAE 
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standard (ASHRAE Standard 1988). A tolerance on flow capacity of +2% 

translates into a tolerance on a 0.026 in capillary tube of ±0.0002 in since the 

flow capacity is proportional to The predicted flow variation for test 

points 5 and 8 with a diameter tolerance of ±.0002 in is ±0.13 and ±0.25 Ibm/hr, 

respectively. 

Phase 2: Quality inlet 

Test matrix 

The intent of the Phase 2 testing was to determine the effect of a quality 

inlet condition on heat exchanger performance. The quality inlet test matrix was 

a 1/2 fraction of a full two level factorial design with five independent design 

variables (resolution V), A full factorial design with five variables would include 

32 (or 2^) test points, while a 1/2 fraction includes 16 test points. The five 

independent variables included quality (0 and 5% levels) and four other important 

design variables as determined from phase 1 test results. The four additional 

variables were included in order to establish the significance of potential quality 

interaction effects. All five variables and their respective low (-) and high (+) 

test levels are given in Table 4.5. Phase 2 testing was done at the 1% oil 

concentration level. 

The complete phase 2 test matrix with all variable settings is presented in 

Table 4.6. Each independent variable was tested eight times at the low (-) and 

high (+) level. The 16 test points were run in random order. 
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Table 4.5: HFC-134a Phase 2 variables and test ranges 

"-"fevel 
Tcond 95.6 F 115.7 F 

dc 0.026 in 0.031 in 

Lc 96 in 130 in 

LP 16 psia 26 psia 

Inlet quality, Q 0% 5% 

Table 4.6: HFC-134a Phase 2 test matrix and 
"+" levels given in Table 4.5) 

Test point Tcond dc Lc LP a 
1 - + - + 

2 + - + - -

3 - - + + -

4 + - + + + 

5 + + + + 

6 - + - + -

7 - + - - + 

8 + + - - -

9 - - + + 

10 + - - + -

11 - - - - -

12 + - - - + 

13 - + + + + 

14 + + + + -

15 + + + - + 

16 - + + - -
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Mass flow data reduction 

Calculated variable effects 

Measured mass flow rate data was analyzed using SAS. The calculated 

effects of all five main effects, plus the two factor interactions between the 

dominant main effects, are presented in Table 4.7 and Figure 4.15. 

Table 4.7: HFC-134a Phase 2 calculated variable 
effects on mass flow rate 

Main effects 
0n<i 

Calculated 
effect 

ilbrn^m 

dc + 2.24 

Tcond + 1.37 

Q + 1.33 

Lc -0 .91  

LP -0 .29  

dcx  Q  + 0.28 

dc X Tcond + 0.16 

Tcond X Q + 0.02 

Significance limit 

Phase 2 testing did not include any replicate test points. The statistical 

significance of the calculated effects was determined by using the Phase 1 

significance limit of 0.12 Ibm/hr. 
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Figure 4.15: HFC-134a Phase 2 variable effects on mass flow rate 
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Prediction equation 

The quality inlet mass flow rate prediction equation is given in Equation 

4.11, and includes effects greater than 0.12 Ibm/hr. 

rhqual(lbm/hr) = 10.78 + 894.4(dc-.0285) + 0.1368(Tcond-l 05.7) 

- 0.605(Q-2.2) - 0.0533(Lc-l 13) - 0.0576(LP-21) 

- 51.64(Q-2.2)(dc-.0285) + 0.00515(LP-21)(Tcond-105.7) 

- 5.506(dc-0.0285)(Lc-l 13) - 1 7.92(LP-21)(dc-0.0285) 

+ 6.408(dc-0.0285)(Tcond-105.7) (4.11) 

In using Equation 4.11, variable units must be consistent with the units specified 

in the nomenclature listing. 

A plot of measured versus predicted mass flow rate using Equation 4.11 is 

given in Figure 4.16. The 95% confidence interval for Equation 4.11 is ±0.47 

Ibm/hr, and the 95% prediction interval is ±0.73 Ibm/hr. These intervals were 

calculated based on a statistical analysis of the scatter in the data around the 

predicted mean using Equation 4.11. 

Equation 4.11 includes 10 effects out of the 15 possible effects calculated 

for the 16 run test matrix. Since Phase 2 did not include any replicate test points, 

a better indication of confidence in the accuracy of Equation 4.11 is the 

uncertainty interval, which is calculated in Appendix C to be ±1.1 Ibm/hr. The 

inclusion of replicate test points would have certainly resulted in a more reliable 

statistical assessment of the measured data. 
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Figure 4.16; Phase 2 measured versus predicted flow rate (Equation 4.11) 
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In Figure 4.16, the 5% quality data points exhibit the most scatter around 

the correlation line. This should not be too surprising due to the inherently 

unstable nature of two-phase flow. This phenomena is illustrated by a measured 

mass flow rate plot for one of the Phase 2 test points (Figure 4.17). Early in the 

run, the capillary tube inlet condition was subcooled and the measured flow rate 

was relatively steady. At the end of the run, the quality was approaching 5% and 

the measured flow rate was more erratic. 

Mass flow rate predictions were made for the eight test points run at 0% 

inlet quality using the Phase 1 subcooled inlet prediction equation. Equation 4.2, 

and plotted in Figure 4.18. A 0% quality inlet condition is synonymous with a 0 ° 

F subcool inlet condition. As can be seen, the data fall within the prediction 

interval associated with Equation 4.2. 

Effective subcooling values were calculated for all 16 Phase 2 test points. 

In Figure 4.19, the calculated values are compared to predicted values by using 

Equation 4.4 from Phase 1, and taking the inlet subcool level, DTsc, to be 0 °F. 

The calculated effective subcooling values all fall within the prediction interval. 

Therefore, Equation 4.4 is applicable to a quality inlet condition between 0 and 

5%. 

Analysis of the inlet quality effect 

Refrigerators are designed to operate with a slightly subcooled condition at 

the capillary tube inlet. Upon occasion, though, a quality inlet condition does 

exist. The inlet subcool level range for Phase 1 testing was 5 to 10 °F, with a 

calculated effect on mass flow rate of 0.12 Ibm/hr. The inlet quality level range 
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Figure 4.18: Phase 2 measured versus predicted mass flow for the 0% quality test points (Equation 4.2) 
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Figure 4.19: Phase 2 measured versus predicted EFFsc (Equation 4.4) 
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for Phase 2 testing was 0 to 5%, with an effect on mass flow rate of 1.33 Ibm/hr. 

The comparison of effects is shown in Figure 4.20, and demonstrates that the 

mass flow rate can be dramatically affected when a quality condition exists at the 

capillary tube inlet. The difference in flow response for the two inlet regimes is, 

again, related to flow resistance. 

The effect of an increase in inlet subcool level, DTsc, (i.e., a decrease in 

capillary tube inlet temperature) is an increase in mass flow rate. This is a result 

of a reduction in overall flow resistance caused by a delay in the vaporization 

point. At the 0 °F inlet subcool level, which is synonymous to the 0% quality 

condition, a metastable liquid length can exist within the capillary tube. If this 

liquid length reaches into the heat exchanger region, the heat transfer process acts 

to suppress the quality increase. Pate and Tree (1984b) showed maximum quality 

levels of less than 2% in the heat exchange region, for subcooled inlet conditions. 

In comparison, no metastable liquid length can exist with a 5% inlet 

quality. As this liquid-vapor mixture enters the heat exchanger region, it is not 

known from previous research whether the heat exchanger reduces the quality 

level and/or suppresses the quality increase. The measured results reported 

herein, however, suggest that the quality condition does not disappear through 

the heat exchange region. The result is that the overall resistance to flow in the 

capillary tube is much higher relative to a subcooled inlet condition. 

Analysis of effective subcooiing variable effects 

The effective subcooiing values for all Phase 2 test points can be predicted 

using the Phase 1 prediction equation. Equation 4.4, even though Equation 4.4 
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was developed based on subcooled inlet test data (Figure 4.19). This can be 

explained by recalling that effective subcooling level is an indicator of the heat 

transfer rate between the capillary tube flow stream and the suction line flow 

stream. It is a function of capillary tube inlet temperature level, suction line inlet 

temperature level, total heat transfer area, and an overall heat transfer coefficient 

between the flow streams. 

The overall heat transfer coefficient is controlled by the suction line heat 

transfer coefficient, since the capillary tube heat transfer coefficient effect is five 

to six times larger. For a capillary tube inlet quality change between 0% and 5%, 

the inlet temperature remains constant, and the capillary tube heat transfer 

coefficient is influenced slightly. The variables affecting effective subcooling do 

not change, and is why Equation 4.4 successfully predicts all Phase 2 measured 

effective subcooling values. 

Phase 3: The oil concentration effect 

Test matrix 

The intent of the Phase 3 testing was to determine the effect of oil 

concentration on heat exchanger performance. In order to maximize experimental 

sensitivity to a potential oil concentration effect. Phase 3 testing was done with a 

subcooled inlet condition. As in Phase 2, the test matrix was a 1/2 fraction of a 

full two level factorial design with five independent variables. The five variables 

included oil concentration level (0 and 3% by weight), and four other important 

design variables. The four additional variables are included in order to establish 
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the significance of any potential oil concentration interaction effects. Ail five 

variables and their respective low (-) and high (+) test levels are given in Table 

4.8. 

The complete Phase 3 test matrix with all variable settings is given in Table 

4.9. Each independent variable was tested eight times at the low (-) and high (+) 

level. A complete randomization of the run order was not possible because the 

oil concentration level could not be easily changed. Therefore, the first eight 

runs were made at the 0% concentration level, and the second eight runs were 

made at the 3% level. 

Table 4.8: HFC-134a Phase 3 variables and test ranges 

Variable level level 
Tcond 95.6 F 115.7 F 

dc 0.026 in 0.031 in 

Lc 96 in 130 in 

DTsc OF 5 F 

%oil 0% 3 % 

Mass flow data reduction 

Calculated variable effects 

Measured mass flow rate data was analyzed using SAS. The calculated 

effects of all five main effects, plus the two factor interactions between the 



www.manaraa.com

77 

Table 4.9: HFC-134a Phase 3 test matrix and 
"+" levels given in Table 4.8) 

Test point dc U DT 

1 - + + + -

2 + + + - -

3 + - + + -

4 - - + - -

5 + + - + 

6 - + - -

7 - - - + -

8 + - - - -

9 - - + + + 

10 + . + - + 

11 + - - + + 

12 - - - - + 

13 + + - - + 

14 - + - + + 

15 + + + + + 

16 - + + - + 

dominant main effects, are presented in Table 4.10 and Figure 4.21. A 

preliminary mass flow rate prediction equation. Equation 4.12, was constructed 

that included the two factor interaction with a calculated effect greater than the 

0.12 Ibm/hr significance limit established for Phase 1 testing. 

mprelimObm/hr) = 12.78 + l.SSXxcond + 2.56Xdc - I OSXlc 

+ 0.12Xo/^oji + 0.06XDXSC + 0-24Xxcond*dc (4.12) 
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Figure 4.21: HFC-134a Phase 3 variable effects on mass flow rate 
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Table 4.10: HFC-134a Phase 3 calculated variable 
effects on mass tlow rate 

Main effects 
and 

interactions 

Calculated 
effect 

do + 2.56 

Tcond + 1.38 

Lc -1.08 

%oil + 0.12 

DTsc + 0.06 

Tcond X do + 0.24 

Equation 4.12 is designated "preliminary" because the statistical significance of 

each variable effect had not been established. 

Significance limit 

Phase 3 testing did not include any replicate test points. In this case, 

though, a significance limit could be established based on the data scatter around 

the predicted mean flow rate using Equation 4.12, and was calculated to be 0.16 

Ibm/hr. In Equation 4.12, there are only 5 potentially significant effects 

(excluding the DTsc effect) out of 16 test points, which allows for a reasonable 

estimation of a significance limit. Since the calculated effect on mass flow rate of 

oil concentration level was 0.12 Ibm/hr, the oil effect was deemed insignificant. 
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Analysis of mass flow variable effects 

Again, the primary purpose of Phase 3 testing was to experimentally 

evaluate the effect of oil concentration on heat exchanger performance. The oil 

concentration variable, %oil, was included with the four other important design 

variables in order to investigate potential interaction effects. Based on the 

calculated significance limit of 0.16 Ibm/hr within the Phase 3 testing, oil 

concentration between 0% and 3% does not have a statistically significant effect 

on mass flow rate. 

Mass flow rate predictions were made for all Phase 3 test point using the 

Phase 1 subcooled inlet correlation. Equation 4.2, and plotted in Figure 4.22. As 

can be seen, the data falls within the prediction interval associated with Equation 

4.2. 

Effective subcooling data reduction 

Calculated variable effects 

Effective subcooling data was analyzed using SAS. The calculated effects 

of all five independent variables are presented in Table 4.11, and Figure 4.23. A 

preliminary effective subcooling level prediction equation, Equation 4.13, was 

constructed that included only the main effects from Table 4.11. No two factor 

interactions had calculated effects greater than the significance limit of 0.26 °F 

established for the Phase 1 experimental results. 
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Figure 4.22: Phase 3 measured versus predicted mass flow (Equation 4.2) 
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Figure 4.23: HFC-134a Phase 3 variable effects on EFFsc 
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Table 4.11; HFC-134a Phase 3 calculated variable 
effects on EFFsc 

Main effects 
and 

Interactions 

Calculated 
effect 
m 

Tcond + 3.54 

Disc + 1.18 

%oil + 0.52 

dc + 0.08 

Lc + 0.04 

EFFscpreiim(^^) 48.5 + 3.54Xjcond " '-^^^DTsc ®-^2X%oii 

+ O.OSXdc + 0.04XLC (413) 

Significance limit 

As in the mass flow rate data analysis, the significance limit could be 

established based on the data scatter around the predicted mean effective 

subcooling level using Equation 4.13, and was calculated to be 0.31 °F. Since the 

calculated effect on effective subcooling of oil concentration level was 0.52 °F, 

the oil concentration effect was deemed statistically significant. 

Analysis of effective subcooling variable effects 

The variable of interest in Phase 3 testing is the oil concentration, %oil. 

The calculated effect of 0.52 °F means that for an oil concentration level change 
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between 0% and 3%, the effect on effective subcooling is an increase in 1.04 °F. 

Relative to effective subcooling levels of 40 to 50 °F, this is a small effect. But 

since it was deemed statistically significant, further explanation is in order. 

There are two possible reasons for the measured behavior. The first has to 

do with the manner in which the testing was done. The 16 test points could not 

be run in completely random order, since changing the oil concentration between 

the 0% and 3% levels was not convenient. Therefore, the eight 0% oil 

concentration test points were run first, followed by the eight 3% oil 

concentration test points. The calculated effect could be simply a result of a bias 

in the data, gradually introduced while the testing progressed. Random data 

procurement would have reduced the possibility of a bias in the calculated effects. 

