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Abstract

Thisinvestigation explored the effects of fractionation and distribution of R-407c in brazed plate
evaporators with an emphasis at low mass flux. Experiments were performed in parallel with R-22. A parametric
study was performed with nominal and reduced mass fluxes, with and without distributor and with various
orientations of the evaporator. Also, operating conditions were varied to investigate the effect of refrigerant inlet
quality and superheat at the exit of the evaporator. Thisinvestigation took an evaporator as part of asystem
approach rather than evaluating local heat transfer.

All experiments show that R-407c is aviable replacement for R-22. Overall heat transfer coefficients for
R-407c were essentially equal to that of R-22 when operating at nominal conditions. U-values for R-407c at low
mass flux were up to 15% less than R-22. However, R-407c U-values were approximately 10% greater than R-22
when operating with a saturated refrigerant outlet condition.

Contrary to expectations, only slight fractionation was seen for all test conditions and evaporator
configurations. It was concluded that lower inlet quality slightly increasesrefrigerant composition shift. Also seen
in thisinvestigation was greater composition shift at greater mass flux for individual experiments. This condition
could be related to significant oil hold-up seen at low mass flux.

A distributor was developed in thisinvestigation to allow better distribution when operating with
refrigerant flow in the downward direction. While downward flow did not have an effect on refrigerant composition
shift in thisinvestigation, this orientation may be useful for other applications where more severe fractionation is
seen.

Other issues addressed were superheat instability and oil hold-up in the evaporator. Liquid droplets were
seen at the exit of the evaporator when operating with low superheat. Also, it was found that up to 35% of the

volume of the evaporator could be filled with oil even when operating at nominal capacity.
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Chapter 1.0. Introduction

The concern over the depletion of the ozone layer due to the release of greenhouse gases has led to
the development of international agreements and United States legislation that will limit the production and
use of chlorinated refrigerants. The refrigeration industry is spending much time and effort to develop
replacements for the next century. Many alternative refrigerants have been evaluated for feasibility, but all
have drawbacks that could include the redesign of refrigeration components. The most promising
alternatives are mixtures of non-chlorinated refrigerants, since concentrations can be chosen such that the
mixture has similar thermodynamic properties to the chlorinated refrigerants they arereplacing. The use of
such refrigerants would not require the redesign or resizing of components. However, other drawbacks
exist such as temperature glide, lubricant compatibility and fractionation.

One potential replacement for the widely used chlorinated refrigerant R-22 is R-407c¢, aternary
mixture of R-32, R-125 and R-134a (23%, 25%, 52%), al of which are non-chlorinated refrigerants. Itis
widely accepted that R-407c will severely fractionate in shell and tube heat exchangers. The study reported
in this paper concentrated on the fractionation of R-407c in plate evaporators and the thermal consequences
of that fractionation.

This study consisted of six series of experimentsto evaluate the effects of low mass flux,
improved refrigerant distribution, varied evaporator exit quality/superheat and downward refrigerant flow
on the magnitude of refrigerant fractionation and thermal performance. Various anomalies were discovered
during this study, including superheat instability and oil hold-up in the plate evaporator.

Thereport is organized as follows: background information is provided in Chapter 2; the
experimental facility is described in Chapter 3; experimental procedures are outlined in Chapter 4;
experimental results are presented in Chapter 5; results of miscellaneous experiments are discussed in
Chapter 6; conclusions of this study are made in Chapter 7; data reduction methods are presented in
Chapter 8; and experimental error is calculated in Chapter 9. Raw data, analysis results, miscellaneous

figures and EES equations can be found in the appendicesin tabular form.



Chapter 2.0. Background

Over the last two decades, the Montreal Protocol, an international environmental agreement, has
established phase-out requirements for CFC (chlorofluorocarbons) and HCFCs (hydro-clorofluorocarbons)
due to the ozone-depleting nature of chlorine. The Montreal Protocol is carried out in the United States as
the Clean Air Act, which calls for the phase-out of R-22 (HCFC) production by the year 2030. R-22isthe
most common refrigerant for screw, scroll, and reciprocating air conditioners and chillers. Assuch, R-22
systems leaks could contribute significantly to the depletion of the ozone layer. With thisreason, much
research has been performed on so-called “drop-in” R-22 subgtitutes. The EPA has compiled alist of
substitutes that was determined to be acceptabl e (http://www.epa.gov/ozone/title6/snap/lists’homeac.html).
This study involves one of those refrigerants, R-407c, marketed under several trade names including SUVA
9000® by DuPont.

R-407c isblend consisting of 23/25/52 weight percent of R-32, R-125 and R-134a, respectively.
Although described by DuPont as a near-azeotropic blend, zeotropic behavior has been observed through
various studies when operating with low mass flow rates in shell and tube evaporators. A zeotropic blend
acts like atypical mixture, retaining some of the individual properties of each component. The behavior of

zeotropic blends is characterized by temperature glide and fractionation.

2.1. Understanding Temperature Glide and Fractionation
Temperature glide is defined as the change in boiling point (or condensation) temperature when

evaporating (or condensing) in a heat exchanger. Theterm fractionation is used to describe the difference
in composition of the liquid and vapor phases of a zeotropic mixture. Temperature glide and fractionation
areinterrelated, as the change is temperatureis related to the shift in liquid and vapor composition. The
magnitude of temperature glide is proportional to the magnitude of fractionation.

The vapor phase of azeotropic blend in aclosed volume and at steady state is rich in the higher-
pressure component(s). This explains why most emp hasis in the industry has been placed upon studying
the effect of system leaks. If vapor leaks occur while the system is not operating, the higher-pressure
component(s) will primarily escape changing the system composition. Thisisundesirable and will degrade
system performance.

Leaksthat occur during operation will typically not change the system composition since the
system composition isrelatively uniform. When the system does not operate, there is differencein
composition between vapor and liquid phase and consequently potential for preferential leak of some
component. During operation, however, there is the potential for fractionation to occur in components
where both liquid and vapor are present, such as the evaporator. Under normal conditions, there is enough
turbulence in heat exchangers where liquid and vapor are present to prevent fractionation. However,
should mass flow rates be reduced below design conditions there is the potential for liquid to pool and
fractionation to occur. The liquid pool would have a high concentration of the low pressure component(s),
whereas the circulating refrigerant would have a high concentration of the high-pressure component(s).

This scenario is plausible since the maximum capacities of most systems are rarely challenged. This leads



manufacturers to employ variable speed compressors into their systemsto improve efficiency and avoid

cycling.

2.2. Experimental Approach
Asbriefly discussed in Chapter 1, this study concentrated on the fractionation of R-407c in plate

evaporators and the thermal consequences of such condition. The objective of this study wasto evaluate R-
407c performance under various plate evaporator configurations to show that R-407c isaviable
replacement for R-22, and perhaps suggest possible ways to improve performance.

Three brazed plate heat exchangers were used in this study, one nominally sized at three tons (HX
A) and two at twenty tons (HX B and HX C), where HX C had an internal distributor. A custom distributor
was developed &s part of this study to enable operation with downward refrigerant flow and is described in

further detail later. The following six experiments were performed as a part of this study:

Experiment 1 Baseline Experiments— Small evaporator (HX A) resulting in design mass flux

Experiment 2 Reduced Mass Flux — Large evaporator (HX B) resulting in low mass flux

Experiment 3 Refrigerant Distributor — Large evaporator (HX C) with built-in distributor

Experiment 4 Saturated Exit Conditions— Large evaporator (HX C) with built-in distributor
operating with a saturated exit condition

Experiment 5 Downward Flow — Large evaporator (HX B) with custom distributor operated with
downward refrigerant flow

Experiment 6 Downward Flow with Saturated Exit Conditions - Large evaporator (HX B) with
custom distributor operated with downward refrigerant flow and saturated exit
conditions

The main objectives of these experiments were to determine the impact of the following on the circulating
refrigerant composition:

low mass flux

improved refrigerant distribution

varied evaporator exit quality/superheat

downward refrigerant flow



Chapter 3.0. Experiment Facility

All datawere acquired using afacility located in the Air Conditioning and Refrigeration Center
(ACRC) at the University of Illinois at Urbana-Champaign.

3.1. Chiller
The chiller shown schematically in Figures 3.1 through 3.3 was used in this study. The

components are listed in Table 3.1. With the exception of the evaporator, expansion valve, suction line and
compressor, the apparatus was unchanged throughout the investigation. The evaporator was replaced or
modified as required in the experiment matrix. The thermostatic expansion valve used during Experiments
1-3 was replaced with a manual expansion valve during Experiment 4 to obtain better stability when
operating with a saturated exit condition. A heater was added in parallel to the suction line static mixer for
use during Experiments 4 and 6 to allow for operation of the evaporator with a saturated outlet condition.

The compressor was replaced twice with identical models after two compressor failures.
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Figure 3.1 Schematic of chiller used for investigation



Table3.1 List of chiller components

Component Manufacturer Model Number

Compressor Copeland Model ZR57K3 - PFV scroll hermetic
Condenser SWEP Model B15x40

Subcooler SWEP Model B8x20

Water Pump Dayton Model 9K 679 (3/4 hp centrifugal pump)
Qil Mobile EAL Arctic Series 60105-4 (POE)

ISO Viscosity Grade 22

3.1.1. Refrigerant L oop
The refrigerant loop consists of ascroll compressor, condenser, receiver, subcooler, and a test

section. The test section consists of an expansion device, evaporator, and instrumentation to collect
pressure, temperature, and mass flow rate. See Section 3.1.3 for a detailed description of the test section.

Refrigerant flow rate is regulated using the compressor bypass shown in the schematic. Hot vapor
from the exit of the compressor is mixed with liquid refrigerant from the receiver. Thisflow isthen
directed to the suction line. The evaporating liquid refrigerant cools the vapor from the compressor
discharge to atemperature that allows for proper operation of the compressor. A sight glassis used to
visually ensure complete evaporation of liquid refrigerant.

All tubing and components from the subcooler to the compressor were well insulated to minimize
heat transfer to the environment and to decrease uncertainty of measurements.

3.1.2. Water L oop
The first component in the water loop, a5 gallon tank, serves as a mixer which provides water at

constant temperature to the pump. A leakoff line maintains the tank at a predetermined level and maintains
constant head to the centrifugal pump. This ensures steady water flow rate. Water can be supplied to the
subcooler from the faucet or the return from the test section. Return water from the subcooler can be
directed back to the tank or to the drain. Cooling water is supplied to the condenser from the faucet. The
hot water return from the condenser isused to provide the heat load to the evaporator and to regulate the
water tank temperature.

3.1.3. Test Section Description and Schematic
Figure 3.2 shows the test section configuration during Experiments 1 through 4. Thetest section

for Experiment 5 and 6 with downward flow is shown in Figure 3.3. The instruments are chosen to
determine inlet and outlet conditions (temperature, pressure, quality and enthalpy) for each experimental
run.

Note that a heater was added in parallel to the static mixer for use in Experiment 4 and 6 to allow
operation with saturated refrigerant exit conditions. Differential pressure across the heater and heater outlet

temperature was recorded.
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Figure 3.3 Test section during Experiment 5-6

3.1.4. Refrigerant Distributor for Downward Flow
Fractionation of refrigerant occurs at the bottom of evaporator, at low mass fluxes. If refrigerant

was distributed evenly from the top, such phenomenon would be prevented. Turn of refrigerant flow down
induces distribution problems. Being aware of problems with adequate distribution to ensure good wetting
of evaporator surfaces, we designed a distributor to minimize maldistribution among plates when operating
with downward flow of refrigerant. Figure 3.4 shows the configuration and component list. The first
distributor, conventionally used in DX coils (Sporlan Type 1127), which evenly distributes the refrigerant
among outletsislocated immediately after the manual expansion valve. Flow leaves the distributor in 29
identical length 1/8” tubes and then enters a second distributor that directs the flow downward into the
evaporator. Thissecond distributor is cylindrical, fills the complete cavity of the evaporator header, and
can berotated to direct flow at an angle in the evaporator to decrease maldistribution within the channel.
More detailed drawings of the refrigerant distributor are shown in Figures 3.5 and 3.6. Pictures taken

during assembly are shown in Figure 3.7.
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Figure 3.4 Custom distributor inserted into inlet header of evaporator to improve refrigerant

distribution when operating with downward refrigerant flow
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Figure 3.7 (@) Distributor header during assembly (b) Orifice plate with tubesinserted (c) Orifice plate
with tubes fed through and brazed to endcap

3.2. Instrumentation and Calibration
All instrumentation shown in the following table were calibrated for thisinvestigation. Pressure

transducers and mass flow meters were new prior to use and, therefore, the manufacturers calibration was
used.

All thermocouples were calibrated simultaneously using avacuum insulated container. Three
temperature regimes were used: 0°C, 23°C and 50°C. The water temperature was allowed to stabilize for
approximately three hours before calibration was performed. The thermocouples were bound together such
that each thermocouple would measure the temperature in the same area of the container. Datawas
acquired through the data acquisition system and PC for ten minutes with an interval of one second. The
temperature was al so measured using a calibrated thermometer once at the beginning and once at the end of
the calibration period. The data acquired through the PC was averaged and plotted versus the average of
the thermometer measurements. A best fit curve for these data points was obtained and used for further
analysis. Through calibration, we believe the accuracy of the thermocouples to be approximately 0.1°C.
Calibration curves can be found in Appendix C.

10



Table 3.2 List of instrumentation

Instrument Parameter Description
Thermocouples Type T copper — constantane
Wire specia limits of error
Accuracy 0.5 °C or 0.4% (£0.1 after calibration)
Pressure Transducer 1 Sensotec Model THE/3883-07TJA
(Suction Line) Range 0-200 psig, 0-5V
Error 10.1% full scale
Pressure Transducer 2 Sensotec Model THE/3883-06TJA
(Before Expansion Valve) Range 0-500 psia, 0-5V
Error +0.1% full scale
Pressure Transducer 3 Sefra model C230
(dP of Evaporator) Range 0-2 psid, 4-20 mA
Error +0.25% full scale
Refrigerant Mass Flow Micro Motion model DS025
(After Receiver) Transmitter model no. model RFT9712 Field-Mount
Range 0-100g/s, 4-20 mA
Accuracy +0.1%
Water Mass Flow Micro Motion Model CMF050
(After Evaporator) Transmitter model no. model RFT9739
Range 0-125 Ib./min, 4-20 mA
Accuracy +0.1%
Watt Transducer Ohio Semitronics Model GW5
Accuracy +0.2%

3.3. Data Acquisition
The data acquisition system consists of a Gateway 386 computer, a Cambell Scientific AM416

Relay Multiplexer, and a Cambell Scientific 21X Micrologger. All datais acquired though the multiplexer

and micrologger and sent to the computer via RS 232 connection.

3.4. Gas Chromatograph Description
The gas chromatograph used in this investigation was a Perkins EImer Autosystem GC equipped

with athermal conductivity detector (TCD). This detector consisted of dual channels which measures the
difference in thermal conductivity between hydrogen carrier gas flowing through a reference channel and
hydrogen carrier gas plus the sample through an analytical channel. Error of the refrigerant composition

measurements was experimentally determined as described in Section 9.0.
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Chapter 4.0. Experimental Procedure

Three different compact brazed plate evaporators, varying in distribution method and size, were
used in this study. Main dimensions of each evaporator are shown in Table4.1. The evaporators A, B, and
C were manufactured by SWEP as type B15X40, B45X 60, and V45X60, nominally sized at 9, 60, and
60kW, respectively. All three evaporators are oven brazed with steel herringbone embossed plates where
pattern isreversed on every other plate so that the ridges on adjacent plates intersect forming alattice of
contact points. Heat exchanger (HX) Cisidentical to HX B with exception to an internal distributor having

2 mm orifices directed upward in each refrigerant channel.

Table 4.1 Basic dimensions of evaporators used in study

fe—— | ——» fe— —»
Parameter HXA _ HXB __ HXC =4
SWEP Model Number B15X40 B45X60 V45X60 ”@ <|> N
a[mm] 466 524 524 '
b [mm] 72 241 241
c[mm] 29 29 456
d [mm] 40 174 174
e[mm] 9 151 151 ca
Total heat transfer area[nf] 1.368 7.424 7.424
Channel volume [I] 0.969 5.452 5.452
Refrigerant channels 19 29 29
Nominal Capacity [tons] 3 20 20 O @
- i

The experiment matrix and operating conditions are shown in Table 4.2. The mass flow rate was
varied between 30 and 60 grams per second in all evaporators with both refrigerants. The resulting
refrigerant mass flux in HX A was between 10 and 20 kg/nf-s. In HX B and C, the mass flux was between
2 and 4 kg/nf-s due to the greater total cross sectional area of the refrigerant channels.