In formulating a physical reason for the results, recall again that effective 

subcooling is an indicator of the heat transfer rate between the two flow streams. 

The oil concentration effect may originate in the suction line heat transfer 

coefficient, which controls the overall heat transfer coefficient. As the oil passes 

through the suction line as a film along the wall, the film alone would act to 

increase the resistance to heat transfer between the flow streams, thereby 

reducing the effective subcooling level. In order for the effective subcooling 

level to increase, the suction line heat transfer coefficient must be enhanced by 

the oil film . A possible rationale for the enhancement is that a small amount of 

liquid refrigerant remains within the oil film. The continuous evaporation along 

the suction line wall acts to enhance the suction line heat transfer coefficient, and 

effective subcooling increases. 

An oil concentration effect term was added to the effective subcooling 

equation. Equation 4.4, resulting in Equation 4,14. 
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EFFsCpred(F) = 39.2 + 0.3156(Tcond-108.6) - 0.4735(DTsh-12.85) 

+ 0.1815(Lhx-55)- 0.9262(LP-21.4) - 28.54(ds-0.260) 

- 0.2188(DTsc-8.2) - 143.6(dc-0.0285) 

+ 3.116xl0-3(Lhx-55)(Tcond-108.6) - 0.343(Tcond-108.6)(ds-0.260) 

+ 0.756(ds-0.260)(DTsh-12.85) 

+ 1.829xl0-3(Tcond-108.5)(DTsh-12.85) + 0.347(%oil-1.5) (4.14) 

A plot of measured versus predicted effective subcooling using Equation 4.14 is 

given in Figure 4.24 and shows good agreement. 

Summary 

The experimental results for HFC-134a testing can be summarized as 

follows. 

1. Capillary tube-suction line heat exchanger performance was thoroughly 

evaluated for a wide range of design variables applicable to household 

refrigerator units. 

2. Phase 1 testing investigated the effect of nine design variables on 

performance. All testing was done with a subcooled condition at the 

capillary tube inlet. Performance prediction equations were developed 

from the experimental database, and verified using production stock heat 

exchangers. In conclusion: 
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Figure 4,24. HFC-134a Phase 3 measured versus predicted EFFsc (Equation 4.14) 
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o Design variables having the most significant effect on mass tlow rate 

included the condenser temperature and capillary tube diameter and 

length. 

0 Design variables having the most significant effect on effective 

subcooling level included condenser temperature, heat exchanger 

length, and suction line diameter. 

Phase 2 testing investigated the effect on performance of an inlet quality 

between 0% and 5%. A quality inlet mass flow rate prediction equation was 

also developed. In conclusion: 

o An inlet quality increase from 0% to 5% has the effect of decreasing 

mass flow rate. 

o The response in mass flow rate for an inlet quality change between . 

0% and 5% is much greater than the response for an inlet subcool 

level change between 5 °F and 10 °F. 

o An inlet quality increase from 0% to 5% has no effect on effective 

subcooling. 

Phase 3 testing investigated the effect on performance of an oil 

concentration level change between 0% and 3%. In conclusion: 

o Oil concentration does not have a statistically significant effect on 

mass flow rate. 

o Oil concentration does have a statistically significant effect on 

effective subcooling. 

The knowledge gained from the HFC-134a experimental results was used in 

designing test plans for HFC-152a and CFC-12. 
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CHAPTER 5. EXPERIMENTAL RESULTS FOR HFC-I52a 

HFC-152a, like HFC-134a, is a potential replacement for CFC-12 because 

it has similar saturation properties. HFC-152a and HFC-134a both have a zero 

ozone depletion potential (ODP); however, the global warming potential (GWP) 

for HFC-152a is only 10% of the GWP for HFC-134a, which makes it more 

environmentally attractive. The major hindrance to wide acceptance of HFC-152a 

by domestic refrigeration equipment manufacturers is its flammability, whereas 

HFC-134a is not flammable. Even so, there is still interest internationally in using 

HFC-152a in smaller refrigeration systems requiring a small charge, such as 

household refrigerators. 

A recent investigation by Pannock, et. al. (1994) compared household 

refrigerator performance using HFC-152a and HFC-134a. They concluded that 

there was no significant difference between the two working fluids, in terms of 

system performance. But in terms of charge, they also reported that the HFC-

152a system requires roughly 40% less refrigerant by mass, which may eventually 

help attenuate the flammability concerns. 

For the current study, the HFC-152a heat exchanger performance testing 

included one 16 run matrix, plus limited replication testing. Since refrigerators 

are typically designed to operate with a slightly subcooled condition at the 

capillary tube inlet, HFC-152a testing was done with a subcooled inlet condition. 

In addition, all tests were run with pure HFC-152a, i.e., without oil. The details 

of the testing follow. 
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Test matrix 

The HFC-152a test matrix was a 1/16 fraction of a full two level factorial 

design with eight independent design variables (resolution IV). A full factorial 

design with eight variables would include 256 (or 2^) test points, while a 1/16 

fraction includes 16 (1/16 of 256) test points. The eight variables and their 

respective low (-) and high (+) test levels are given in Table 5.1. 

The HFC-134a data analysis concluded that the refrigerator evaporator 

pressure had no effect on mass flow rate. Therefore, HFC-152a testing did not 

include the evaporator pressure (LP) variable effect. Evaporator pressure was 

fixed to correspond to a 0 °F saturation pressure. The potential effect of suction 

line temperature on mass flow and effective subcooling would be indicated by the 

suction line inlet temperature, Tg], 

The complete test matrix with all variable settings is given in Table 5.2. 

Each independent variable is tested eight times at the low (-) and high (+) level, 

providing balance to the testing. The test matrix uses 16 different heat exchanger 

assemblies. In keeping with the requirements of a statistical design, the 16 test 

points were run in random order. Four replicate test points were also included in 

the testing, and the measured data was factored into calculating significance 

limits. 
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Table 5.1: HFC-152a variables and test ranges 

Variable level 
Tcond 100 F 120 F 

dc 0.026 in 0.031 in 

ds 0.201 in 0.319 in 

Lc 96 in 130 In 

Lhx 30 in 70 in 

Linlet 6 in 20 in 

DTsc 5F 1 5 F  

Ts1 5F 20 F 

Table 5.2: HFC-152a test matrix and "+"levels in Table 5.1) 

Hun Tcond dc ic OTsc Lhx ds i.inlet 

1 + - - - - + + + 

2 + - + + + - - + 

3 + + + _ - - + -

4 - - + _ + + + -

5 - - - + + + - + 

6 - - + + - - + + 

7 - + + - - + - + 

8 - + - - + - + + 

9 + - - + + - + -

10 + + + + + + + + 

11 - - - - - - - -

12 - + + + + - - -

13 + - + + - + - -

14 + + - - + + - -

15 - + - + - + + -

16 + + - + - - -
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Mass flow data reduction 

Calculated variable effects 

Measured mass flow rate data from the core test matrix was analyzed using 

SAS. All eight main effects, plus the two factor interactions between the 

dominant main effects, are presented in Table 5.3 and Figure 5.1. A preliminary 

mass flow rate prediction equation, Equation 5.1, was constructed including the 

main effects given in Table 5.3 greater than 0.12 Ibm/hr (based on HFC-134a 

results), plus the interactions. 

Table 5.3: HFC-152a calculated variable 
effects on mass flow rate 

Main effects 
md 

Interactions 

Calculated 
effect 

(Ibm/hr) 
do + 2.07 

Tcond + 1.08 

Lc -0.92 

Lhx + 0.27 

DTsc + 0.15 

ds -0.12 

Tsi + 0.05 

Unlet -0.03 

do X Tcond + 0.23 

Lc X Tcond -0.14 

dc X Lc -0.17 
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Figure 5.1: HFC-152a variable effects on mass flow rate 



www.manaraa.com

93 

10 .39  +  2 .07Xj ( j  +  l  OSXjQond "  

+  0 .27XLhx + O. ISX dT sc " 012Xds  

+ 0.23X(|c*Tcond " ^^^Lc*Tcond 

- 0 . 1 7 X d c * L c  ( 5 1 )  

Equation 5.1 was designated "preliminary" because the statistical significance of 

each variable effect had not yet been established. The interpretation of Equation 

5.1 is the same as previously given for Equation 4.1. 

Significance limit 

The statistical significance of the calculated effects was determined by 

comparison to a function of the experimental error. By analyzing the data scatter 

surrounding a predicted mean response using Equation 5.1 and by including the 

four replicate test points, the significance limit was determined to be 0.16 Ibm/hr. 

Calculated main effects and interactions beyond 0.16 Ibm/hr were included in the 

final prediction equation. Supporting SAS analysis output is included in 

Appendix E. 

Prediction equation 

The final mass flow rate prediction equation is given in Equation 5.2, and 

includes all effects greater than 0.16 Ibm/hr. 
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mpredCbm/hr) = 10.39 + 828.8(dc-.0285) + 0.1079(Tcond-l 10) 

- 0.054(Lc-l 13) + 0.0134(Lhx-50) 

+ 0.030(DTsc-9.85) + 9.36(dc-.0285)(Tcond-l 10) 

- 4.024(dc-.0285)(Lc-l 13) (5.2) 

In using Equation 5.2, variable units must be consistent with the units specified in 

the nomenclature listing. 

In comparing Equation 5.2 with its preliminary form, the ds variable and 

Lc*Tcond interaction do not appear in the final equation because these effects 

failed the test for significance. Although the inlet subcool level (DTsc) effect did 

not quite meet the significance limit, the effect was retained in the final equation 

due to its importance to the heat exchanger design process. 

A plot of measured versus predicted mass flow rate using Equation 5.2 for 

all test data is given in Figure 5.2, and shows good agreement. The 95% 

confidence interval for Equation 5.2 is ±0.44 Ibm/hr, and the 95% prediction 

interval (shown in Figure 5.2) is ±0.83 Ibm/hr. These intervals are calculated 

based on a statistical analysis of the scatter in the data around the predicted mean 

value. The implicit assumption of a normal distribution of residuals in the data 

around the predicted mean values was verified. 

Analysis of variable effects 

The calculated effects of all the significant variables are in reasonably close 

agreement with those calculated for HFC-134a. Small differences are mainly 

associated with differences in refrigerant thermodynamic and thermophysical 
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properties. An evaluation of the effects of properties on mass flow rate is 

presented in Chapter 7 as part of the development of the general mass flow rate 

prediction procedure. 

A noticeable exception is the calculated effect of condenser temperature on 

flow response. For HFC-152a, the calculated effect is 1.08 Ibm/hr, while for 

HFC-134a, the calculated effect is 3.24 Ibm/hr. Most of this difference can be 

attributed to a difference in condenser temperature test range. The HFC-134a 

test range was 85 to 132 °F, and the HFC-152a test range was 100 to 120 °F. 

Since the change in saturation temperature with respect to saturation pressure for 

both refrigerants is approximately the same, the effect on mass flow rate of a 20 

°F condenser temperature range will be less than a 47 °F range. The remainder of 

the difference in calculated effect is associated with the property differences 

between the two refrigerants. 

One other exception of interest is the suction line inlet temperature 

variable effect. In the HFC-134a Phase 1 test, the suction line inlet superheat 

variable, DTsh, was tested at the 5 and 20 °F levels, and the calculated effect was 

deemed significant at -0.28 Ibm/hr. As was explained, this helped confirm the 

positive effect of heat transfer rate on mass flow response. The HFC-152a results 

also concluded that heat transfer rate has a positive effect on mass flow response, 

as demonstrated by the effects of capillary tube inlet subcool (DTsc) and the heat 

exchanger length (Lhx). In the HFC-152a test, though, the inlet temperature 

variable, Tgj, was tested at 5 and 20 °F, and was deemed insignificant at +0.05 

Ibm/hr. 

Making the insignificant effect of Tgi on mass flow response even more 

paradoxical, its calculated effect on effective subcooling, EFFsc, is -2.90 °F, 
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which compares reasonably well to the 3.29 °F effect of DTsh on EFFsc for HFC-

134a. This effectively eliminates the possibility of a difference in thermophysical 

properties being the cause of the difference in the suction line inlet condition 

effect on mass flow rate. 

There is a possible explanation for the insignificant suction line inlet 

temperature effect that must be considered when using a fractional factorial 

design. The net Tgj effect may actually be buried within one or more 

insignificant interaction effects. In a resolution IV design like the HFC-152a test 

matrix, the inherent confounding amongst two factor interactions can sometimes 

make differentiation between two factor interactions impossible. This is a 

drawback of using fractional factorial designs of resolution IV. The ideal 

solution is to take enough data so that all two factor interactions are confounded 

with three factor and higher interactions, as is the case with designs of resolution 

V and higher. In the HFC-152a case, however, the Tjj effect will have to remain 

as an insignificant effect. 

Effective subcooling data reduction 

Calculated variable effects 

Effective subcooling data from the test matrix were analyzed by using SAS. 

All eight main effects, plus the two factor interactions between the dominant main 

effects, are presented in Table 5.4 and Figure 5.3. A preliminary effective 

subcooling prediction equation. Equation 5.3, was constructed that included the 



www.manaraa.com

-4 

Lhx 1 Tcond ] do 1 dc j TcondxLhx ^ LhxMTel 
Tsl DTsc Linlet Lc TcondHTsI 

Variable 

Figure 5.3: HFC-152a variable effects on EFFsc 
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Table 5.4: HFC-152a calculated variable 
effects on EFFsc 

Main effects Calculated 
QilQ 

fnteraietions m 

Lhx + 4.13 

Tsi -2.90 

Tcond + 2.70 

Disc -1.53 

ds -1.48 

Linlet + 0.45 

do -0.08 

Lc -0.10 

Tcond X Lhx -0.86 

Tcond X Tsi + 0.76 

Lhx X Tsi 

CO T— o
 1 

main effects and interactions given in Table 5.4 greater than 0.26 °F (based on 

HFC-134a results). 

EFFscprelini(F) = 37.6 + 4.13XLhx " 2.90XTS1 + S-TOXjcond 

- 1.53X£)jgQ - 1.48X(jg + 0.45XLij^ig^ 

- 0-86XjcQnd*Lhx ^•^^^Tcond*Tsl (5.3) 

The interpretation of the terms in Equation 5 .3 is the same as previously given in 

Chapter 4 for Equation 4.1. 
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Significance limit 

As in the mass flow rate data analysis, the statistical significance of all 

calculated effects on effective subcooling was determined by comparison to a 

function of the experimental error. By analyzing the data scatter surrounding a 

predicted mean response using Equation 5.3 and by including the four replicate 

test points, the significance limit was determined to be 0.46 °F. Calculated main 

effects and interactions effects beyond 0.46 °F were included in the final 

prediction equation. Supporting SAS analysis output is included in Appendix E. 