Therefrigerant exit temperature was set at approximately 11.5°C for experiments 1, 2, 3 and 5.
Thisresults in approximately 9°C of superheat for R-22 and 7°C for R-407c. The underlying reason for
this high superheat was to obtain a stable signal at the evaporator exit. A stable signal isimportant in
applications for the proper functioning of the thermostatic expansion valve. Furthermore, astable signal is
important during testing to obtain repeatable conditions. The stability issueis addressed in more detailsin
Section 6.1. During Experiment 4 and 6, the refrigerant quality at the evaporator exit was maintained
between 0.95 and 1.0.



Table 4.2 Experiment matrix

Experiment Refrigerant Evaporator Distributor Refrigerant Flow Refrigerant

Series Model Direction Outlet Condition

1 R-22 HX A No Up Superheated
R-407c

2 R-22 HX B No Up Superheated
R-407c

3 R-22 HX C Y es— SWEP Up Superheated
R-407c Manufactured

4 R-22 HX C Yes— SWEP Up Saturated
R-407c Manufactured Vapor

5 R-22 HX B Yes— See Down Superheated
R-407c Section 3.1.4

6 R-22 HX B Yes— See Down Saturated
R-407c Section 3.1.4 V apor

Experiments were taken for two refrigerant liquid subcooled temperatures: 15.6°C and 32.2°C.
This corresponds to an inlet quality of 0.08 and 0.18 for R-22 and an inlet quality of 0.10 and 0.21 for R-
407c. Experiments 4 through 6 were conducted only at a subcooled temperature of 32.2°C.

Refrigerant pressure at the compressor suction is held constant at 535 kPain all experiments. It
resultsin aslight variation of inlet refrigerant temperature for R-22 experiments and both inlet and exit
temperatures for R407c experiments.

During operation with a superheated refrigerant at the evaporator exit, the inlet water temperature
was held constant at 12°C. When operating with a saturated refrigerant at the evaporator exit, the inlet
water temperature was varied to obtain the desired refrigerant quality. In both cases, the water flow rate
was adjusted to give awater temperature difference of 5°C. Approach taken implicitly assumes that the
change of refrigerant side heat transfer coefficient is proportional to the change in water side heat transfer
coefficient.

The oil used in thisinvestigation for both R-22 and R-407¢c was polyol-ester oil (POE) with an
I SO viscosity grade of 22 (Mobil product number 60105-4). Mass concentration of oil in circulating
refrigerant was measured to be between 0.2 and 1.7% for both refrigerants. Later experiments performed
using HX A in ACRC at the University of Illinois with R-22 and mineral oil showed identical thermal

performance, indicating that the oil does not have significant effect on R-22 thermal performance.

4.1. Composition Measurement Procedure
One of the objectives was to measure the composition of R-407c at different stages during

experiments. Before experiment runs were conducted and while the system was not in operation,
composition measurements were taken of liquid from the receiver and of vapor from the suction line.
These were taken to insure composition changes did not occur throughout the testing period due to
unforeseen reasons such as leaks in the system. During experiment runs, vapor samples were taken and

analyzed from the suction line to determine the circulating composition and, when possible, liquid samples

13



from the bottom of the evaporator to determine the local composition of stagnating liquid. Samples were
acquired from start-up to the point the system reaches desired test conditions. Composition experiments

were completed at low and a high mass flux for each subcooled temperature.

4.1.1. Liquid Samples from Receiver
Liquid samples are acquired using a 300 cc cylinder as shown schematically in Figure 4.1.

4
300cc <

1 2 3

Filter

Figure 4.1 Test apparatus used to acquire refrigerant samples for composition analysis

Thefirst step is connecting the test apparatus on the left end to a valve which suppliesliquid
refrigerant from the bottom of the receiver. Before a sampleistaken, the sasmpling apparatusis evacuated
using a vacuum pump connected on theright side. A sampleisthen acquired betweenvalves1land 2. The
apparatusis then removed from the chiller. Next, valve 2 is slowly opened evaporating the refrigerant.

The sample flows through the filter removing the oil. At room temperature, all refrigerant will be
superheated vapor. Asan added measure, the entire test apparatus is heated to ensure compl ete evaporation
of refrigerant. Thefinal pressure in the test apparatus is approximately 60 psi providing sufficient vapor
for testing with the gas chromatograph.

4.1.2. Vapor Samples from Suction Line
Vapor samples are acquired from a schrader valve on the suction line after the mixer or heater,

depending on which isbeing used. Inamanner similar to above, the test apparatus shownin Figure4.1is
first connected to the valve and then evacuated. However, it isnot necessary to trap refrigerant between
valves 1 and 2 but the filter is still used to remove oil. The test apparatusisfilled until reaching a pressure
between 30 and 60 psi.

4.2. Oil Composition Measurement Procedure
Oil composition measurements were taken using two methods: one following ASHRAE Standard

41.4 (1984), and one using an impactor as described below. Both methods gave approximately equal
results.

The apparatus shown in the following figure was used for oil composition measurements.
Intox Products|
! >< >< Impactor

Figure 4.2 Test apparatus used to measure oil composition

First, the apparatus is connected to the compressor bypass liquid line and is evacuated using a
vacuum pump. A liquid sample of circulating refrigerant-oil mixture is trapped between the two valves.

The apparatus, excluding the impactor, isweighed before and after taking the sample to determine the
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refrigerant-oil weight. The sample section is connected to the impactor and is heated to increase the
pressure. Then, the valve is opened introducing the refrigerant to the impactor. Liquid refrigerant blows
through the impactor, evaporates, and escapes to the atmosphere at the exit of the impactor. Oil isfiltered
out of the refrigerant by means of seven stagesin the impactor. In each stage, the oil mixture passes
through afiberglass filter and isthen directed to an orifice that accel erates the mixture and also directs the
refrigerant to the next filter stage. Each succeeding stage has asmaller orifice.

The impactor stages are weighed individually before and after filtering to determine the weight of
the oil. Oil composition is calculated by dividing the weight of the oil by the weight of the sample.

4.3. Oil Hold-up Measurement Procedure
It was discovered during this investigation that a significant amount of oil is held up in the

evaporator after shut down. It wasdesired to quantify the mass of ail.
After experiment runs were completed, and when possible, the evaporator was isolated with valves
immediately after shut down. The evaporator was evacuated slowly, being careful not to remove any ail.

After evacuation, all oil was drained from the evaporator and oil weight was measured.
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Chapter 5.0. Experimental Results

5.1. Objective of Study
The objective of thisinvestigation isto determine whether fractionation occursin brazed plate heat

exchangers (BPHE) with refrigerant R-407c especially when operating with lower mass velocities. This
investigation evaluates the behavior of BPHE operating in different configurations and over a broader
range of operating parameters than usual. Thisincluded operating with refrigerant flow in the upward and
downward flow directions, with and without superheat, with and without refrigerant distributor and with
varying evaporator inlet quality.

The approach taken in this investigation was to evaluate the thermal performance of R-407c in
comparison to R-22 for the various experiment conditions and evaporator configurations discussed in detail
in Section 4.0. In addition, refrigerant samples were taken for composition analysisto determine the
magnitude of fractionation, relating it to the differences observed in thermal behavior.

Data collected allowed for the determination of log mean temperature difference (LMTD) and
overall heat transfer coefficient (U-value). Use of U-value based on LMTD approach is associated with
numerous assumptions and cannot catch the detailsin heat transfer differences. Comparisons are made
between refrigerants based upon the calculated U-value. This approach for comparison is based from a
system point of view. Thisinvestigation was not a study of local heat transfer but, rather, a study of heat
exchangers. Thisjustifiesthe use of LMTD and U -value to compare two different refrigerants and various
evaporator configurations. Further, U-values are based upon a constant temperature difference on the water
side and are not intended to be used for design.

Experiment runs in the range 50% to 100% of maximum mass flow rate were conducted with
evaporator and compressor bypass. Refrigerant samples were taken for composition analysisin order to
detect fractionation at two locations: the rear bottom of the evaporator inlet header (designated as
“evaporator sample”) and the suction line downstream of amixer (designated as “circulating sample”).
The composition of the evaporator sampleis representative of stagnating liquid at the bottom of the
evaporator while the circulating sample is representative of the majority of the refrigerant charge located in
the suction line, receiver and liquid lines. Conclusions regarding the degree of fractionation occuring will
be made based upon the circul ating samples, since there is no assurance of what was sampled from the
evaporator. The evaporator sample was taken from atube inserted into the evaporator header. The tube
was placed near the back bottom of the evaporator header. However, the exact |ocation of the tube and the
conditions present in the evaporator was not known. Despite this, some useful knowledge may be gained

from the evaporator sample results.

5.2. Establishing the Baseline (Experiment 1)

5.2.1. Objective of Experiment 1
The objective of Experiment 1 isto evaluate the difference between R-22 and R-407c in the range

50% to 100% of typical design capacity (12 kW) using an evaporator sized for 100% capacity (HX A).
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This establishes athermal basis for comparison with other evaporator configurations and/or experiment
conditions.

It was expected that fractionation and maldistribution would be minimized under these conditions
allowing afair comparison between refrigerants. Thisis reasonable since the high velocities and
turbulence present in the heat exchanger would carry liquid upward through the evaporator refrigerant
channels and prevent aliquid pool from forming in the inlet header and, thus, prevent preferential
evaporation (fractionation).

5.2.2. Results of Experiment 1
Figure 5.1 compares the thermal performance of R-22 and R-407c for the baseline experiment

(Experiment 1). Refrigerants R-22 and R-407c perform essentially the same under these conditions; U-
values for both refrigerants are approximately equal throughout the range of mass flux (10-25 kg/nf-s) at
both subcooled temperatures. However, at a subcooled temperature of 15.6°C, U-values are dlightly greater
(up to ~15% greater) for R-22 than R-407c in the approximate range 50% to 75% of maximum mass flux.
Thethermal performance trends observed through this experiment establish the baseline for further
experiments.

Figures 5.2 through 5.4 and Table 5.1 show the change in refrigerant composition of samples from
the two locations from initial start-up until steady state was reached for 10 kg/nf-s and 20 kg/nf-s mass
flux with a subcooled temperature of 32.2°C. A case was also evaluated with 20 kg/nf-s mass flux and
subcooled temperature of 15.6°C. As expected, all three figures show a greater composition of R-134ain
the evaporator sample than in the circulating sample. Likewise, a greater fraction of R-32 and R-125 are
found in the circulating refrigerant sample. While the changes in composition are small (R-134a
composition shift is approximately 0% to-1.2% for circulating samples and 0.5% to 3.6% for evaporator
samples), the preferential evaporation that characterizes fractionation is demonstrated. Unfortunately, data
is not available at low mass flux with 15.6°C subcooled temperature. However, fractionation is minimal as
expected for all other cases as postulated above. Refer to Table 5.1 for exact composition shift seen from
initial start-up to steady state.

One may notice the appearance of greater composition shift occurring in the evaporator sample
with 32.2°C subcooled temperature versus 15.6°C by comparing Figure 5.3 with 5.4. R-134a composition
shift is 3.6% for subcooled temperature of 32.2°C (Figure 5.3) while composition shift is 0.5% for
subcooled temperature of 15.6°C. It is known that a two-phase zeotropic mixture, such as R-407c, with a
higher quality has a greater composition of the least volatile (lower pressure) component in the saturated
liquid, which in this caseis R-134a. Therefore, the composition of saturated liquid refrigerant R-407¢
entering the evaporator should have a higher composition of R-134afor higher inlet quality cases. This
explainswhy alarger shift in composition is seen in the evaporator sample for subcooled temperature of
32.2°C (inlet quality of 0.21) than for subcooled temperature of 15.6°C (0.10). A comparison of circulating
samples for these two cases show similar results (-1.2% for subcooled temperature of 32.2°C and -0.8% for
15.6°C).
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An unusual result is observed by comparing Figure 5.2 with 5.3. It appears that greater
composition shift occurs with greater mass flux. For example, R-134a composition shift is 0% in the
circulating sample at low mass flux (Figure 5.2) while R-134a composition shift for the high mass flux case
(Figure 5.3) is-1.2%. R-134acomposition shift in the evaporator sample was 1.6% for the low mass flux
case and 3.6% for the high mass flux case. The exact opposite was expected; i.e. composition shift was
expected to be less for the high mass flux case. This effect could be related to the degree of oil hold -up

seen in the evaporator at low mass flow rates, which is discussed further in Section 6.4.
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5.3. In Search of Fractionation and Maldistribution (Experiment 2)

5.3.1. Objective of Experiment 2
The objective of thisexperiment isto explore the effect of mass flux on fractionation and

maldistribution. To simulate significantly reduced compressor capacity, the evaporator used in Experiment
1 was replaced with a much larger heat exchanger, HX B. This heat exchanger is exactly the same type as
HX A, just larger (design capacity of 60 kW compared to 12 kW for HX A). With the same compressor,
the range of mass flow rate used in this investigation corresponds to approximately 7.5% to 15% of the heat
exchanger design mass flux. The results of this experiment has some practical use since requirements for
higher EER and compactness are driving technological innovation towards generously -sized heat
exchangers, requiring operation with lower vel ocities/mass flow rates than the heat exchangers were
designed for. Note, however, that the reduction in mass flux is exaggerated in this evaluation intentionally
to present aworse case scenario.

With such low mass flux (~2-5 kg/nf-s compared to ~10-20 kg/nf-s for baseline experiment), the
performance of R-407c is expected to be degraded with respect to R-22 performance when compared to
Experiment 1 results due to fractionation. The large inlet header of HX B and the low inlet velocities
provides an environment conductive to pooling of liquid refrigerant and preferential evaporation.
Maldistribution is expected since the mass flux is significantly lower than the evaporator design. It isnot
known whether mal distribution has an effect on the magnitude of fractionation.

Also at issuein this experiment is the effect of inlet quality onfractionation. At 15.6°C subcooled
temperature (inlet quality of 0.08 for R-22 and 0.10 for R-407c), evaporator inlet quality is significantly
lower than at 32.2°C (inlet quality of 0.18 for R-22 and 0.21 for R-407c). Since two-phase fluid with lower
quality is composed of alarger fraction of liquid, the fluid velocity at theinlet of the evaporator at the same
mass flux is lower for the 15.6°C subcooled temperature cases increasing the likelyhood of liquid
refrigerant pooling in the evaporator inlet header. It is postulated that with increased subcooling/decreased
inlet quality, the reduction of R-407c performance when compared to R-22 will be of greater magnitude,
i.e. fractionation is expected to be more significant at 15.6°C.

5.3.2. Results of Experiment 2
With the low mass flux present in the large evaporator HX B, U-values for R-22 are much reduced

compared to higher mass fluxes seen in Experiment 1 as shown in Figure 5.5. The linear trend in U-value
between HX A and B demonstrates that heat exchanger similarity was maintained between Experiment 1
and 2. R-407c U-values are significantly less than R-22 in the entire range of mass flux (2-5 kg/nf-s) at
both subcooled temperatures, as shown in Figure 5.6. Performance difference between R-407c and R-22 is
approximately 15% with 15.6°C subcooled temperature and approximately 8% with 32.2°C subcooled
temperature. This could indicate a slight influence of inlet quality on fractionation or could simply be
related to the thermophysical differences between R-22 and R-407c.

Based upon the degradation in R-407c thermal performance, it is expected that the refrigerant
composition analyses will show increased composition shift when compared to Experiment 1 results.

Experiment 2 composition results for mass flux of 2 kg/nf-s and 4 kg/nf-s and subcooled temperatures of
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32.2°C and 15.6°C are shown in Figures 5.7 through 5.10 and Table 5.1. Comparison of these figures with
the corresponding figure from Experiment 1 (Figure 5.7 with 5.2, 5.8 with 5.3, etc.), showsthat
composition shift is slightly greater for the larger evaporator HX B (R-134a composition shift is
approximately -1% to -4% for circulating refrigerant samples and 3% to 6% for evaporator samples). For
example, R-134a composition shift is-1.1% in the circulating sample and 3.3% in the evaporator sample
for Experiment 2 at 2 kg/nf-s mass flux and 32.2°C subcooled temperature (Figure 5.7). In comparison, R-
134a composition shift is 0% in the circulating sample and 1.6% in the evaporator sample for Experiment 1
at 10 kg/nf-s mass flux and 32.2°C subcooled temperature (Figure 5.2). Similar conclusions are made
when comparing other representative figures. However, the magnitude of composition shift is still
negligible for Experiment 2; much greater fractionation was expected.