Prediction equation 

The final effective subcooling prediction equation is given in Equation 5.4 

below, and includes effects greater than 0.46 °F. 

EFFsCpred(F) = 37.6 + 0.206(Lhx-50)- 0.443(Tsl-13.1) + 0.270(Tcond-l 10) 

- 0.314(DTsc-9.85) + 0.0043(Lhx-50)(Tcond-110) 

- 25.0(ds-0.260) + 0.0116(Tcond-ll0)(Tsl-13.1) (5.4) 

In using Equation 5.4, variable units must be consistent with the units specified in 

the nomenclature listing. 

In comparing Equation 5.4 with its preliminary form. Equation 5.3, the 

Linlet variable has been eliminated from the final equation because it failed the 

test for significance. 
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A plot of measured versus predicted effective subcooling using Equation 

5.3 is given in Figure 5.4, and shows good agreement. The 95% confidence 

interval for Equation 5.3 is ±1.5 °F, and the 95% prediction interval (shown in 

Figure 5.4) is +2.8 °F. 

Analysis of variable effects 

There were no surprises with the trends in the calculated effects. The 

effects of Tcond, DTsc, and Tsl on EFFsc were significant because these 

variables define EFFsc, as was discussed in Chapter 4. The variable Lhx and ds 

effect the heat transfer rate between flow streams, and thus, EFFsc, as was also 

the case for HFC-134a. The differences in the HFC-152a and HFC-134a 

calculated effects of Tcond and Lhx are mainly due to differences in variable 

ranges tested. Other smaller differences are associated with differences in 

refrigerant thermodynamic and thermophysical properties. An evaluation of the 

effects of properties on effective subcooling is presented in Chapter 7 as part of 

the development of the general effective subcooling prediction procedure. 

Performance prediction verification 

The HFC-152a performance prediction equations were checked for the 

possibility of nonlinear variable effects on the response variables. Five mid-range 

level test points were defined for different combinations of the most significant 

variables affecting heat exchanger performance. These test points were run using 

production heat exchanger assemblies supplied by a refrigerator manufacturer. 
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Figure 5.4; HFC-152a measured versus predicted EFFsc (Equation 5.4) 
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In Figure 5.5, measured mass flow rate is compared to predictions using 

Equation 5.2. All data falls within the 95% prediction interval. Likewise, in 

Figure 5.6, measured effective subcooling is compared to predictions using 

Equation 5.4. Again, all data falls within the 95% prediction interval. 

The final conclusion was that there were no significant nonlinear effects on 

mass flow rate and effective subcooling for the range of variable levels tested. 
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Figure 5.5. HFC-152a mid-range level test points, measured versus predicted mass flow rate (Equation 5.2) 
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CHAPTER 6. EXPERIMENTAL RESULTS FOR CFC-12 

CFC-12 has been the predominant refrigerant in household refrigerators for 

50 years. Since equipment design practices throughout the industry have been 

developed from experience with CFC-12, performance analyses comparisons 

between CFC-12 and alternative refrigerants are helpful. The experimental 

evaluation of CFC-12 reported in this chapter was relatively limited in scope. 

However, the testing encompassed a range of performance that was comparable to 

the more extensive HFC-134a and HFC-152a testing, and thus, provided an 

appropriate benchmark for comparison. 

The primary intent of the CFC-12 testing was to obtain test data for 

comparison to the predicted performance for HFC-134a and HFC-152a. 

Therefore, no performance prediction equations have been developed for CFC-12. 

As an extension of the CFC-12 experimental evaluation, measured 

performance for all test points were compared to predictions using the ASHRAE 

prediction method. These results are also included in this chapter. 

Test Matrix 

The CFC-12 test matrix was a 1/2 fraction of a full two level factorial 

design with only four independent design variables, including condenser 

temperature (Tcond), capillary tube diameter (dc) and length (Lc), and heat 

exchanger length (Lhx). Based on testing with HFC-134a and HFC-152a, these 

variables have the strongest effect on performance. The low (-) and high (+) test 

levels for each variable are given in Table 6.1. 
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Table 6.1: CFC-12 variables and test ranges 

Variabte level "+"level 
Tcond 100 F 120 F 

dc 0.026 in 0.031 in 

ds 0.201 in 0.319 In 

Lc 96 In 130 In 

Lhx 30 in 70 in 

Test points were run at a fixed inlet subcool level of 10 °F, a fixed suction 

line inlet temperature of 15 °F, and a fixed evaporator pressure corresponding to 

0 °F saturation temperature. Consistent with previous testing with HFC-134a and 

HFC-152a, the eight test points were run with eight different heat exchanger 

assemblies, in random order. The complete test matrix with all variable settings is 

given in Table 6.2. 

Table 6.2: CFC-12 test matrix and "+" 
levels are given in Table 6.1) 

Testooint Tcond dc iliiii t{)x 

1 + - + 

2 + + + + 

3 + - + -

4 - - - -

5 - - + + 

6 + -i- . -

7 - + -

8 - •f + -
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Measured performance compared to ASHRAE predictions 

The 1988 ASHRAE Equipment Handbook, Chapter 19, describes the most 

recent ASHRAE design procedures for predicting capillary tube performance with 

CFC-12. Currently, there are no ASHRAE procedures for predicting capillary 

tube performance with alternative refrigerants. 

The ASHRAE procedures incorporate charts that directly predict adiabatic 

mass flow rate as a function of inlet conditions and capillary tube geometry. 

However, in using the charts for predicting the mass flow rate for a capillary 

tube-suction line heat exchanger, the procedures are slightly more involved. 

Effective subcooling level (EFFsc) is calculated first using a chart based on 

simple counter flow heat exchange, and assuming single phase flow. Next, the 

effective subcooling level is subtracted from the capillary tube actual inlet 

subcool level, which results in an adiabatic equivalent inlet subcool level. The 

predicted capillary tube flow rate with heat exchange is then taken to be the 

predicted flow rate for an adiabatic capillary tube at the adiabatic equivalent inlet 

subcool level. 

The measured CFC-12 heat exchanger performance was compared to 

predicted performance using the ASHRAE procedures, the results are plotted in 

Figures 6.1 and 6.2. In Figure 6.1, most of the mass flow rate data points fall 

within 5% of prediction, and all data falls within 10% of prediction (as shown). 

In Figure 6.2, most of the data falls within +/- 3 °F. 

Based on the results presented thus far for HFC-134a and HFC-152a, mass 

flow rate prediction equations developed specifically for the heat exchanger 

configuration are more accurate. In comparison to the ASHRAE method, the 



www.manaraa.com

20 

19 
IB 

17 

16 

15 

14 

13 

12 

11 

10 

9 

B 

7 

6 

5 

4 

3 

2 

1 

0 

Fio 

10% 

0 2 4 6 B 14 16 IB 20 10 12 

ASHRAE predicted flow rate (Ibm/hr) 

CFC-12 measured versus predicted flow rate (ASHRAE method) 



www.manaraa.com

70 

60 

50 

40 

30 

20 

0 20 40 60 

ASHRAE predicted EFFsc (F) 

Figure 6.2: CFC-12 measured versus predicted EFFsc (ASHRAE method) 
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mass flow rate prediction equations are accurate to within ±5%. At ±3 °F, 

effective subcooling predictions using the ASHRAE method appear to be a 

accurate as the prediction equations. 
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CHAPTER 7. GENERAL PERFORMANCE PREDICTION PROCEDURES 

In Chapters 4 and 5, performance prediction equations were developed that 

are specific to refrigerants HFC-134a and HFC-152a. In this chapter, general 

performance prediction procedures are developed for a subcooled inlet condition 

applicable to HFC-134a, HFC-]52a, and CFC-12. The approach to developing 

the procedures is based on fundamental processes affecting the response variables 

mass flow rate and effective subcooling. In the case of mass flow rate, the 

capillary tube flow was treated as simple turbulent pipe flow that is influenced by 

inlet conditions, tube geometry, and fluid properties. In the case of effective 

subcooling, an effectiveness-NTU analysis for a counter-flow heat exchanger was 

applicable. The details of the development of the procedures are presented in the 

following chapter sections. 

For comparison. Table 7.1 presents thermodynamic and thermophysical 

properties for HFC-134a, HFC-152a, and CFC-12 at common operating 

conditions, and include the properties that influence the heat exchanger 

performance for each refrigerant. 

Mass flow rate 

Prediction procedure development 

For a subcooled inlet condition, the heat exchanger mass flow rate is 

influenced primarily by the capillary tube inlet pressure (through the condenser 

temperature), and the capillary tube diameter and length (dc and Lc). Although 
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Table 7.1: Properties ofHFC-134a, HFC-152a, and CFC-12 

HFC.l34a CFC.12 HFC.152a 

Tsat(F) / Psa.(PSia) 

0/21.2 0/23.9 0/19.8 

Tsat(F) / Psa.(PSia) 100/138.8 100/131.7 100/124.6 Tsat(F) / Psa.(PSia) 

120/185.8 120/172.0 120/166.7 
Liquid density, p @70 F (Ibm/ft^) 76.3 82.7 56.7 

Vapor thermal conductivity, k @40 F (Btu/hr-ft-F) .0065 0.0049 0.0069 
Vapor specific heat, Cpa @40 F (Btu/lbm-F) 0.194 0.147 0.246 

Vapor viscosity, @40F (Ibm/ft-hr) 0.0267 0.0278 0.0229 
Liquid specific heat. Cpf @100 F (Btu/lbm-F) 0.35 0.24 0.434 

hfa @0 F (Btu/lbm) 90.1 88.9 135.6 
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refrigerant flow through the capillary tube is complex due to the two-phase 

characteristics, the flow behavior can be approximated by simple turbulent pipe 

flow. With this approach, mass flow rate is related to inlet pressure (P), density 

(p), viscosity (|.i), tube geometry (dc and Lc), and the tube's inner surface 

roughness through the familiar Moody diagram (Moody, 1944). The Moody 

diagram, which is empirically based, graphically presents the relationship between 

friction factor, f, and flow Reynolds number, Re(jc> where 

(AP/p)(dc/Lc) 
f  =  ( 7 . 1 )  

(w'^H) 

and 

p Vdc 
^®dc ~ (7-2) 

To use the Moody diagram, the capillary tube inner surface roughness must 

be known. Moody (1944) included a chart for estimating the surface roughness 

for common engineering materials. However, for drawn tubing, the chart's range 

of tube diameters is much larger than typical capillary tube diameters, and a 

reasonable estimation of surface roughness was not possible. 

The alternative to using the Moody diagram directly was to develop a 

friction factor and Reynolds number relationship specifically applicable to the 

capillary tubes tested. Using the HFC-134a subcooled inlet mass flow database, 

friction factors and Reynolds numbers were calculated for each test point at the 
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corresponding inlet conditions (Figure 7.1). A functional relationship between 

friction factor and Reynolds number was determined by first plotting log(f) versus 

log(Re(jc) (Figure 7.2). A simple linear regression through the data gives 

log(f) = 0.7 - (0.486)log(Redc) (7.3) 

An explicit expression for f was developed as shown in the following steps. 

log(0 = Iog(5.01) - (0.486)log(Redc) (7.4) 

log(0 = log(5.01) + log(Redcr°'^^^ (7.5) 

log(0 = logKS.ODRedc"^"^^^] (7.6) 

f = S.OlRedc"®"^^^ (7.7) 

Using Equations 7.1, 7.2 and 7.7, along with the following continuity 

equation 

rh = p V A, (7.8) 

the functional relationship between mass flow rate, refrigerant properties, and 

inlet conditions can be determined. First, substituting for f using Equation 7.7 

into Equation 7.1 and rearranging results in 

(0.4)(AP/p)(dc/Lc) 

-rrl _ 
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Figure 7.1; Friction factor ( f) versus Reynolds numbers for the HFC-134a Phase 1 test points 
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Figure 7.2: Log( f) versus log( Rejjs) for the HFC-134a Phase 1 test points 
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Substituting for Re^jj. using Equation 7.2 gives 

V - - (0.4)(AP/p)(dc/Lc)[(pVdc)/|a]® '^^^ (7,10) 

and solving explicitly for V results in 

V = [(0.4)(dc/Lc)AP]^-^^(p)"^-^'^(dc/|i)°'^2 (7,11) 

Finally, substituting V from Equation 7,11 into the continuity equation. Equation 

7,8, gives 

For a fixed tube diameter and length, the functional relationship between mass 

flow rate, refrigerant properties, and inlet condition is 

In Equation 7.13, AP has been replaced by P, which is the capillary tube inlet 

pressure. This can be done since the flow is choked and the exiting pressure has 

no effect on mass flow rate, for the test points reported within this study. The 

density, p, and viscosity, |^, are the refrigerant liquid properties corresponding to 

the inlet temperature. 

The mass flow rate functional relationship given in Equation 7,13 is used to 

define a scaling factor, SF, to be applied to the HFC-134a subcooied inlet 

m = [(0,42)(Lc)"^-^^(dc)^-^^]AP°'^^(p)°-^^(^)"°-^^ (7,12) 

(7.13) 
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equation, Equation 4.2. The HFC-134a equation was used as the reference 

prediction equation since its development was based on the most extensive testing 

for this study. The scaling factor is defined as 

The properties subscripted "ref refer to HFC-134a properties, while the 

properties subscripted "x" refer to any refrigerant "x" properties. Once again, the 

pressure, P, is the capillary tube inlet pressure, and the density and viscosity 

values are liquid properties corresponding to the inlet temperature. 

A final general mass flow rate prediction equation, applicable to refrigerant 

"x", was obtained by simply multiplying the predicted mass flow rate for HFC-

134a (Equation 4.2) by the scaling factor, SF. 

Prediction procedure verification 

The general mass flow rate prediction procedure was verified by comparing 

measured mass flow rate data for HFC-152a and CFC-12 to predictions using 

Equation 7.15. Figure 7.3 is a plot of measured flow rate for HFC-152a versus 

predicted flow rate using the HFC-134a prediction equation directly, prior to 

applying the scaling factor. As can be seen, the HFC-134a prediction equation 

overpredicts the HFC-152a measured mass flows by roughly 20%. Figure 7.4 

(7.14) 

•^pred, ('^pred, ) 
x ^ HFC-134a 

(7.15) 
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Figure 7.4: HFC-152a measured mass flow rate versus scaled predicted mass flow rate (Equation 7.15) 
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shows the results after applying the scaling factor to the HFC-134a prediction 

equation. While there is significant improvement in the predictions, the 

procedure still tends to slightly overpredict the HFC-152a tlow rates by roughly 

5%. This suggests that there is a greater resistance to flow with HFC-152a 

beyond that which is accounted for in the scaling factor, and most likely is 

associated with the two-phase flow phenomenon. 