Comparison of Figures 5.7 with 5.9 and Figure 5.8 with 5.10 reveal s that subcooling has a slight
effect on fractionation. Composition shift of R-134ain the circulating sampleis-1.1% at low mass flux
and 32.2°C subcooling temperature and -1.8% at high mass flux and 32.2°C (Figure 5.7 and 5.8). In
comparison, R-134a composition shift in the circulating sample is-2.2% at low mass flux and 15.6°C
subcooled temperature and is-4.0% at high mass flux and 15.6°C (Figure 5.9 and 5.10). The composition
shift in the circulating samples doubles with increased subcooling for the high and low mass flux cases.
Thisis consistent with the greater degradation in R-407c performance at 15.6°C subcool ed temperature
versus 32.2°C, indicating that greater subcooling increases fractionation. Asseenin Table5.1, the
evaporator sample shows a higher concentration shift for R-134awith 32.2°C at the same mass flux, similar
to what is seen in Experiment 1. Asdiscussed in Experiment 1, thisis attributed to the inlet quality and the
properties of zeotropic refrigerants.

Also seen in Experiment 1, greater composition shift is seen at higher mass flux, opposite of
expectations. R-134acomposition shift is-1.1% for the circulating sample and 3.3% for the evaporator
sample at low mass flux (Figure 5.7) while R-134a composition shift for high mass flux is-1.8% for the
circulating sample and 5.9% for the evaporator sample (Figure 5.8).

To summarize, the figures presented for Experiment 2 show that reduced mass flux does increase
fractionation and does reduce R-407c performance when compared to R-22. However, the decrease in R-
407c performance seen in these results does not fall to alevel that could be considered degraded. Further,
increased subcooling (decreased inlet quality) slightly increases fractionation and reduces R-407c

performance with respect to R-22 at similar conditions.
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5.4. In Search of Fractionation, Reducing Potential Effects of Maldistribution (Experiment
3)

5.4.1. Objective of Experiment 3
The evaporator used in Experiment 3, HX C, incorporates a distributor internal to the refrigerant

inlet header but isidentical in all other respectsto HX B, the evaporator used in Experiment 2. The
objective of the replacement was to significantly reduce or eliminate the effects of maldistribution, if it
exists, to facilitate detection of fractionation. Note that the addition of the distributor made the acquisition
of refrigerant samples from the inlet header of the evaporator useless. Therefore, only circulating
composition results were taken.

With the reduction or elimination of maldistribution, the performance of R-22 and R-407c¢ should
improve when compared with performance in Experiment 2 due to improved wetting of the heat exchanger
surfaces. Thisexperiment will also determine the effect maldistribution has on the magnitude of
fractionation by comparing the difference between R-22 and R-407c performance of both this experiment
and Experiment 2.

5.4.2. Results of Experiment 3
Figure 5.11 shows that, with the exception of afew outliers, R-22 performance in HX C is

essentially the sameasin HX B. Thisindicates that either distribution was not improved by the addition of
adistributor or maldistribution is minimal in both evaporators. Observation of Figure 5.5, which compares
the results of Experiment 1 and 2, shows alinear trend of U-value with mass flux. This suggests that the
likely caseisthat maldistribution was not an issue in thisinvestigation. However, Figure 5.12 shows a
slight improvement of R-407¢ performance with the distributor (HX C) versus without (HX B), in the range
of, perhaps, 2-3%. However, the magnitude of this difference between Experiment 2 and 3 results are
within the error expected for thisinvestigation. As such, composition analysis for this experiment is
expected to produce similar results as Experiment 2.

The refrigerant R-407c composition results are presented in Figures 5.13 through 5.16 and Table
5.1 at identical conditions as Experiment 2. As expected, comparison of corresponding figuresfrom
Experiment 2 and 3 shows that the magnitude of fractionation was essentially the same for both
experiments. Composition shift of R-134ain the circulating sample ranged from -1.6% to-3.1% for HX C
while the composition ranged from 1.1% to 4.0% for HX B. Comparison of corresponding cases from
Experiment 2 and 3 indicates greater composition shift for HX C at 32.2°C and |ess composition shift for
HX C at 15.6°C when compared to HX B. Further, composition shift is essentially the same at 15.6°C and
32.2°C for Experiment 3. With 32.2°C subcooled temperature, R-134a composition shift is-1.6% at low
mass flux and -3.1% at high mass flux. With 15.6°C, R-134a composition shift is-1.8% at low mass flux
and -3.0% at high mass flux. Previous results with HX B indicated that composition shift was greater with
increased subcooling (decreased inlet quality). R-134a composition shift for Experiment 2 is -1.1%
(32.2°C, low mass flux), -1.8% (32.2°C, high mass flux), -2.2% (15.6°C, low mass flux) and -4.0%

(15.6°C, high mass flux). However, the composition shift seen in both Experiment 2 and 3 are relatively
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small and much less than expected. Thisleadsusto believe that the distributor has no significant effects on
fractionation or maldistribution.

In summary, the addition of arefrigerant distributor had negligible effects on thermal performance
and fractionation. The differences in fractionation and thermal performance between Experiment 2 and 3
are much less than expected. Further, the signs that maldistribution was occurring in Experiment 2 were
not detected.

5.5 Influence of Saturated Evaporator Exit Condition (Experiment 4)

5.5.1. Objective of Experiment 4
The absence of more severe fractionation in Experiments 2 and 3 was unexpected and it was

postulated that, perhaps, the high degree of superheat somehow masked the effects of fractionation and that
the experiment conditions had somehow overcontrained the system. This condition is discussed further in
Section 6.0. To remove this constraint, this experiment allows the water side inlet temperature to float,
while maintaining a constant temperature drop, in order to achieve an average 0°C of superheat at the exit
of the evaporator. The evaporator with internal distributor, HX C, was used to minimize maldistribution.
Since it was established in Experiment 3 that varying subcool ed temperature/inlet quality with HX C does
not have asignificant effect on fractionation in the range of mass flux tested, experiments at a subcooled

temperature of 15.6°C were eliminated hereon out.

27



250
a
HXBvs.C
Upward Flow
[®) With Superheat o
Q@ 200 T . a
o R-22
s a
=
g W s °
S .
% 150 + . o °
(e}
o

Q o
(V] . o
5 ia °°
o
© 100 +
[ 0° %o
©
[}
I
= 9 HX C, Tr,sub=32.2°C
o st * HX C, Tr,sub=15.6°C
3 ® HX B, Tr,sub=32.2°C

® HX B, Tr,sub=15.6°C

0 + + + +
0.0 1.0 2.0 3.0 4.0 5.0

Figure5.11 Experiment 2 vs. 3 - Comparison of Calculated Overall Heat Transfer Coefficient with and
without a Distributor with R-22

250

Overall Heat Transfer Coefficient [W/nf-°C]

200 1

150 1

Refrigerant Mass Flux [kg/mz-s]

HXBvs.C
Upward Flow
With Superheat
R-407c

100 + o
o
e 0

° Distributor, Tr,sub=32.2°C

50 + ® Distributor, Tr,sub=15.6°C
B No Distributor, Tr,sub=32.2°C
® No Distributor, Tr.sub=15.6°C

0 + + t t
0 1 2 3 4 5

Refrigerant Mass Flux [kg/m 2-s]

Figure 5.12 Experiment 2 vs. 3 - Comparison of Calculated Overall Heat Transfer Coefficient with and
without a Distributor with R-407c

28



65.0

60.0 T

55.0 T

P\A/k A Ay A

50.0 +
c
9
'g 45.0 + HX C
g Upward Flow . . —©—R-32 Circulating
G a0+  Superheated Exit Condition
@) 2
- 2 kg/m~-s Mass Flux —B-R-125 Circulating
T 350l Trsw=322°C
% —A— R-134a Circulating
o

30.0 T

ZS'OE%\hg—g: i

20.0 1+

15.0 t +

0 1 2 3
Time
[hours]

Figure 5.13 Experiment 3- Composition change of circulating refrigerant at minimum flow rate with
refrigerant subcooled to 32.2°C

65.0
60.0 T
55.0 T
Zx\ﬁ‘ﬂ\‘\
50.0 4 =y A —A— A A
c
Qo
G 450 HX C
S ’ Upward Flow
IS Superheated Exit Condition —©—R-32 Circulating
8 49T 4 kgim%s Mass Flux o
2 Troub = 32.2°C —B-R-125 Circulating
3 ss0T
5 —&— R-134a Circulating
o
30.0 T
2504 (] 0 o m g
:%@7"
20.0 1+
15.0 t
0 1 2
Time
[hours]

Figure 5.14 Experiment 3- Composition change of circulating refrigerant at maximum flow rate with
refrigerant subcooled to 32.2°C

29



65.0

60.0 T

55.0 T

50.0 +

5
2 HX C
@ 450 Upward Flow R.32 Circulati
g Superheated Exit Condition -oc Lireulating
1 2
g 400 2 kg/m”-s Mass Flux —B—R-125 Circulating
= Trou = 15.6°C
3 sso0T —A—R-134a Circulating
@
a

300 T

20.0 +

Time
[hours]

Figure 5.15 Experiment 3- Composition change of circulating refrigerant at minimum flow rate with
refrigerant subcooled to 15.6°C

65.0
60.0 T

55.0 T

:\A\A/u
A
50.0 +

12 —A
5
2 HX C
@ 4501 Upward Flow ] ]
g Superheated Exit Condition ©=R-32 Circulating
2
o - =
O 400 4 kg/m’-s Mass Flux —B-R-125 Circulating
= Trau = 15.6°C
3 ss0T —A—R-134a Circulating
&

300 T

ZSVOEM —B B— —B

20.0 +

15.0 +
0 1 2
Time
[hours]

Figure 5.16 Experiment 3- Composition change of circulating refrigerant at maximum flow rate with
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It is expected that the capacity of the system will be reduced only slightly since the heat transfer
associated with the superheated zone is negligible when compared to the total heat transfer. But, overall

heat transfer coefficients are expected to increase for R-22 and R-407c since heat transfer in the refrigerant



channelswill be, on the average, entirely two-phase. However, velocitiesinternal to the evaporator will be
lower, which could increase the likelyhood of liquid refrigerant pooling and fractionation. Further, more
liquid refrigerant is present in the evaporator for this experiment since the entire evaporator is two-phase.

5.5.2. Results of Experiment 4
Figure 5.17, which compares the thermal performance of R-22 in Experiment 3 with Experiment

4, verifies expectations that U-valuesincrease with reduction in superheat. The improvement in U-value by
eliminating the superheated zone is on the order of 30% for R-22.

As discussed above, fractionation is expected to be worse with no superheat. Therefore, the
increase in R-407c performance by reducing superheat is not expected to be as dramatic as R-22. However,
Figure 5.18 shows that U-values for R-407c with no superheat are significantly greater (approximately
10%) than R-22, opposite of what was seen for cases with superheat (Figure 5.19). These results do not
necessarily mean that fractionation has been reduced by eliminating superheat. The above results can be
explained by observation refrigerant exit temperature and water inlet temperature. In Experiments 1
through 3, the refrigerant exit temperature was only slightly less than the inlet water temperature
(difference of less than 1°C) indicating the presence of pinched evaporator exit conditions. Based upon
this, one can conclude that R-407c two-phase heat transfer coefficient is greater than R-22, which was
somehow masked in Experiments 1 through 3 due to pinched exit conditions. Since baseline Experiments
were not performed with zero superheat, the composition analysis results should be used to determine the
effect of superheat on fractionation.

As expected, Figures 5.20 and 5.21 and Table 5.1 show that the magnitude of fractionation
increases due to the reduction in superheat. The composition shift of R-134afor this experiment is
approximately -4.3% at low mass flux and -3.7% at high mass flux. Composition shift for the
corresponding cases from Experiment 3 is-1.8% and -3.0%.

In Experiments 1 through 3, composition shift of R-134ain the circulating refrigerant was greater
with greater mass flux, contrary to what was expected. However, this experiment shows the expected
results of greater fractionation with lower mass flux.

In summary, the high degree of superheat seen in thisinvestigation did not mask the effects of
fractionation. Composition shift is still much less than expected and R-407c¢ thermal performance

degradation is not observed.
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5.6. Influence of Downward Flow (Experiment 5)

5.6.1. Objective of Experiment 5
The purpose of this experiment is to determine whether it is possible reduce fractionation by

reversing refrigerant flow downwards. Theidea of this experiment is to avoid pooling of large quantity of
liquid at the bottom of the evaporator. For thisinvestigation, it was necessary to construct a new distributor
which isinserted into the inlet header of the evaporator HX B to reduce the effect of expected poor
distribution. Thisdistributor is designed to be rotated to change the angle of spray into the evaporator. It
was determined through shake-down runs that the optimal spray angle was 70° from vertical (downward).
Further description of the new distributor is provided in Sections 3.1.4 and shake-down experiments are
summarized in Section 6.2.

The mechanism suggested in this paper for fractionation isliquid pooling in the inlet header of the
evaporator. The downward refrigerant flow of this experiment eliminates this mechanism due to gravity.
Composition shift is expected to be minimized by this orientation.

It isknown that downward refrigerant flow is not the optimum configuration for thermal
performance. Both R-22 and R-407¢c U-values will be penalized due to the downward refrigerant flow
configuration when compared to upward flow cases. To provide afair comparison of downward vs.
upward flow (Experiment 3), water inlet temperature was increased while maintaining constant water side

temperature drop such that superheat was obtai ned approximately equal to that of Experiment 3.



5.6.2 Results of Experiment 5
Figures 5.22 and 5.23 show a significant reduction in U-values for downward flow when

compared with upward flow (Experiment 3) for both R-22 and R-407c, a penalty that was expected. U-
valuesfor R-22 and R-407c decrease by approximately the same amount, 20%. Consistent with what was
seen for upward flow cases with superheat with the larger evaporators (HX B and HX C), Figure 5.24
shows R-407¢ U-values are less than U-values for R-22 with downward flow and superheat by
approximately 15%. Thiswas somewhat unexpected, since U-values for R-22 and R-407¢ were
approximately equal when fractionation was assumed to be non-existent in the smaller evaporator (HX A).

Based upon the above thermal results, it appears that no reduction in fractionation was obtained by
reversing refrigerant flow downwards. Thisis verified via observation of composition analysis results of
Experiment 5 in Figures 5.25 and 5.26 and Table 5.1. R-134acomposition shift is approximately -2.1% for
low mass flux and -2.0% for high mass flux. The values seen in Experiment 3 fall slightly below at low
mass flux (-1.6%) and slightly above at high mass flux (-3.1%). The differencesin composition shift
between this experiment and Experiment 3 are negligible.

In summary, this experiment shows that downward flow does not reduce fractionation in the
evaporator in the range of mass flux evaluated. Further, the thermal effects of fractionation were not

detected due to the small degree of fractionation witnessed in this investigation.
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Upward and Downward Flow with R-22
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5.7. Influence of Saturated Evaporator Exit Condition with Downward Flow (Experiment 6)

5.7.1. Objective of Experiment 6
Although Exp eriment 4 showed that the amount of superheat used in this investigation did not

influence the results, experiments were performed with a saturated evaporator exit condition with
downward flow as a matter of completion. Once again, the water side inlet temperature was allowed to
float while maintaining constant water side temperature drop to obtain an average of 0°C superheat.
Thermal performance was calculated for this experiment but composition measurements were not taken.

Results similar to that of Exp eriment 4 are expected where U-values are improved but
fractionation is essentially unchanged.

5.7.2. Results of Experiment 6
Consistent with upward flow cases (Experiment 4), Figures 5.27 and 5.28 show considerable

increase in U-value by eliminating superheat. Figure 5.29 presents a comparison of R-22 and R-407c
thermal performance. Not much conclusion can be made from this figure (same comment) other than
saying U-values are approximately equal, due to the data scatter. Although compositions measurements

were not taken, it is saf e to assume that results would be similar to that of Experiment 5.
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Table 5.1 Change in refrigerant R-407c composition from initial start-up of chiller to steady state at
two locations, the back bottom of the evaporator (evaporator sample) and from the suction line
(circulating sample)