In Figure 7.5, the measured CFC-12 mass flow rates are compared to 

predicted flow rate using the HFC-134a prediction equation directly. With the 

exception of one data point, all measured CFC-12 data fall within the 95% 

prediction interval for the HFC-134a prediction equation. The application of the 

scaling factor to the HFC-134a prediction equation resulted in only a negligible 

correction to the predicted CFC-12 flow rates (Figure 7.6), which means that the 

scaling factor is near unity. 

Effective Subcooling 

Prediction procedure deveiopment 

The general effective subcooling prediction procedures are based on 

applying a concentric counter-flow heat exchanger analysis to the capillary tube-

suction line heat exchanger. By definition, the capillary tube-suction line heat 

exchanger effectiveness, e, is given by 

* cl 'si 
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Figure 7.5; CFC-12 measured mass flow rate versus HFC-134a predicted mass flow rate (Equation 4.2) 
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Figure 7.6: CFC-12 measured mass flow rate versus scaled predicted mass flow rate (Equation 7.15) 
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where Ts2 and Tgi are the suction line exit and inlet temperatures, respectively, 

and Tci is the capillary tube inlet temperature. Using Equation 7.16, the 

effective subcooling, EFFsc, can be expressed in terms of effectiveness, 8. 

Cpgs (Ts2 - Tgi) 
EFFsc = (7.17) 

Cpfc 

s Cpgs(TqI - Tgi) 
EFFsc = (7.18) 

Cpfc 

In Equations 7.17 and 7.18, Cpf^ is the capillary tube flow liquid specific heat, 

and Cpgs is the suction line vapor specific heat. Equation 7.18 can be rearranged 

to give an expression for effectiveness, s. 

EFFsc Cpfc 
(7.19) 

Cpgs(Tcl - Tgi) 

Effectiveness, e, can be written in terms of another dimensionless 

parameter, NTU, which is commonly used in heat exchanger analysis. By 

definition. 

(UA) 
NTU = (7.20) 

(riiCpgs) 
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where U is the overall heat transfer coefficient between the capillary tube and 

suction line flow streams, and A is the common heat transfer area. The s and 

NTU relationship for concentric tube counter flow heat exchangers is given by 

Kays and London (1984) as 

1 - exp[-NTU(l - Cr)] 
8 = (7.21) 

1 - Crexp[-NTU(1 - Cr)] 

and, conversely, as 

(Cr - 1)'"^(sCr - 1)^ 

In Equations 7.21 and 7.22, the Cr value is the ratio of specific heats for the two 

flow streams, Cpg g/Cpfc-

The general effective subcooling prediction procedure involves simply 

scaling the HFC-134a predicted EFFsc value through the EFFsc, s, and NTU 

relationships given in Equations 7.18 through 7.22. As was done for mass flow 

rate, the HFC-134a effective subcooling prediction equation was used as the 

reference prediction equation since its development was based on the most 

extensive testing. It should be noted that for the scaling procedure all suction 

line vapor properties should be evaluated at the suction inlet temperature, Tgj, 

and the capillary tube liquid specific heat should be evaluated at the capillary tube 

inlet temperature, T^, since these are the known operating conditions. 

The predicted EFFsc value for a refrigerant "x" begins by calculating a 

reference effective subcooling value, EFFsCref, using, the HFC-134a prediction 
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equation. Equation 4.4, for a specified operating condition and heat exchanger 

geometry. The specified condition includes knowledge of the suction line inlet 

temperature, Tgi, and the capillary tube inlet temperature, Td. The reference 

heat exchanger effectiveness, Sj-gf, is then calculated using Equation 7.19, 

followed by the reference NTU value, NTUj-gf, using Equation 7.22. 

The NTU value for refrigerant "x" can be calculated by scaling the NTU^ef 

value through refrigerant property values. Based on the definition of NTU 

(Equation 7.20), NTUx can be expressed as 

The overall heat transfer coefficient, U, is dominated by the suction line heat 

transfer coefficient, hg. This allows a substitution of the U value by the suction 

line hg value, which is calculated using the Colburn equation. 

where kg and Prg are the thermal conductivity and Prandtl number, respectively, 

for the suction line vapor. After substituting hg for U, and for a fixed heat 

exchanger geometry, Equation 7.23 can be written as 

NTU^ = NTU„f • (-^)x 
UA mCpgs 

(7.23) 

hs = 0.023 (^) Re<is° ' Prs° " (7.24) 

NTU.ef (̂ f) (ĵ J (% f̂) 
riix "s-ref '-Pg-x 

(7.25) 
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Expanding the h ratio using Equation 7.24, results in 

NTU, = NTUref (^^f) » " (-^J (7 26) 
riix *-Pg-x '^®ds-ref ^^s-ret "^s-ret 

Finally, expanding Reynolds and Prandl numbers in terms of their definitions gives 

NTUx = NTUref (CPg-ref)0.67 (i£^f)0.46 ( ks^jO.67 27) 
ihx ^Pg-x l^s-x "^s-ref 

where i-ig is the viscosity of the suction line vapor. 

With the NTUx calculated from Equation 7.27, the 8x value can now be 

determined using Equation 7.21, and the EFFsCx value can then be calculated 

using Equation 7.18. 

Prediction procedure verification 

Effective subcooling levels for the HFC-152a test points are predicted 

using the HFC-134a prediction equation. Equation 4.4, and plotted versus 

measured values in Figure 7.7. As can be seen, the predicted effective subcooling 

levels for the HFC-152a are 1 to 5 °F greater than measured. After applying the 

scaling procedure to the HFC-134a predictions, most data points are within 1 °F 

of prediction (Figure 7.8). 

Similarly, effective subcool values are predicted for the CFC-12 test points 

using the HFC-134a equation directly, and plotted in Figure 7.9. These 

predictions are consistently less than the measured CFC-12 effective subcooling 
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Figure 7.7: HFC-152a measured EFFsc versus HFC-134a predicted EFFsc (Equation 4.4) 
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Figure 7.8: HFC-152a measured EFFsc versus scaled predicted EFFsc 
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Figure 7.9; CFC-12 measured EFFsc versus HFC-134a predicted EFFsc (Equation 4.4) 
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values by 2 to 3 °F. Again, after applying the scaling procedure to the HFC-134a 

predictions, the agreement is within 1 °F (Figure 7.10). 
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Figure 7.10; CFC-12 measured EFFsc versus scaled predicted EFFsc 
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The primary objective of this study was to experimentally evaluate the 

capillary tube-suction line heat exchanger performance with alternative 

refrigerants HFC-134a and HFC-152a. Since capillary tube-suction line heat 

exchangers are used mainly in household refrigerators, a test facility was first 

constructed simulating this application. A database, which incorporated the 

effects on performance of ten different heat exchanger design variables, was then 

obtained for each alternative refrigerant. This experimental effort greatly 

exceeded the scope of any previously reported study. 

The results of the experimental evaluation showed that the design variables 

having the greatest effect on mass flow rate included condenser temperature, 

capillary tube diameter and length, and capillary tube inlet quality levels. The 

design variables having the greatest effect on effective subcooling included 

condenser temperature, heat exchanger length, suction line diameter, and suction 

line inlet temperature. The measured effects on performance of all significant 

variables were shown to be consistent with the trends in previously reported 

studies and analyses. 

Heat exchanger performance prediction equations were developed for the 

two alternative refrigerants, based on their respective databases. These equations 

are design tools that are readily usable by engineers, and that are much more 

accurate than what have been used in the past. 
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General heat exchanger performance prediction procedures have also been 

presented that enable performance predictions to be made for other pure HFC and 

CFC refrigerants. The procedures were developed based on consideration of the 

fundamental processes influencing mass flow rate and effective subcooling, and 

involve scaling the predicted performance for HFC-134a through thermodynamic 

and thermophysical properties. Verification of the procedures were made by 

successfully predicting the HFC-152a and CFC-12 measured heat exchanger 

performance. 

As an underlying focus of this study, statistical methods were incorporated 

into all aspects of the experimental evaluation. Specifically, statistical methods 

were used in designing the experimental test plans and evaluating test data, while 

more broadly, in developing the experimental procedures and methodology. 

Statistical methods provided a thorough coverage of all ten variable effects with a 

minimum of experimental test points. Final proof of the value of the application 

of statistical methods to the experimental process was found in the overall quality 

and consistency of the measured data. 

Overall,  this study has broadened the understanding of capillary tube-

suction line heat exchanger performance, and further, has extended the knowledge 

base to alternative refrigerants. Due to the relatively low cost and high reliability 

of capillary tubes, this information will not only be applicable to the first 

generation of household refrigerators using alternative refrigerants, but to future 

generations of refrigerators as well. 
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Recommendations 

Several recommendations can be made for future studies. 

1. The obvious extension to this work is to develop a capillary tube-suction line 

heat exchanger computer model. There has been only one previously 

reported heat exchanger model (Pate and Tree, 1984b), and its experimental 

verification was limited to CFC-12 and to one capillary tube geometry. The 

databases reported in the current study will be valuable to the verification of 

a computer model. 

2. New refrigerant blends and mixtures are continuously being developed and 

need to be experimentally evaluated for use with capillary tubes. 

3. The experimental evaluation procedures and methodology described for this 

study could easily be extended to adiabatic capillary tubes, as well as the 

short tube restriction devices used in heat pumps. 
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APPENDIX A. REFRIGERANT PROPERTIES 

The refrigerant property data used for this study were obtained from the 

National Institute of Standards and Technology (NIST) Thermodynamic 

Properties of Refrigerants and Refrigerant Mixtures, Standard reference database 

23 (NIST, 1993). For comparison purposes, Tables A. 1, A.2, and A.3 provide 

sample listings of properties. 
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Table A. 1: HFC- 134a properties 

Tsat (F) Psat (psia) 

80.00 101.3 
85.00 109.9 
90.00 119.0 
95.00 128.6 

100.00 138.9 
105.00 149.7 
110.00 161.2 
115.00 173.3 
120.00 186.0 
125.00 199.5 
130.00 213.7 
135.00 228.6 

T (F) 

-10.00 
-5.00 

. 0 0  
5.00 

10.00 
15.00 
2 0 . 0 0  
25.00 
30.00 

Cpg 
(Btu/lb.F) 

.1814 

.1826 

.1838 

.1849 

.1861 

.1872 

.1884 

.1895 

.1907 

Therm Cond Viscosity 
(w/m.K) (micropoise) 

.9328E-02 

. 9508E-02 

.9689E-02 
,9870E-02 
. 1005E-01 
,1024E-01 
,1042E-01 
,1060E-01 
1079E-01 

99.03 
100.2 
101 
102 
103 
104 
105.8 
106 . 9 
108.0 

T (F) 

90.00 
95.00 

100.00 
105.00 
110.00 
115.00 
120.00 

Cpf 
(Btu/lb-F) 

.3415 

. 3449 

.3486 

. 3525 

. 3566 

.3610 

.3658 

Density 
(lb/ft3) 

73.71 
72.99 
72.26 
71.51 
70.73 
69.94 
69.13 

Viscosity 
(micropoise) 

1953 . 
1889. 
1828. 
1769. 
1711. 
1654 . 
1598. 
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Table A.2: HFC-152a properties 

Tsat (F) Psat (psia) 

80.00 90.84 
85.00 98.47 
90.00 106.6 
95.00 115.2 

100.00 124.3 
105.00 133.9 
110.00 144.1 
115.00 154.9 
120.00 166.2 
125.00 178.2 
130.00 190.8 
135.00 204.1 

T (F) 

-10.00 
-5.00 

. 0 0  
5.00 

10.00 
15.00 
2 0 . 0 0  
25.00 
30.00 

Cpg 
(Btu/lb.F) 

.2239 

.2253 
. 2 2 6 8  
. 2 2 8 2  
.2296 
.2310 
. 2324 
. 2339 
. 2353 

Therm Cond Viscosity 
(w/m.K) (micropoise) 

9997E-02 
1018E-01 
,1036E-01 
1054E-01 
1073E-01 
1091E-01 
lllOE-01 
1129E-01 
.1148E-01 

85.59 
86.52 
87.44 
88. 37 
89.29 
90.22 
91.14 
92.06 
92.98 

T (F) 

90.00 
95.00 

100.00 
105.00 
110.00 
115.00 
120.00 

Cpf 
(Btu/lb-F) 

.4309 

.4350 

.4392 

.4437 

.4484 

.4535 

.4588 

Density 
(lb/ft3) 

55.02 
54.54 
54.06 
53.57 
53.06 
52.55 
52.02 

Viscosity 
(micropoise) 

1364. 
1321. 
1279. 
1239. 
1199. 
1160. 
1122. 
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A.3; CFC-12 properties 

Tsat (F) Psat (psia) 

85.00 106.4 
90.00 114.4 
95.00 122.9 
100.00 131.8 
105.00 141.2 
110.00 151.0 
115.00 161.4 
120.00 172.3 
125.00 183.6 
130.00 195.6 
135.00 208.1 

T (F) Cpg Therm Cond Viscosity 
(Btu/lb.F) (w/m.K) (micropoise) 

-10.00 .1338 .7203E-02 103.4 
-5.00 .1345 .7329E-02 104.5 

.00 .1352 .7456E-02 105.7 
5.00 .1359 .7583E-02 106.8 

10.00 .1365 .7711E-02 107.9 
15.00 .1372 .7839E-02 109.1 
20.00 .1379 .7968E-02 110.2 
25.00 .1385 .8097E-02 111.3 
30.00 .1392 .8226E-02 112.5 

T (F) Cpf 
(Btu/lb-F) 

Density 
(lb/ft3) 

Viscosity 
(micropoise; 

90.00 .2388 80.21 1898. 
95.00 .2406 79.52 1843 . 

100.00 . 2426 78.82 1789. 
105.00 . 2447 78.10 1738. 
110.00 .2470 77. 36 1687. 
115.00 .2494 76.60 1638. 
120.00 . 2520 75.83 1591. 
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APPENDIX B. TEST DATA 

This appendix includes all test data collected for this study (Tables B. 1 

through B.8). In addition, an example of real time test data for one of the HFC-

134a test points is presented in Figures B.l through B.3. All test points were run 

in the same manner as described in Chapter 3 of the text. 
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Table B.l: HFC-134a Phase 1 test points 

Kun dc 

m 

Lc 
m) 

Lhx 
(in) m 

Lintet 
On) 

Tcond 

''m 

tP 

(psia) 

DTsc 

m 

DT5h 

m : (rm 

Meas. 
Flow 

(tbmAir) m 
1 0.026 96 70 0.319 6 85.0 23.9 10 20 69 6.87 26.2 
2 0.031 130 40 0.201 20 132.5 23.7 5 8 94 16.83 45.4 
3 0.031 96 40 0.201 20 85.0 23.9 10 20 65 10.96 24.3 
4 0.026 130 50 0.319 6 132.5 23.0 6 5 96 11.66 47.8 
5 0.031 96 40 0.201 6 132.2 19.1 12 22 91 19.84 42.0 
6 0.031 130 40 0.201 6 85.1 18.8 5 6 65 10.29 37.8 
7 0.026 130 70 0.319 20 85.3 17.2 6 5 66 7.15 38.8 
8 0.026 96 70 0.319 20 132.2 18.9 12 19 98 13.90 47.4 
9 0.031 96 40 0.319 6 132.2 24.5 6 17 88 19.50 36.3 
10 0.031 130 40 0.319 6 85.1 23.9 10 5 60 11.05 29.3 
11 0.026 130 70 0.201 20 85.0 23.5 9 5 70 6.97 35.8 
12 0.026 96 70 0.201 20 132.3 24.5 6 21 110 12.71 47.6 
13 0.026 130 40 0.319 6 132.3 18.3 6 19 89 11.21 41.2 
14 0.031 96 70 0.201 20 85.1 18.1 11 5 67 12.48 39.9 
15 0.031 130 70 0.201 20 132.3 19.1 6 21 107 18.00 51.8 
16 0.026 96 40 0.319 6 85.0 18.6 10 5 58 8.90 33.8 
17 0.026 96 40 0.201 6 85.1 23.7 5 5 67 8.45 33.4 
18 0.031 96 70 0.319 20 85.0 24.2 5 7 69 11.96 33.8 
19 0.026 130 40 0.201 6 132.2 25.0 11 18 95 11.44 40.1 
20 0.031 130 70 0.319 20 132.2 25.2 10 20 100 17.88 42.7 
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Table B.l: (continued) 

I
I

 
dc 

m 

tc 

m 

Lhx 

i\tt) 

ds 

(in) 

Llnlet 

|irt) 

Tcond 

{ -¥)  
LP DTsc 

m 

DTsh 

CF) 

Ts2 

f FJ 

Meas. 
Flow 

(Ibm/fir) 
iPfsc 
m 

21 0.026 130 40 0.319 20 85.0 24.1 6 21 66 6.35 24.0 
22 0.026 96 40 0.319 20 132.2 24.0 12 6 83 13.93 40.1 
23 0.031 96 70 0.201 6 132.1 25.4 12 6 102 21.11 51.8 
24 0.031 130 70 0.201 6 85.0 23.6 6 21 73 10.20 27.5 
25 0.026 130 70 0.201 6 132.2 18.6 11 6 104 11.92 59.0 
26 0.026 96 70 0.201 6 85.0 18.5 5 22 74 8.20 34.3 
27 0.031 130 40 0.319 20 132.2 18.8 11 7 83 17.99 44.7 
28 0.031 96 40 0.319 20 85.1 18.7 6 19 61 11.79 27.8 
29 0.026 96 40 0.201 20 132.4 18.9 6 6 95 13.82 52.6 
30 0.031 96 70 0.319 6 132.2 18.8 6 6 100 21.14 55.5 
31 0.031 130 70 0.319 6 85.1 18.8 10 20 66 10.50 30.5 
32 0.026 130 40 0.201 20 85.0 18.7 11 20 66 7.23 30.5 
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Table B.2: HFC-134a Phase 1 replicate test points 

Run NX dc 

On) 

te, 

(in) 
thx 

ililii On) 
Lintel 

liiii 
Teond 

m 

Lf» 

(psia) 

DTsc 

m 

DTsh 

m 

TS2 
m 

F^lOw 
m 

1 12 0.026 96 70 0.201 20 132.2 25.1 7 19.6 106 12.86 46.5 

2 1 0.026 96 70 0.319 6 85.1 24.3 8 20.1 71 6.85 27.5 

3 3 0.031 96 40 0.201 20 85.0 24.6 11 18.7 64 11.19 24.0 

4 9 0.031 96 40 0.319 6 132.2 24.8 6 ^ 18.4 89 19.85 35.9 

5 21 0.026 130 40 0.319 20 85.3 23.5 6 20.4 68 6.40 24.9 

6 20 0.031 130 70 0.319 20 132.2 24.3 12 18,8 98 17.57 42.3 

7 19 0.026 130 40 0.201 6 132.2 24.2 11 19.3 93 11.35 38.7 

8 24 0.031 130 70 0.201 6 85.0 24.3 5 20.3 73 10.43 28.1 
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Table B.3; HFC-134a Phase 1 mid-range level test points 

Run dc 

(in) 

Lc 

On) 

LilX 

(m) (in) 

Linlct 

(in) 

Tcooci 

m'' 

LP 

(psla) 

DTsc 

m 

DTsh 

m-

Tsi 

m 
„ra, 

1 (HX17) 0.026 96 40 0.201 6 105.1 18.4 7 15 78 10.36 40.3 
1Ba 0.026 96 40 0.201 6 105.1 18.8 6 13 77 10.54 40.5 
23 0.026 113 40 0.201 6 85.0 18.4 4 18 72 7.08 35.5 
3a 0.028 96 40 0.201 6 85.0 18.6 6 16 64 10.40 32.2 

4 (HX20) 0.031 130 70 0.319 20 105.1 25.0 9 11 81 13.29 37.0 
4Bab 0.031 130 70 0.347 20 105.1 24.3 9 11 80 14.36 36.6 
5ab 0.031 113 70 0.347 20 132.2 23.7 12 13 100 20.27 46.9 
eab 0.028 130 70 0.347 20 132.2 24.0 11 13 102 14.67 48.5 
7a 0.028 113 55 0.260 13 105.1 20.8 8 10 77 12.10 39.8 

a - production stock capillary tube 
b - enhanced inner surface suction line 
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Table B.4; HFC-134a Phase 2 test points 

Hiiii HX dc 

{\n) 
tc 

(in) 

Uix 

(in) 

ds i 

<ln) 

Llittet 1 

(in) 

Tcond Ll> 

(psiai 

0 

i%) 

DTsh 

m 
Ts2 

llteas« 
Ffow 

(IbmAir) 

1 7 0.026 130 70 0.319 20 95.7 16.0 5.2 19 80 6.00 41.7 

2 7 0.026 130 70 0.319 20 115.8 15.6 0 19 90 9.80 47.4 

3 7 0.026 130 70 0.319 20 95.6 25.9 0 15 80 7.32 33.1 

4 7 0.026 130 70 0.319 20 115.7 25.7 3.4 15 95 8.37 41.9 

5 30 0.031 96 70 0.319 6 115.7 26.3 5.9 15 94 13.60 40.2 

6 30 0.031 96 70 0.319 6 95.6 26.1 0 15 79 13.52 32.4 

7 30 0.031 96 70 0.319 6 95.6 16.9 3.0 14 80 11.80 44.2 

8 30 0.031 96 70 0.319 6 115.7 17.0 0 13 90 17.70 49.8 

9 8 0.026 96 70 0.319 20 95.7 25.7 3.6 15 81 6.50 33.6 

10 8 0.026 96 70 0.319 20 115.7 26.0 0 14 94 11.73 41.0 

11 8 0.026 96 70 0.319 20 95.6 15.8 0 15 79 9.51 44.0 

12 8 0.026 96 70 0.319 20 115.7 16.1 3.7 19 92 9.12 48.7 

13 31 0.031 130 70 0.319 6 95.6 25.5 5.0 17 83 8.10 33.0 

14 31 0.031 130 70 0.319 6 115.7 26.0 0 14 93 14.79 40.3 

15 31 0.031 130 70 0.319 6 115.8 15.9 5.0 16 95 12.1 51.0 

16 31 0.031 130 70 0.319 6 95.6 16.5 0 14 79 12.51 44.0 
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Table B.5; HFC-134a Phase 3 test points 

Run HX dc 

im 

u 
(in) 

Lhx 
(in) 

ds 

m 

Linlel 

On) 
Tcond tP 

(psia) m l"F) 
Tsa 
fF) 

Oli 
(%) 

Meas. 
Flow 

i 

m 

1 31 0.031 130 70 0.319 6 95.6 19.7 5 7 74 0.2 12.28 41.4 

2 31 0.031 130 70 0.319 6 115.7 19.5 1 6 90 0.2 15.48 49.9 

3 7 0.028 130 70 0.319 20 115.7 19.1 6 9 87 0.2 10.39 47.7 

4 7 0.026 130 70 0.319 20 95.6 18.7 0 8 78 0.2 8.02 44.0 

5 30 0.031 96 70 0.319 6 115.7 19.7 5 6 87 0.2 17.98 48.1 

6 30 0.031 96 70 0.319 6 95.7 19.6 1 6 77 0.2 14.54 43.6 

7 8 0.026 96 70 0.319 20 95.6 19.3 5 9 76 0.2 9.98 41.7 

8 8 0.026 96 70 0.319 20 115.7 19.3 1 6 90 0.2 12.60 50.5 

9 7 0.026 130 70 0.319 20 95.8 19.0 5 9 77 2.9 8.28 43.2 

10 7 0.026 130 70 0.319 20 115.7 19.4 0 7 92 2.9 10.00 51.1 

11 8 0.026 96 70 0.319 20 115.7 19.4 6 7 88 2.9 12.43 49.0 

12 8 0.026 96 70 0.319 20 95.7 19.1 1 10 79 2.9 10.00 43.5 

13 30 0.031 96 70 0.319 6 115.7 19.7 1 6 92 2.9 18.15 51.4 

14 30 0.031 96 70 0.319 6 95.6 19.5 5 7 77 2.9 15.15 43.2 
15 31 0.031 130 70 0.319 6 115.7 19.4 6 7 90 2.9 16.21 49.6 

16 31 0.031 130 70 0.319 6 95.6 20.0 0 8 80 2.9 12.94 44.2 

o 

a - constant parameter levels 
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Table B.6: HFC-152a test points 

Run Tccma dc Lc DTsc Lhx Ts1 ds Liftfet 
Flow 'Emc 

m (in) im) m m m m {In} « '(¥) 

1 120 0.026 96 7 30 19 78 0.319 20 9.79 32.8 
2 120 0.026 130 15 70 7 93 0.201 20 8.35 49.2 
3 120 0.031 130 6 30 5 73 0.319 6 11.89 37.4 
4 100 0.026 130 3 70 21 82 0.319 6 6.92 35.1 
5 100 0.026 96 14 70 20 78 0.201 20 8.54 33.8 
6 100 0.026 130 14 30 10 66 0.319 20 6.55 32.3 

7A 100 0.031 130 5 30 20 75 0.201 20 9.76 31.5 
7B 100 0.031 130 5 30 19 74 0.201 20 9.40 31.5 
8 100 0.031 96 4 70 7 80 0.319 20 12.11 42.0 

9A 120 0.026 96 14 70 5 88 0.319 6 9.86 47.4 
9B 120 0.026 96 15 70 8 87 0.319 6 10.08 45.1 
10A 120 0.031 130 14 70 19 88 0.319 20 12.79 39.4 
10B 120 0.031 130 15 70 ^ 20 87 0.319 20 13.13 38.3 
11A 100 0.026 96 5 30 5 73 0.201 6 7.59 38.8 
118 100 0.026 96 4 30 7 73 0.201 6 8.14 37.7 
12 100 0.031 130 14 70 4 76 0.201 6 11.05 41.9 
13 120 0.026 130 15 30 21 81 0.201 6 8.45 34.1 
14 120 0.031 96 5 70 17 100 0.201 6 15.34 47.1 
15 100 0.031 96 14 30 20 63 0.319 6 11.84 24.7 
16 120 0.031 96 15 30 7 73 0.201 20 14.90 37.1 
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Table B.7: HFC-152a mid-range level test points 

Run Tcond 

rF| 

dc 

(in) 

te 

(in) m 

Lhx 

m 

Ts2 
{In) 

Liniet 

(in) 

M«a8 
Flow 

^mrnr) 
fiFFsc 
fF) 

17 110 0.026 130 10 70 15 84 0.319 6 8.44 39.5 

18 110 0.031 96 10 70 15 88 0.201 6 14.05 42.0 

19 100 0.028 96 9 30 18 75 0.201 6 9.69 33.0 

20 120 0.028 96 11 30 6 84 0.201 6 12.37 43.9 

21 110 0.026 113 10 30 18 82 0.201 6 7.92 36.5 

22 110 0.028 113 10 55 14 82 0.260 13 10.22 38.9 

I J 
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Table B.8: CFC-12 test points 

li«n Tcon(J 

m (in) 

U 

(in) fF) 

Ltix 

(in) fF) m (in) m 

liileas 
Flow 

(Jbm/hr) 

lyiead 

1 120 0.026 96 11 70 14 90 0.319 6 11.80 45.8 

2A 120 0.031 130 10 70 14 69 0.319 20 16.09 45.2 

2B 120 0.031 130 10 70 13 89 0.319 20 15.69 45.8 

3 120 0.026 130 11 30 14 81 0.201 6 10.21 40.4 

4A 100 0.026 96 11 30 15 71 0.201 6 9.43 34.6 

4B 100 0.026 96 11 30 13 69 0.201 6 10.22 34.6 

5 100 0.026 130 10 70 11 76 0.319 6 8.86 40.3 

6 120 0.031 96 10 30 14 72 0.319 6 17.40 34.5 

7 100 0.031 96 9 70 11 76 0.319 20 14.70 40.2 

8 100 0.031 130 9 30 16 67 0.319 6 11.49 31.4 
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Figure B. 1: Temperature versus time test data for HFC-134a replicate test point 4 
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Figure B.2: Pressure versus time test data for HFC-134a replicate test point 4 
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Figure B.3; Mass flow rate versus time test data for HFC-134a replicate test point 4 
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APPENDIX C. UNCERTAINTY ANALYSIS 

The prediction equations presented in Chapter 4 for HFC-134a were 

developed from test data using 32 different heat exchanger assemblies. Similarly, 

the prediction equations presented in Chapter 5 for HFC-152a were developed 

from test data using 16 different heat exchanger assemblies. The scatter in the 

data surrounding a predicted value is due to: (1) variability in the geometry 

variables, (2) random error in the measured dependent and independent variables 

that contribute to experimental error, and (3) insignificant effects not included in 

the final prediction equations. The overall uncertainty in a predicted mean value 

of mass flow rate or effective subcooling is, therefore, best quantified by the 

calculated confidence and prediction intervals based on the statistical assessment 

of the data scatter. 

The contributions to data scatter from geometry variability and 

measurement error in the independent variables can be quantified by an 

uncertainty analysis applied to each prediction equation. This appendix section 

presents a sample uncertainty analysis for each performance equation. The classic 

Kline and McClintock (1953) propagation of error uncertainty analysis is used to 

establish the uncertainties, which accounts for the individual uncertainties in all 

independent variables. The general equation for uncertainty is given by 

AW = [(aw/ax 1* Ax i)2 + (aW/ax2*Ax2)2 + .. .  + (aW/axn*Axn)2]l/2(c.l) 

where 
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W = /(x|,x2,.. .xn), 

AW is the uncertainty in W, and 

Ax],.. .Axn are uncertainties in xi,. . .xn. 