Exp. MassFux Subcooled Evaporator Sample Shift Circulating Sample
No. [kg/mz—s] Temp. DR-32 DR-125 DR-134a DR-32 DR-125 DR-134a
[°C] [%] [%] [%] (%] (%] (%]
1 10 32.2 -1.0 0.9 16 0.2 -0.2 0.0
1 20 32.2 -2.0 -1.6 3.6 0.8 05 -1.2
1 20 15.6 0.3 0.3 0.5 0.6 0.2 -0.8
2 2 32.2 -1.5 -1.8 33 13 -0.2 -1.1
2 4 32.2 -3.2 2.7 5.9 14 04 -1.8
2 2 15.6 2.2 -1.3 35 13 0.9 -2.2
2 4 15.6 -1.8 -15 33 2.6 15 -4.0
3 2 32.2 N/A N/A N/A 13 0.3 -1.6
3 4 32.2 N/A N/A N/A 2.0 11 -3.1
3 2 15.6 N/A N/A N/A 13 05 -1.8
3 4 15.6 N/A N/A N/A 2.0 10 -3.0
4 2 32.2 N/A N/A N/A 24 19 -4.3
4 4 32.2 N/A N/A N/A 17 2.0 -3.7
5 2 32.2 N/A N/A N/A 0.9 12 2.1
5 4 32.2 N/A N/A N/A 0.7 13 -2.0




Chapter 6.0 Other Issues

6.1. Superheat Stability
During shake-down of the chiller, liquid droplets were noticed at the exit of the evaporator when

operating with less than 9°C of superheat with R-22 indicating imperfect distribution (7°C with R-407c
based upon difference between dew temperature at exit temperature and refrigerant outlet temperature).
These droplets were observed through sight glasses and are shown graphically as downward spikesin the
evaporator exit temperature reading. A static mixer was added to the suction line withthe ideato allow the
mixture of superheated vapor and entrained saturated liquid droplets to come to equilibrium (evaporate
droplets and unify vapor temperature). This provides a mean to determine refrigerant enthalpy at the exit
of the evaporator when liquid mass fraction of dropletsin superheated vapor is unknown.

Existence of the temperature difference between mixer inlet and outlet indicate presence of the
liquid dropletsin superheated vapor (droplet carry-over). Temperatures at theinlet and at the exit are
amost identical in two cases: a) inlet is pure superheated vapor or b) liquid carry over is so significant that
droplets are present even at the mixer outlet. In the case when just some liquid droplets are present in the
stream of superheated vapor at the evaporator exit, the inlet thermocouple reading fluctuates. Graphsin
Figure 6.1 through 6.3 for R-22 and 6.4 through 6.6 for R-407c illustrate typical conditions. Flow of both
refrigerantsis controlled by TXV.

Figure 6.1 shows unstable operation. Temperature reading at the exit from the evaporator, T out,
fluctuates indicating droplets present and mass flow rate is unstable.

With increase of superheat, the system startsto stabilize. "Marginally" stable conditions are
shown in Figure 6.2 with superheat of approximately 8.5°C. Evaporator exit temperature and mass flow
fluctuate but less than in the Figure 6.1 and exit from the static mixer is approximately 1°C lower than the
inlet.

With further increase of superheat evaporator-TXV loop stabilizes as shown in Figure 6.3.
Superheat is raised to approximately 10°C. Thereis no significant fluctuation of any parameter and mixer

inlet and exit temperatures are on the top of each other.
The accepted criterion for stability (tolerable range of evaporator exit temperature fluctuation) is*

0.5°C.
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6.2. Downward Flow Distributor Optimum Angle
Shake-down experiments were conducted with R-22 to optimize the angle of spray into the

evaporator prior to conducting Experiment 5. The chart in Figure 6.7 shows results of these experiments

and indicates that the optimal angle is approximately 70° for all three mass fluxes. Notice sone scatter of



datawith operation at 45 g/s. This can be attributed to hitting some internal obstruction at that particular
angle. Carewastaken in thisinvestigation to insure that the angle was identical for all tests and that the

distributor was not pointed at an internal obstruction for fair comparison.
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Figure 6.7 Optimization of distributor angle

6.3. Refrigerant and Oil Mixture Composition
The facility described in Chapter 3 uses a scroll compressor which requires the use of alubricant

which circulates throughout the system. For refrigerant compatibility reasons, polyol ester oil wasfor use
with both R-22 and R-407c experiments.

It wasidentified by Martz and Jacobi (1994) that system performance could be reduced by oil
“adsorbing refrigerant that could otherwise be used to transfer heat.” Since mineral oil istypically used
with R-22, the oil concentration circulating through the system was measured to ensure afair comparison
between refrigerants. In addition, samples were taken from the bottom back of the refrigerant inlet header
asthiswasidentified as a possible location for oil and liquid refrigerant hold-up. Thislocation islabeled
“refrigerant liquid sample point” in Figure 4.2. Datawas acquired using the procedure described in Section
3.2 and plotted in Figure 6.8.

Thecirculating oil composition ranges between 0.24 and 1.71% by mass for R-22 and between
0.24 and 0.87% by mass for R-407c.

Thereis anoticeable trend for measurements of oil composition in the back bottom of HX B. As

mass flux is reduced, the mass concentration of oil increases significantly.
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Figure 6.8 Circulating oil concentration (liquid bypass sample) and oil composition in refrigerant inlet
header of evaporator

6.4. Evaporator Oil Hold-up
Sight glasseswere installed at the refrigerant inlet and outlet header to allow visualization of flow

quality. Through the sight glasses, it was discovered that a significant amount of oil drained out of the
evaporator into theinlet header after shutdown of the system. Asaresult, isolation valves were installed at
theinlet and outlet of the evaporator. These valves were closed immediately after shutdown to contain all
oil in the evaporator for measurement. M easurements were acquired following the procedure described in
Section 4.3.

The ail hold-up was quantified in HX A, B and C during operation with upward flow and is shown
graphically below in Figure 6.9. The diamond and triangle represent oil hold-up with R-407c in
evaporators HX A and B, respectively. The square and circle represent oil hold-up with R-22 in evaporator
HX B and C, respectively. An additional data point was acquired in HX A with R-22 at an unknown mass
flux. Thisdatapoint isidentified on the graph as a horizontal line, the length of which spans the range of
possible mass flux in HX A.

At first view, Figure 6.9 below indicates oil hold-up is dependent on mass flux. Thisis expected
since there is more vapor momentum at higher mass flux which will carry the oil up and out of the
evaporator. Also, evaporator flow is expected to be more turbulent at higher mass flux reducing dead zones
in the evaporator where oil could build up.

Since thereisalimited number of data points, it cannot be determined whether the type of

refrigerant affects oil hold-up. However, it appears that R-22 and R-407c follow the same trend in HX B



(squares for R-22 and Triangles for R-22) indicating that oil hold-up is similar for both refrigerants. Table

6.1 is presented, showing that approximately 6% to 35% of the refrigerant channel volume was full of oil.

The quantity of oil hold-up with R-22 is significantly greater in HX C than in HX B. Thiscan be

attributed to a dead zone between the refrigerant inlet and water outlet header created by the distributor.

Table6.1 Pecent of Evaporator Refrigerant Channels filled with oil

Mass Flux  Qil Quantity Oil Volume Evaporator Volume %0il
Evaporator Refrigerant (kg/mz—s) Q) (m3) (m3) (by volume)
HX A R-22 N/A 340 3.44E-04 9.68E-04 35.5%
HX A R-407c 22 63 6.34E-05 9.68E-04 6.5%
HX B R-22 45 335 3.39E-04 5.42E-03 6.3%
HX B R-22 35 514 5.20E-04 5.42E-03 9.6%
HX B R-407c 3 1046 1.06E-03 5.42E-03 19.5%
HX B R-22 4.2 879 8.89E-04 5.42E-03 16.4%
HX C R-22 2 1211 1.23E-03 5.42E-03 22.6%
1400
1200 1 ®
A

Quantity of Oil

g]

1000 A

800 A

600 1

400

200 A

Unknown Flow Rate (B15x45, R-22)

®R-407c B15x40
R-22 - B45x60
A R-407¢-B45x60
® R-22 V45x60

5

10

15 20

Approximate Refrigerant Mass Flux Prior to Shutdown

[kg/(m*s)]

Figure 6.9 Oil holdup in evaporator with upward flow

6.5. Imperfect exit conditions

25

Thefollowing four figures (Figures 6.10 through 6.13) illustrate the variation of the superheat at

the exit of the evaporator while changing the refrigerant mass flow rate. It is presented for experiments

with HX A. It was originally intended to maintain constant superheat and constant compressor suction

pressure for all tests. Further, water sideinlet temperature and temperature rise were also desired to be held

constant. Baseline results shown in Figures 6.10 through 6.13 present the change in superheat to maintain

constant compressor suction pressure, which indicated the need to relax constraint on refrigerant side outlet

temperature. Consequence is some effect on overall heat transfer coefficient due to decrese in length of

superheated zone at higher refrigerant flow rates.
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Chapter 7.0: Summary, Conclusions and Recommendations

Thisinvestigation explored the effects of fractionation and distribution of R-407c in brazed plate
evaporators especially when operating with low refrigerant mass flux. The results presented are based
upon a study of an evaporator in asystem not of local heat transfer. Fractionation wasdetected by means
of analyzing the composition of refrigerant samples from the suction line and from the back bottom of the
evaporator. Thermal performance was represented by calculation of the overall heat transfer coefficient
from measured parameters.