HFC-134a prediction equations 

Measured effective subcooling 

The uncertainty in the calculated effective subcooling value, EFFsc, for 

Phase 1 test point 5 follows, and is applicable to all test points to a close 

approximation. 

The effective subcooling is given by 

EFFsc = (Cpgs/Cpfc)(Ts2 - Tsl) (C.2) 

The uncertainty in calculated EFFsc is given by 

AEFFsc = [(aEFFsc/aCpgsMCpgs)^ + (aEFFsc/c5Cpfc*ACpfc)2 

+ (5EFFsc/0TS2*ATS2)^ + (aEFFsc/(}Tsi*ATsi)2]l/2 (c.3) 

Phase 1 test point 5 data: 

Ts2 = 91 °F, Tsl = 17 °F 

Cpgs = 0.198 at Ts.avg = 54° F 

Cpfc = 0.364 at Td = 120 °F 
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The individual term contributions to the overall uncertainty are given 

below. It is assumed that the specific heat values are known to 1%, and the 

measured temperature values are accurate to ± 0.5 °F. 

(5EFFsc/cCpgs)ACpgs = (Ts2 - Tg i )/Cpfc*ACpgs 

= (91-17)/.364*(.01*.198) = 0.40 (C.4) 

(5EFFsc/5Cpfc)ACpfc = -Cpg(Ts2 - Tsi)/Cpfc2*ACpfc 

= -(91-17)*.198/(.3642)2*(.01*.364) 

= 0.40 (C.5) 

(5EFFsc/aTs2)ATs2 = Cpgs/Cpfc*ATs2 

= .1987.364*0.5 = 0.27 (C.6) 

(5EFFsc/5Tsi)ATsi = -Cpgs/Cpfc*ATsi 

= -. 1987.364*0.5 =-0.27 (C.7) 

The overall uncertainty in calculated EFFsc for Phase 1 test point 5 is 

therefore. 

AEFFsc = [(0.40)2+(0.40)2+(0.27)2+(0.27)2] 1/2 

= ±0.68 °F (C.8) 
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Effective subcooling prediction 

The uncertainty in the predicted effective subcooling value due to geometry 

variability and measurement error for Phase 1 test point 5 follows, and is 

applicable to all test points to a close approximation. 

The effective subcooling prediction equation is given by 

EFFsCpred(F) = 39.2 + 0.3156(Tcond-108.6) - 0.4735(DTsh-12.85) 

+ 0.1815(Lhx-55 - 0.9262(LP-21.4) - 28.54(ds-0.260) 

- 0.2188(DTsc-8,2) - 143.6(dc-0.0285) 

+ 3.116xl0-3(Lhx-55)(Tcond-108.6) 

- 0.343(Tcond-108.6)(ds-0.260) 

+ 0.756(ds-0.260)(DTsh-12.85) 

+ 1.829xl0-3(Tcond-108.5)(DTsh-12.85) (C.9) 

The uncertainty in predicted EFFsc is given by 

AEFFsc = [(cEFFsc/aTcond*ATcond)2 + (aEFFsc/aLP*ALP)2 

+ (cEFFsc/5DTsh*ADTsh)2 + (aEFFsc/ads*Ads)2 

+ (5EFFsc/oLhx*ALhx)2 + (5EFFsc/aDTsc*ADTsc)2 

+ (5EFFsc/5dc*Adc)2]l/2 (C.IO) 

Phase 1 test point 5 data: 

Tcond = 132 °F, DTsc = 12 °F, 

LP = 19.1 psia, Lhx = 40 in, 
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DTsh = 22 F, ds = .201 in, dc = .031 in 

Individual uncertainties; 

ATcond = 0.11 °F, ADTsc = 0.5 °F, 

ALP = 0.1 psia, ALhx = 0.25 in, 

ADTsh = 0.5 °F, Ads = 0.01 in, Adc = 0.0001 in 

The individual term contributions are given below. 

(aEFFsc/cTcond)ATcond = [0.3156 + 3.116*10-3(Lhx-55) - 0,343(ds-0.260) 

+ 1.829 X  10-3(DTsh - 12.85)]*0.11 

= 0.034 (C.ll) 

(aEFFsc/aLP)ALP = -0.9262*0.10 = -0.093 (C. 12) 

(aEFFsc/<3DTsh)ADTsh = [-0.4735 + 0.756(ds - 0.260) 

+ 1.829 X 10-3(Tcond - 108.5)]*0.5 

= -0.238 (C.13) 

(aEFFsc/ads)Ads = [-28.54 - 0.343(Tcond-l08.6) + 0.756(DTsh - 12.85)]*0.01 

= -0.296 (C.14) 

(5EFFsc/aLhx)ALhx = [0.1815 + 3.116* 10-3(Tcond-l 08.6)]*0.25 

= 0.064 (C.15) 
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(cEFFsc/cDTsc)ADTsc = -0.2188*0.5 = -O.Il (C.16) 

(aEFFsc/0dc)Adc = -143.6*0.0001 = -0.014 (C.17) 

The overall uncertainty in predicted EFFsc for Phase 1 test point 5 is 

therefore, 

AEFFsc = [(0.034)2 + (-0.093)2 + (-0,238)2 + (-0.296)2 + (0.064)2 + (-0.11)2 

+ (-0.014)2]1/2 

= ±0.41°F (C.18) 

Subcooled inlet mass flow rate prediction 

The uncertainty in the subcooled inlet predicted mass flow rate due to 

geometry variability and measurement error for Phase 1 test point 5 follows, and 

is applicable to all test points to a close approximation. 

The subcooled inlet mass flow rate prediction equation is given by 

mpred(lbm/hr) = 12.57 + 0.1373(Tcond-108.6) + 1010(dc-.0285) 

- 0.0531(Lc-l 13) - 0.04078(DTsh-12.85) 

- 0.0737(LP-21.4) + 0.0464(DTsc-8.2) + 0.0064(Lhx-55) 

+ 12.034(dc-,0285)(Tcond-108.6) 

- 7.228xl0-4(Tcond-108.6)(Lc-l 13) 

+ 5.867(dc-.0285)(Lhx-55) (C.19) 
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The uncertainty in predicted mass tlow rate is given by 

Aril = [(5ni/f3dc*Adc)2 + (crii/f;Tcond*ATcond)2 + (5rii/cLc*ALc)2 

+ (arii/aDTsh*ADTsh)2 + (arii/cLP=^ALP)2 + (5rii/aDTsc*ADTsc)2 

+ (crii/cLhx*ALhx)2 ]l/2 (C.20) 

Phase 1 test point 5 data: 

Tcond = 132 °F, Disc = 12 °F, 

LP = 19.1 psia, Lhx = 40 in, 

DTsh = 22 F, Lc = 96 in, dc = 0,031 in 

Individual uncertainties: 

ATcond = 0.11 °F, ADTsc = 0.5 °F, 

ALP = 0.1 psia, ALhx = 0.25 in, 

ADTsh = 0.5 °F, ALc = 0.25 in, Adc = 0.0001 in 

Individual term contributions are given below. 

(arii/cdc)Adc = [1010 + 12.034(Tcond-108.6) + 5.867(Lhx - 55)]*0.0001 

= 0.120 (C.21) 

((?rh/cTcond)ATcond = [0.1373 + 12.034(dc-0.0285) - 7.228* 10-4(Lc-l 13)]*0,11 

= 0.020 (C.22) 

(f;rii/cLc)ALc = [-0.0531 - 7.228*10-4(Tcond-108.6)]*0.25 
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-0 .018 (C.23) 

(am/aDTsh)ADTsh = -0.04078*0.5 = -0.020 (C.24) 

(5m/aLP)ALP = -0.0737*0.1 = -0.0074 (C.25) 

(am/aDTsc)ADTsc = 0.0464*0.5 = 0,023 (C.26) 

(5m/aLhx)ALhx = [0.0064 + 5.867(dc - .0285)]*0.25 

= 0.005 (C.27) 

The overall uncertainty in predicted mass flow rate for Phase 1 test point 5 

is therefore, 

Quality inlet mass flow rate prediction 

The uncertainty in the predicted mass flow rate due to geometry variability 

and measurement error for Phase 2 test point 15 follows, and is applicable to all 

quality inlet test points (Q > 0%) to a close approximation. 

The quality inlet mass flow rate prediction equation is given by 

Am = [(0.120)2 + (0.020)2 + (-0.018)2 + (-0.020)2 + (-0.0074)2 

+ (0.023)2 + (0.005)2]1/2 

= ±0.125 Ibm/hr (C.28) 
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mqual(lbm/hr) = 10.78 + 894.4(dc-.0285) + 0.1368(Tcond-105.7) 

- 0.605(Q-2.2) - 0.0533(Lc-l 13) - 0.0576(LP-21) 

- 51.64(Q-2.2)(dc-.0285) + 0.00515(LP-21)(Tcond-105.7) 

- 5.506(dc-0.0285)(Lc-lI3) - 17.92(LP-21)(dc-0.0285) 

+ 6.408(dc-0.0285)(Tcond-105.7) (C.29) 

The uncertainty in predicted mass flow rate is given by 

Am = [(am/c)dc*Adc)2 + (om/5Tcond*ATcond)2 + (5ih/5Q*AQ)2 

+ (am/c}Lc*ALc)2 + (am/aLP*ALP)2] 1/2 (C.30) 

Since the quality, Q(%), is a calculated value based on measured parameter 

levels, the AQ is also based on a propagation of error analysis. Quality was 

calculated based on an energy balance between the refrigerant flow and the 

preheater power requirement. 

^net ~ ihxhfg + mCpf(Tsat - Tpj-ghtj-in) (C.31) 

Solving for x gives, 

^ ~ [^net " '^^Pf(^sat " Tprehtr-in)]/( '^^fg) (C.32) 

where x is the thermodynamic equilibrium quality. The uncertainty in 

thermodynamic equilibrium quality is given by 
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[(ox/c(:inet*'!^'^net)" (^x/^m*Am)2 + (cx/t-hfg*Ahfg)- + (ox/cCpf*ACpf)2 

+ (cx/aTsat*ATsat)- + (ax/cTin*ATin)2] 1/2 (C.33) 

Phase 2 test point 15 data: 

Tcond = 115.7 °F, Q = 5.0%, m = 11.62 Ibm/hr, 

LP = 15.9 psia, Ci^et ^ ^7 W, Lc = 130 in 

dc = 0.031 in, hfg = 66.8 Btu/lbm, 

T s a t =  1 1 5 . 7  ° F ,  T p r e h t r - i n  =  7 2  ° F  

Cpf = 0.343 Btu/lbm-F 

Individual uncertainties: 

ATcond = 0.11 °F, Am = 0.50 Ibm/hr, 

ALP = 0.1 psia, Atinet = 2% = 1.34 W, ALc = 0.25 in, 

Adc = 0.0001 in, Ahfg = 1%, ACpf = 1%, 

^ ^ s a t  " O i l  =  0 . 5  F  

Individual term contributions to the quality uncertainty are given below. 

(5x/5einet)^^lnet = [l/(mhfg)]*l .34 

= 1/(1 1.62*66.8)*1.34*3.412 

= 0.0059 (C.34) 

(5x/cm)Arii = (-(:inet/("T2hfg)*0.50 

= -67/(1 1.622*66.8)*0.25*3,412 

= -0.0126 (C.35) 
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(ax/chfg)Ahfg = [-(:inet/(™hfg-) + Cpf(Tsat-Tin)]*0-668 

= [-67/1 1.62*3.412 + 0.343(1 1 5.7-72)] /66.82*0.668 

= -0.00070 (C.36) 

(ax/5Cpf)ACpf = -(Tsat-Tin)/hfg*0.00343 

= -(115.7-72)766.8*0.00343 

= -0.00224 (C.37) 

(5x/f;Tsat) ' '^Tsat = -Cpf/hfg*0.5 

=-0.343/66.8*0.5 =-0.00257 (C.38) 

(ax/aTin)ATin = Cpf/hfg*0.5 

= 0.343/66.8*0.5 = 0.00257 (C.39) 

The uncertainty in thermodynamic equilibrium quality is. 

Ax = [(0.0059)2 + (-0.0126)2 + (.0,0007)2 + (-0.00224)2 + 

(-0,00257)2 + (0.00257)2] 1/2 

= ±0,0146 (C.40) 

Therefore, 

AQ = ±1.46% (C.41) 
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The uncertainty in predicted mass flow rate can now be determined. 

Beginning with Equation C.30, 

Am = [(5rh/5dc*Adc)2 + (5rh/cTcond*ATcond)2 + (5m/5Q*AQ)2 

+ (5m/cLc*ALc)2 + (am/cLP*ALP)2] 1/2 (c,30) 

The individual term contributions are given below. 

(am/adc)Adc = [894.4 - 17.92(LP-21) + 6.408(Tcond-105.7) 

- 5.506(Lc-113) - 51.64(Q-2.2)]*0,0001 

= 0.0812 (C.42) 

(5m/aTcond)ATcond = [0.1368 + 6.408(dc-0,0285) + 0.00515(LP-21)]*0.11 

= 0.0139 (C.43) 

(am/5Q)AQ = [-0.605 - 5 1.64(dc-0.0285)]* 1.46 

= -1.071 (C.44) 

(am/aLc)ALc = [-0.0533 - 5.506(dc-0.0285)]*0.25 

= -0.0167 (C.45) 

(r3m/aLP)ALP = [-0.0576 - 17.92(dc-0.0285) + 0.00515(Tcond-105.7)]*0.1 

= -0.005 (C.46) 
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The overall uncertainty in predicted mass flow rate for Phase 2 test point 

15 is therefore, 

Am = [(0.0812)2 + (0.0139)2 + (-1.071)2 + (-0.0167)2 + (-0.005)2] 1/2 

Overall uncertainty is the more conservative quantification of the 

"confidence" in using the quality inlet mass flow prediction equation. The 

dominant factor contributing to overall uncertainty is the uncertainty in measured 

mass flow rate (assumed ±0.5 Ibm/hr) used in calculating quality, Q. This is a 

result of the inherent instability of the two-phase flow regime. The inclusion of 

replication points in the Phase 2 test matrix would have resulted in a more reliable 

statistical assessment of the results. 

Measured effective subcooiing 

The uncertainty in the calculated effective subcooiing value, EFFsc, for test 

point 8 follows, and is applicable to all test points to a close approximation. 

The effective subcooiing is given by 

= ±1.07 Ibm/hr (C.47) 

11FC-I52a prediction equations 

EFFsc (Cpgs/CpfQ)(Tg2 - T^]) (C.2) 

The uncertainty in calculated EFFsc is given by 
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AEFFsc = [(aEFFsc/cCpgs*ACpgs)2 + (aEFFsc/aCpfc^ACpfc)^ 

+ (aEFFsc/5Ts2*ATs2)2 + (aEFFsc/cTsi *ATsi)2] 1/2 (C.48) 

Test point 8 data: 

Ts2 = 80 °F, Tsi = 7° F 

Cpgs = 0.241 at Tg-avg = 44 °F 

Cpfc = 0.434 at Tci = 95 °F 

The individual term contributions to the overall uncertainty are given 

below. It is assumed that the specific heat values are known to 1%, and the 

measured temperature values are accurate to ± 0.5 °F. 

(5EFFsc/cCpgs)ACpgs = (Ts2 - Tsi)/Cpfc*ACpgs 

= (80-7)/.434*(.01*.241) = 0.41 (C.49) 

(aEFFsc/aCpfc)ACpfc = -Cpgs(Ts2 - Tsi)/Cpfc2*ACpfc 

= -(80-7)*.241/(.434)2*(,01*.434) 

= 0.41 (C.50) 

(aEFFsc/aTs2)ATs2 = Cpg/Cpf*ATs2 

= .2417.434*0.5 = 0.28 (C.51) 

(5EFFsc/5Tsi )ATsi = -Cpg/Cpf*ATsi 

= -.2417.434*0.5 = -0.28 (C.52) 
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The overall uncertainty in calculated EFFsc for test point 8 is therefore, 

AEFFsc = [(0.41)2+(0.41)2+(0.28)2+(0.28)2]1/2 

= ±0.69°F (C.53) 

Effective subcooling prediction 

The uncertainty in the predicted effective subcooling value due to geometry 

variability and measurement error for test point 8 follows, and is applicable to all 

test points to a close approximation. 

The effective subcooling prediction equation is given by 

EFFsCpred(F) = 37.6 + 0.206(Lhx-50)- 0.443(Tsl-13.1) + 0.270(Tcond-l 10) 

- 0.314(DTsc-9.85) + 0.0043(Lhx-50)(Tcond-110) 

- 25.0(ds-0.260) + 0.0116(Tcond-l 10)(Tsl-13.1) (C.54) 

The uncertainty in predicted EFFsc is given by 

AEFFsc = [(5EFFsc/oTcond*ATcond)2 

+ (SEFFsc/cTsl *ATsl )2 + (5EFFsc/5d£*Ads)2 

+ (cEFFsc/5Lhx*ALhx)2 + (c}EFFsc/cDTsc*ADTsc)2] 1/2 (C.55) 

Test point 8 data; 

Tcond = 100 °F, DTsc = 5 °F, 
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Lhx = 70 in, ds = .319 in, 

Tsl = 7 °F 

Individual uncertainties: 

ATcond = 0.10 °F, ADTsc = 0.5 °F, 

ALhx = 0.25 in. Ads = 0.01 in, 

ATsl = 0.5 °F 

The individual term contributions are given below. 

(aEFFsc/aTcond)ATcond = [0.270 + 0.0043(Lhx-50) - 0.0116(Tsl-13.1)]*0.10 

= 0.029 (C.56) 

EFFsc/5Tsl)ATsl = [-0.443 + 0.01 16(Tcond-l 1 0)]*0.5 

= -0.280 (C.57) 

((3EFFsc/cds)Ads = -25*0.01 = -0.25 (C.58) 

(aEFFsc/aLhx)ALhx = [0.206 + 0.0043(Tcond-l 10)]*0.25 

= 0.041 (C.59) 

(5EFFsc/aDTsc)ADTsc = -0.314*0.5 = -0.157 (C.60) 

The overall uncertainty in predicted EFFsc for test point 8 is therefore. 
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AEFFsc = [(0.041)2 + (-0.280)2 + (0.029)2 + (-0.157)2 + (-0.25)2]l/2 

= ±0.41°F (C.61) 

Subcooied inlet mass flow rate prediction 

The uncertainty in the subcooied inlet predicted mass flow rate due to 

geometry variability and measurement error for test point 8 follows, and is 

applicable to all test points to a close approximation. 

The subcooied inlet mass flow rate prediction equation is given by 

mpred(lbm/hr) = 10.39 + 828.8(dc-.0285) + 0.1079(Tcond-l 10) 

- 0.054(Lc-113) + 0.0134(Lhx-50) 

+ 0.030(DTsc-9.85) + 9.36(dc-.0285)(Tcond-110) 

- 4,024(dc-.0285)(Lc-113) (C.62) 

The uncertainty in predicted mass flow rate is given by 

Am = [(5m/5dc*Adc)2 + (om/5Tcond*ATcond)2 + (5m/0Lc*ALc)2 

+ (orh/oDTsc*ADTsc)2 + (5m/dLhx*ALhx)2 ]l/2 (C.63) 

Test point 8 data; 

Tcond = 100 °F, DTsc = 5 °F, 

Lhx = 70 in, Lc = 96 in, 

dc = 0.03 1 in 
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Individual uncertainties: 

ATcond = 0.10 °F, ADTsc = 0.5 °F, 

ALhx = 0.25 in, ALc = 0.25 in 

Adc = 0.0001 in 

Individual term contributions are given below. 

(5m/adc)Adc = [828.8 + 9.36(Tcond-l 10) -4.024(Lc-113)]*0.0001 

= 0.080 (C.64) 

(am/aTcond)ATcond = [0.1079 + 9.36(dc-.0285)]*0.10 

= 0.013 (C.65) 

(5m/aLc)ALc = [-0.054 - 4.024(dc-.0285)]*0.25 

= -0.016 (C.66) 

((9m/5DTsc)ADTsc = 0.0301*0.5 = 0.015 (C.67) 

(om/cLhx)ALhx = 0.0134*0.25 

= 0.0034 (C.68) 

The overall uncertainty in predicted mass flow rate for test point 8 is 

therefore. 
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Am = [(0.013)2 + (0.0804)2 + (-0.016)2 + (0.0034)2 + (0.015)2]l/2 

= ±0.084 ibm/hr (C. 
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APPENDIX D. TEST MATRIX CONFOUNDING PATTERNS 

This appendix presents the confounding patterns associated with the 

development of the HFC-134a, HFC-152a, and CFC-12 test matrices. 

Confounding between main effects and interaction effects exist with fractional 

designs, as were used for this study. 

HFC-134a test matrix - Phase 1 

The HFC-134a Phase 1 test matrix was a 1/16 fraction of a 2^ factorial 

design with resolution IV, designated 2iy^'4 For simplicity, the nine variables 

(main effects) are redefined as follows. 

dc - A 

ds - B 

Lhx - C 

Tcond- D 

LP - E 

Lc - F 

DTsc - G 

DTsh - H 

Linlet -  J 

For the design, the following identities are defined initially (Box, 

et.  al. ,  1978). 
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F = BCDE 

G = ACDE 

H = ABDE 

J = ABCE 

Multiplying both sides of each of these four identities by F,G,H, and J, 

respectively, provides the four generating relations 

I = BCDEF 

I = ACDEG 

I = ABDEH 

I = ABCEJ 

where I is referred to as a defining relation. The complete set of defining 

relations included these four "words", plus all other combinations of words. 

Multiplying two at a time gives 

I = ABFG = ACFH = ADFJ = BCGH = BDGJ = CDHJ. 

Multiplying three at a time gives 

I = DEFGH = CEFGJ = AEGHJ = BEFHJ. 

Multiplying four at a time gives 
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I = ABCDFGHJ. 

The complete set of defining relations is, therefore, 

I = BCDEF = ACDEG = ABDEH = ABCEJ 

= ABFG = ACFH = ADFJ = BCGH = BDGJ = CDHJ 

= DEFGH = CEFGJ = AEGHJ = BEFHJ = ABCDFGHJ. 

All main effects are confounded with four factor and higher interactions, 

and all three factor and higher interactions were assumed to be insignificant. 

With a resolution IV design, two factor interactions are confounded with other 

two factor interactions. In many instances, two factor interactions can be of 

significance. The two factor confounding patterns follow. 

AB = FG AJ = DF 

AF = BG = CH = DJ BC = GH 

AG = BF BH = CG 

AC = FH BD = GJ 

AH = CF BJ = DG 

AD = FJ CD = HJ 

AF = DJ CJ = DH 
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HFC-I34a test matrix - Phase 2 

The Phase 2 test matrix was a 1/2 fraction of a 2^ factorial design with 

resolution V, designated For simplicity, the five variables (main effects) 

are redefined as follows. 

Q - A 

LP - B 

dc - C 

Lc - D 

Tcond- E 

For the 2y^"' design, the following identity is defined (Box, et.  al. ,  1978). 

E = ABCD 

The generator, or defining relation for this design, is ABDCE alone. For a 

resolution V design, main effects are confounded with four factor and higher 

interactions, and two factor interaction are confounded with three factor 

interactions. All three factor and higher interactions were assumed to be 

insignificant. The confounding patterns follow. 
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A = BCDE 

B = ACDE 

C = ABDE 

D = ABCE 

E = ABCD 

AB = CDE 

AC = BDE 

AD = BCE 

AE = BCD 

BC = ADE 

BD = ACE 

BE = ACD 

CD = ABE 

CE = ABD 

DE = ABC 

HFC-134a test matrix - Phase 3 

The Phase 3 test matrix was a 1/2 fraction of a 2^ factorial design 

with resolution V, designated 2v^"' For simplicity, the five variables (main 

effects) are redefined as follows. 

Tcond- A 

dc - B 

Lc - C 

%oil - D 

DTsc - E 

The confounding patterns were the same as presented for the Phase 2 test 

matrix, since both test matrices are 2y^' ' .  
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HFC-152a test matrix 

The HFC-152a test matrix was a 1/16 fraction of a 2^ factorial design with 

resolution IV, designated 2 iy^"'^ For simplicity, the eight variables (main 

effects) are redefined as follows. 

Tcond - A 

dc B 

Lc C 

Disc - D 

Lhx E 

Tsl - F 

ds G 

Linlet - H 

For the 2 iy^"'^ design, the following identities are defined initially (Box, 

et.  al. ,  1978). 

E = BCD 

F = ACD 

G = ABC 

H = ABD 

Multiplying both sides of each of these four identities by E,F,G, and H, 

respectively, provides the four generating relations 
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I = BCDE 

I = ACDF 

I = ABCG 

I = ABDH 

where I is referred to as a defining relation. The complete set of defining 

relations included these four "words", plus all other combinations of words. 

Multiplying two at a time gives 

I = ABEF = ADEG = ACEH = BDFG = BCFH = CDGH. 

Multiplying three at a time gives 

I = CEFG = DEFH = AFGH = BEHG. 

Multiplying four at a time gives 

I = ABCDEFGH. 

The complete set of defining relations is, therefore. 
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I = BCDE = ACDF = ABCG = ABDH 

= ABEF = ADEG = ACER = BDFG = BCFH = CDGH 

= CEFG = DEFH = AFGH = BEHG 

= ABCDEFGH. 

All main effects are confounded with four factor and higher interactions, 

and all three factor and higher interactions were assumed to be insignificant. 

With a resolution IV design, two factor interactions are confounded with other 

two factor interactions. The two factor confounding patterns follow. 

AB = CG = DH = EF 

AC = DF = BG = EH 

AD = CF = BH = EG 

AE = BF = DG = CH 

AF = GH = CD = BE 

AG = BC = DE = FH 

AH = BD = CE = FG 

CFC-12 test matrix 

The CFC-12 test matrix was a 1/2 fraction of a 2^ factorial design with 

resolution IV, designated 2iy4-1 For simplicity, the four variables (main 

effects) are redefined as follows. 
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Tcond- A 

dc B 

Lc C 

Lhx - D 

For the design, the following identity is defined (Box, et.  a!..  

The generator, or defining relation for this design, is ABDC alone. For a 

resolution IV design, main effects are confounded with three factor and higher 

interactions, and two factor interaction are confounded with other two factor 

interactions. All three factor and higher interactions were assumed to be 

insignificant. The confounding patterns follow. 

1978) .  

D = ABCD 

A = BCD AB = CD 

B = ACD AC = BD 

C = ABD AD = BC 

D = ABC 
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APPENDIX E. SAS OUTPUT 

Appendix E presents the results from the SAS analysis in the following 

tables for each of the HFC-134a test phases, and the HFC-152a testing. 

Appendix D includes the variable definitions used in the SAS analysis. 

Table E.l: HFC-134a Phase 1 calculated variable effects on mass flow rate 

Parameter 

intercept 
a: 
b; 
a:*b 
d . 
Ai»C 
Bi»C 
Ai*B*c 
Oi 
a:*d 
b!*d 
a:*b»d 
d»D 
Ai»C«D 
Bi*C*D 
Ai»B*C*D 
e: 
a»e 
b;*e 
a:*b*e 
&*e 
a*c*e 
^•C*E 
aj*b*c*e 
i>*e 
Ai+D*e 
b;*d*e 
a;*b*d*e 
c;*0*e 
a;*c*d*e 
b|»c*d»e 
/^•b*c*d*e 

Estlntete 

12.56968750 
2.52531250 
0.04156250 
0.08968j750 
0.095931750 
0.2178li250 

-0.0746a750 
-0.095311250 

3.23531250 
0.705931750 
0.05468:750 

-0.09468i750 
0. 133061250 
0;04343j750 
0.08343750 

-0.027181750 
-0.202811250 
0.04406:250 

-0.00843750 
0.03843750 

-0.04281250 
0.08031250 

-0.28593:750 
-0.07281250 
0.0303li250 

-0.07781^50 
0.022 18750 

-0.28343750 
0.01531250 
0. 1 1593750 

-0.9028li250 
-0.099681750 -
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Table E.2. Analysis of HFC-134a Phase 1 mass flow rate prediction using 
Equation 4.2, including the eight replicate test points 

Source 

Model 
Error 
C Totail 

Rc^t MSE 
Oei> Mean 
C.:V. 

Analjysis of Ve^rlance 

DF 

10 
29 
i39 

Slum of 
Sc^ares 

745. 
3. 

749. 

51793 
184298 
b6091 

0.36403 
12.45350; 

2.92310: 

Mean 
Square 

74.55179 
: 0.13252 

R-sqLtere 
Actj S-sq 

Paraineter Estlrnates 

F Valu 

562.58 

0.9949 
b.9931 

Prob>F 

0.0001 

(%ran)eter Stanctajrd T ftr HO: 
Variable; DF Estimate Err^r Parantet®r«0 prob > |T|i 

INTERCef^ 1 lh.556161 0.05957&bs 2^10,751 i 0 00011 
A 1 :2.549500 0.05755791 144.295 0 0001i 
C 1 b.062000 0.057557i91 ; 1.077 0 2903i 
D 1 :3.267000 0.057557S1 156 .760 0 00011 
E 1 -iO.216339 0.05957809 i-3.631 0 001 t 
BCDE 1 -b.875521 0.058744,^9 -114.904 O OOOli 
ACDE 1 jo. 110729 0.058744179 : 1 .885 i 0 06951 
ABDE 1 -b.296964 0.05957809 1-4.984 1 0 OOOli 
AO 1 b,697000 0.057557191 i12.110 i 0 OOOli 
BCE 1 -0.291146 0.058744i79 :-4.95S 0 0001 
AC 1 b.245104 0.058744:79 ; 4 . 172 0 0003: 

significance limit = ± tQ^= o5*(std err) 

'^ferror~29 
= ± 2.045*0.058 = ±0.119 Ibm/hr 

std err pred = 0.185 
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Table E.3: HFC-134a Phase 1 calculated variable effects on EFFsc 

F^irameter 

INTERCEPT 
a; 
B 
Ai 'B 
Q . , .  
Hi'C 
B«C 
Ai*B*C 
o; • • 
A-'D 
B»D ' 
A:*B*D 

Ai»c*0 
S'*C»D 
Aj*B*C*D 
E: 
A.-»E 
Bi*E 
a:*b»e 
C;»E 
A;*C*E 
b:*c*e 
Ai*B*C»E 
a*E 

b:*d*e 
Ai»B*d»e 
c«0*e 
A;«c*d*e • 
b;*c»d*e 
Ai*B*C»0*E 

0. 
0. 
7. 
0. 

E s t  i n a t e  

39. 17812500 
-O.35937500 
- 1 . 68437S0e 
0.440S2500 
2.72187i500 
0. 14687S00 

12187500 
.05937S00 
.44687500 
.00937500 

-0.47812500 
0.24G87500 
iri0312S00 
0.20312,S00 

-0.0S937500 
0.0031Z%00 

-2.54687500 
0. 11562500 
0.07812S00 
0.30312500 

-0.20312500 
-O.10312500 
-0.04062500 
0.021871500 

-O. 10312i500 
0.30937i500 

-O.16562500 
-3.29062500 
-0.12187500 
-0.54687S00 
0.00312500 

-O. 109371500 
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Table E.4: Analysis of HFC-134a Phase 1 EFFsc prediction using 
Equation 4.4, including the eight replicate test points 

Analiysis of VE^iance 

Source 

Model : 
Error 
C Total 

OF 

11 
28 
i3S 

of 
Sc^ares 

3519. 
17 . 

3536. 

40753 
38847 
79600 

RoiOt MSE 
Mean 

C.V. 

0.7880a: 
38.06000f 

2 .07054: 

Mean 
Square 

3:19.94614 
;  0 .62102 

F Value 

5 15 . 197 

Prob>F 

0.0001 

R-sqiiare 
Ad J l i-sq 

D.9951 
b.S932 

Parameter Estimates 

(%rameter standard T fojr HO: 
Variable DF Sstlmate Err^r Parani®ter=0 Prob > |T| 

INTERCEP 1 3i9 213393 0. 128974b3 ^4 .040 0.0001 
A 1 -b 367708 0. 127170141 :-2 .891 0.0073 
B 1 -il 669792 0. 12717041 -il3 . 130 0.0001 
C 1 -2 660000 0. 12430li04 :21 .348 0.0001 
D 1 7 503125 0. 12717CW1 59 .001 0.0001 
E 1 -2 511607 O. 128974j33 -119 .474 0.0001 
ACOE 1 -b 490000 0. 12460104 1-3 .933 0.0005: 
ABDE 1 -ia 25S357 0. 128974133 - '25 240 0.0001 
BO 1 -b 486458 0. 127170541 '•-3 .825 0.0007 
ADE 1 b 323958 0. 127170i41 : 2 547 0.0166 
CD 1 :i 095000 0. 12460104 ^ 8 788 0.0001 
ABE 1 o 359375 0. 12717CM1 2 826 0.0086 

significance limit = ± t(x=.05*(st ' l  6'" '") 

^^error~28 
= ± 2.048*0.126 = +0.26 F 

std err pred = 0.185 



www.manaraa.com

189 

Table E.5: HFC-134a Phase 2 calculated variable effects on mass flow rate 

Parameter: 

INTERCEPT 
A; 
Bi 
Ai»B 
d • 

e»c 
Ai*B*C 
Di 
Ai»D 
Bi»D 
Ai»B*D 
cj'D 
Ai*C*D 
8i«C*0 
A;*B*C*D 

Eatlnmte 

10.77937500 
1 .33062i500-

-0.28812500 
O.O1812S0O 

> r 2 i 23562500 
0.28437300 

-0.2243'^00 
0.01937i500 

-0.90562.500 
-0.09937S00 
0.05937500 
0. isosaisoo 

-0.23437500 
0.25937i500 
0.02312500 
1,37187500 

Table E.6: Analysis of HFC-134a, Phase 2 mass flow rate prediction 
using Equation 4.11 

S^m of 
Source: Sc^ares 

Mode 1 : i'O 157.;32826 
Error i ; 5 0.i23423 
C Total il5 157.56249 

Rc^t MSE 0 2 1644i 
Oe^ Mean 10 77938i 
c.;v. 2 0079 i: 

Analysis of variance 

Mean 
Square 

•J5. 73283 
(f0.046S5j>, 

R-sqUars 
Adj Rj-sq 

Parameter Estimates 

F Vali^ 

335.84 

r MSB 
;0.9985 
b.9955 

Parameter S tandard T for HO: 
Variable; DF •Est imate Errbr• Paran^ter^O Prob > |T| 

INTERCEPi 1 lb 779375 0 054109i99 li99 .212 0.0001 
C i 1 '2 235625 0 05410&S9 ••41 .316 1 0.0001 
ABCD 1 :1 37 1875 0 05410999 ,25 . 353 0.0001 
A 1 ;i 330625 0 05410939 24 .591 0.0001 
D 1 -0 905625 0 05410999 -16 . 737 0.0001 
B 1 -p 288125 0 05410939 i-5 . 325 0.0031 
AC i 1 b 284375 0. 054 10939 1 5 .255 i 0.0033 
BC 1 -:b 224375 0. 054 10^9 ;-4 . 147 0.0083 
ABD 1 p 160625 0. 05410^9 1 2 .968 0.0312, 
CD i 1 -0. 234375 0. 054109^9 i-4 .331 0.0075-
AGO 1 0. 25937S 0. 054 10939 i 4 .793 0.0043 

Pr:bb>F 

0001 

Note: Phase 2 did not include replicate test points. The statistical 
significance of the calculated effects were determined by using the 
Phase 1 significance limit of 0.12 Ibm/hr. 
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Table E.7. HFC-134a Phase 3 calculated variable effects on mass flow rate 

Parameter: 

INTERCEPT 
Ai • 
B. 
Ai»B 

A;«C 

Birc : 
A;*B*C 
K 
Ai*0 
Bi»D 
Al»B*D 

d'D 
Ai*C*D 
S>C»0 
Ai*B*C»D 

Estitiate 

12.776a7i500 
1.37812S08 
2.564375CX1 
0.23562i5CX3?t 

-1 ;07S8750Cft 
-0,05812=500; 
-0.0368-^00 

0.06187500 
0. 11812SOO 

-0.0756Z500 
0. 15312500 
0.02937SOO 
0.03937500 
0i00312s00 
0.036871500 

-0.06062500 

Table E.8; Analysis of HFC-I34a Phase 3 mass flow rate to 
establish the significance of the oil effect 

Analysis of VCM~lance 

S^m of Mean 
Source 'OF Sc^ares Square F Value Prob>F 

Mode 1 i  4 155.04682 38.76171 450.566 0.0001 
Error 1 1 0.94632 ; 0.08603 
C Totail 115 155.99314 

Rctot MSE i  0 2933 li R -sqiiare b.9939 
Mean i 12 7768^ Adj Ri-sq b.9917 

c .v .  2 29561: 

Parameter EstImates 

Piarameter Standa-rd T fdr HO: 
Variable DF lEst imate Errjor Parart^ter=0 Prob > |t1 

INTERCEfH 1 lb.776875 0 073326i74 1,74 .246 0,0001: 
A 1 1 . 378125 0 07332674 18.794 0,0001 
B 1 2 . 564375 0 07332674 34.972 O.OOOi 
C 1 -:1 .076875 0 07332674 -14 ,686 0,0001; 
AB 1 0.235625 0 07332674 3.213 0,0083 

significance limit = ± t(x= O5*(std err) 

'Iferror^l 1 
= ± 2.201*0.073 = ±0.161 Ibm/hr 
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Table E.9: HFC-134a Phase 3 calculated variable effects on EFFsc 

Piarameter Est insate 

INTERCEPT 
A 
B: 
Ai*B 
c 
A;«C 
8i»C 
A*B*C 
D: 
a;»d 
Bi*D 

aI*b*d 
ci*D 
Ai*C»D 
ai*c*D 
A:*B*C»D 

48.47875000 
3.54 125000 
0.07875000 
O.11625000 
O.04125000 

-0.07125000 
-0.20875000 
0.20375000 
0.52125000 
0.13375000 
0.17125000 

-0.04125000 
0.05875000 
0.04625000 

-0.19125000 
-1.17875000 

Table E.IO: 

Source 

Model 
Error 
C Totail 

INTERCEP' 
a 
8 
C 
D 
abco 

Analysis of HFC-134a Phase 3 effective subcooling 
to establish the significance of the oil effect 

Rc^t MSE 
Mean 

C . V .  

Var iab ly  DF 

Analiysis of Variance 

Mean 
Square 

45.47043 
0.31163 

sium of 
DF Squares 

: 5 227.135213 
iio 3.:i 1625 
115 230.146838 

i 0 55823' 
; 48 4787&: 

1 15150 

R-sqctere 
AdJ S-sq 

Parahieter Estimates 

F Valu 

145.914 

0.9865 
0.9797 

Parameter 
jEstimate 

418,478750 
3.541250 
0.078750 
b.04 1250 
0.521250 

-il . 178750 

Standaird 
Errjor 

0.1395SaU6 
0. 13955846 
0.13955846 
0. 13955846 
0.13955846 
0.13955K46 

T fo r HO; 
Paraniieter=0 

^47.372 
25.375 

564 
296 
735 

-B.446 

prob > 

0.0001; 
O.OOOi: 
0.5850 
0.7736 
0.0039 
o.oooi; 

significance limit = ± t(^= 

= ± 2.228*0.14 = ±0.31 F 
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Table E.ll.  HFC-152a calculated variable effects on mass flow rate 

f%ramater 

liNTERCEPT 
A! 
Bi 

Ai*B 
d 
t^c. 
8i»C 
A;*B*C 
Di 
A;*D 
b:*d 
Ai»B*D 
cj*D 
a!*c»d 
d*C*D 
A;*B»C*D 

Estinrate 

10. 3a687i500 
1 .07937:500 
2.07187500 
0.2343^00 

-O.91812500 
-0.13562500 
-0.1706aS00 
-0.12312500 
0. 14562300 

-0.04187500 
0.08312500 

-0.0293'^00 
O. 1381i500 
O.OS062500 
0.26812500 

-0.07937500 

Table E.12: Analysis of HFC-152a mass flow rate prediction using 
Equation 5.2, including the replicate test points 

Source 

Model 
Error 
C Tot&h 

Rc^t MSE 
Dej) Mean 
C.V. 

Analysis of Variance 

OF 

7 
12 
19 

of 
Squares 

117 . 
1 . 

1 18 

25878 
23487 
49366 

0. 32073 
10.328sd 

3. 10587i 

I Mean 
Square 

M6.75125 
0.10291 

F Value 

162.782 

Prbb>F 

0.0001 

R-sqi^re 
Adj S-sq 

0.9896 
b.9835 

Parajneter Estljnates 

Parameter Stande^d T foir HO: 
Variable DF jEstlmate Errjor Paran{eter=0 prob > | t |  

XNTERCEP 1 lb.366667 0 073209^4 ikt.602 i 0.0001 
A 1 :1 .061786 0 074248:33 ;i4.300 0.0001 
B 1 12.075417 0 073209B4 28.349 0.0001 
C 1 -b.914583 0 07320984 -12.493 0.0001 
0 1 b. 12803S 0 07424833 1 .724 0.1103 
AB 1 io. 251500 0. 07173070 i 3.506 0.0043 
BC 1 -b.190833 0. 07320^4 i-2.607 0.0229 
BCD 1 p. 250536 0. 074248i33 i 3.374 0.0055 

significance limit = ± t(x= 05*(std err) 

'^^error^'^ 
= ± 2,179*0.073 = ±0.159 Ibm/hr 
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Table E.13: HFC-152a calculated variable effects on EFFsc 

Pa rameter 

INTERCEPT 
A 
B 
A*iB 
C i 
A»iC 
B*'C 
A*B*C 
D ; 
A»b 
B*b 
A*B*D 
C*jD 
A*jC»D 
B»'C*D 
A*iB*C*D 

Est imate 

37.63750000 
2.70000000 

-0.0750CXXX) 
-O. 162500i00 
-0. 10000W0 
-0.36250Cto0 
-0.06250000 
-1 .47500000 
-1 .52500CX)0 
0.23750000 

-O.41250000 
-O.450O00i0O 
0.76250<^ 

-2.900000!00 
4.12500QOO 
0.86250000 

Table E. 14: Analysis of HFC-152a EFFsc prediction using Equation 5.4, 
including the replicate test points 

of 
Source pp Sc^ares 

Mode 1 i i 7 724.i32283 
Error i !12 13.i84667 
C Total ;i9 738 .116950 

Analiysis of Variance 

Mean 
Square 

103.47469 
i 1.15389 

Roiot MSE 
Deis Mean 
c.jv. 

1 .07419-
37.S4500 

2.83840 

Paraineter Estirnates 

F Value 

89.67 

R-sqUare 
Adj : RVsq 

0.9812 
b.9703 

rameter Standard T f4" HO: 
Variable DF Ssttraate Errpr Paraniieter«0 prob > |T|i 

INTERCEP 1 sh.666667 0,24514aVl lbs.648 1 O.OOO1I 
A 1 j2.700000 0.251203i70 ilO.748 0.0001: 
D 1 -:i.525000 0.251203170 '-6.071 0.0001; 
ABC 1 -;1.475000 0.251203:70 ;-5.872 0.0001; 
ACD 1 -13.025000 0.24019668 -il2.594 0.0001; 
BCD 1 14.125000 0.25120ai70 il6.421 O.OOOli 
CD 1 b.575000 0.240196168 1 2.394 0.033S 
ABCO 1 p.891667 0.24514S71 i 3.637 0.0034i 

Prob>F 

0.0001 

significance limit = ± t(x=.05*(std err) 

'^ferror^l^ 

= ± 2.179*0.25 = ±0.54-5 F 
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