Intention was to relate the magnitude of fractionation with differences observed in thermal
behavior with respect to a baseline experiments with R22. Experiments were performed with R-22 in
paralel with R-407c so that the thermal consequences of fractionation can be singled out. The study
consisted of six experiments to highlight the effects of low mass flux, improved refrigerant distribution,
varied evaporator exit quality/superheat and downward refrigerant flow. Also evaluated was the effect of
subcooling (inlet quality). Thisinvestigation was purposefully set up such that recommendations could be
made with respect to future design of systems that will use R-407c or other zeotropic refrigerant.

Sinceit iswell accepted that R-407c will fractionate severely in shell and tube heat exchangers,
significant fractionation was expected. On the contrary, only slight fractionation (up to 5%) was observed
for all experiments, as shown in Table 5.1, indicating that the configuration of the plate evaporator does not
significantly influence the magnitude of fractionation. However, much information was gathered with
respect to fractionation. Fractionation doubled with lowering inlet quality although the magnitude of
composition shift with low inlet quality was still small. Thisis attributed to lower velocity in the inlet
header allowing liquid refrigerant to pool and preferential evaporation to occur. Unexpectedly,
fractionation increased with increased mass flux when operating with upward flow in Experiment 1, 2 and
3. This phenomenadid not occur with downward flow or when operating with upward flow and saturated
exit condition. Increased fractionation may be related to significant oil hold-up in the evaporator occurring
at low mass flux which displaces liquid refrigerant.

Overall heat transfer coefficients for R-407c were essentially equal to that of R-22 when operating
at nominal conditions. U-values for R-407c at low mass flux were up to 15% less than R-22. However, R-
407c U-values were approximately 10% greater than R-22 when operating with a saturated refrigerant
outlet condition.

Operation of aplate evaporator with downward refrigerant flow was tried using a custom
distributor. This orientation prevents pooling of liquid refrigerant at the bottom of the evaporator,
removing the mechanism for fractionation. There was no significant change in composition shift but the
thermal performance was significantly reduced, as expected. Reduced heat transfer performanceis
conseguence of the design that did not wet entire surface but just alimited part affected by narrow jet. The
benefits of such adevice with improved jet may be useful for other applications where more severe

fractionation is seen.



In the course of the investigation, various anomalies were noticed. Some data was acquired but it
is recommended that more research be performed to fully understand the issues.

One of these issues was superheat instability. Liquid droplets were present at the evaporator outlet
when operating with less than 9°C of superheat for R-22 (7°C for R-407c). These droplets were also seen
graphically as spikesin the evaporator exit temperature reading. It is postulated that this phenomena could
be due to maldistribution.

The other problem which surfaced during thisinvestigationis oil hold-up in the evaporator at very
low mass flux. This condition may starve the compressor of needed lubrication, not to mention that this
condition penalizes thermal performance dueto loss of heat transfer area. This problem could be related to
the two compressor failures of thisinvestigation. The mass of oil held-up in the evaporator corresponded
to up to 35% of the volume of refrigerant channels for some cases.

Effect of fractionation (and maldistribution in some cases) are expressed through UA value. Itis
imperfect becauseit is affected by temperature glide and sometime unequal superheated zones. More

precise measurement might be change in heat transfer coefficient in two phase region.
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Chapter 8.0 Data Reduction

8.1. Determination of Mass Fractions using the Gas Chromatograph
Samples were analyzed using a Perkin EImer Autosystem Gas Chromatograph utilizing a thermal

conductivity detector (TCD). Carrier gaswas zero grade hydrogen, at least 99.995% pure. The gas
chromatograph was allowed to warm up and carrier gas flow was allowed to equilibriate for at |east 45
minutes prior to calibration.

Calibration was completed by analyzing pure components of R-32, R-125, and R-134a. The test
chamber was bled with the refrigerant being sampled and allowed to reach atmospheric pressure before
samples were taken. Since the sample volume, test chamber temperature, and the atmospheric pressure
were known, the weight of the smaple taken was easily determined. The gas chromatograph outputs the
results as an area for each component corresponding to differencesin conductivity between the carrier gas
and the sample gas. Thisareaisdirectly related to the weight of the sample taken. Because the weight of

the sample is known, aweight factor is determined for each component which is used when analyzing R-
407c samples. The weight factors are determined using the formulas below where w is the weight factor, r

isthe density, V isthe volume of the test chamber, and A isthe result output by the gas chromatograph.

Mro WV
Wg- 32 A
R- 32
W _ rR-lzs)V
R-125 — AR
-125
_rR—134a>\/

Wr.134a =
AR 1314

When R-407c¢ samples are analyzed, three areas will be output by the gas chromatograph. The

areas are converted to mass fraction, denoted by x, by using the following equations.

XR_ - - WR- 32 ’ A?-BZ

WR- 2 XA?— 32 + WR- 125 XA?- 125 + WR- 134a XA?- 134a
XR_ s — WR- 125 XA?- 125

WR— 32 XA?— 32 + WR— 125 XA?— 125 + WR— 134a XA?— 134a
XR_ 134 - WR— 134a XA?— 134a

WR— 32 XA?— 32 + WR— 125 XA?— 125 + WR— 134a XAR— 134a

8.2. Determination of Heat Exchanged
Heat exchanged is determined on both the water and refrigerant side using the following
equations:

Qw =M pr(Tw,in - Tw,out ) Equation 1
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Qr =M, (hr out ~ hr,in) Equation 2

Mass flow rates are acquired using coriolis type mass flow meters on both the water and
refrigerant side. The water specific heat is calculated at the average of the inlet and outlet water
temperatures, which are acquired with thermocouples. The enthapy at the outlet of the evaporator is
calculated for data with superheat differently than data without superheat. With superheat, the evaporator
outlet enthalpy isafunction of the temperature and pressure after the mixer. For data without superheat,
the enthal py at the outlet of the heater is determined first as afunction of temperature and pressure. The
heat exchanged in the heater is measured using awatt transducer which allows the enthal py at the outlet of

the evaporator to be determined as follows:

_ (Qweat B Mrhneet,out)
he'vap,out - M

.
The evaporator inlet enthal py is calculated as afunction of the temperature and pressure at the

Equation 3

inlet to the expansion valve. All pressures and temperatures are aquired with pressure transducers and

thermocouples, respectively.

8.3. Determination of the Overall Heat Transfer Coefficient
Theoverall heat transfer coefficient is determined by the following formula:

Qu

U= m Equation 4
ap

The water side heat exchanged was used in the calculation of the overall heat transfer coefficient
due to auncertainty in the R-407c refrigerant composition.
The log mean temperature difference, or LMTD, is calculated as a function of the inlet and outlet

water temperatures, inlet refrigerant temperature, and saturated refrigerant outlet temperature.

_ (Tw,in - Tr,out,sat)' (Tw,out - Tr,in) .
LMTD = Ir{(TW’in ] Tr,our’Sat)/(_l_w’out ] Tr’m)] Equation 5

It was decided to use the saturated outlet temperature cal culated as a function of the evaporator
outlet pressure. The refrigerant inlet temperature is determined as a function of theinlet pressure and

enthalpy. Theinlet and outlet water temperatures are directly measured with thermocoupl es.

8.4. Determination of the Water Side Heat Transfer Coefficient
The single phase correlation shown below was provided by SWEP to determine water side heat

transfer coefficient.

nCp
k

Pr= Equation 6



4 4
y = 0.333ex EEPr 3 O% Equation 7
MTCRE
Re = Equation 8
m
Nu = CRe" Pr? Equation 9
h=Nuk/d, Equation 10

The coefficientsin the Nusselt number cal culation are shown in the table bel ow.

Table 8.1 Coefficientsin single phase heat transfer coefficient correlation used for water

C n

Re<10 0.61649 0.33
10<Re<20 0.38305 0.54
20<Re<40 0.04995 122
40<Re<80 0.63676 0.53
Re>80 0.330 0.68

Trane, Co., conducted experiments to determine the validity of this correlation. They determined

that this correlation predicted heat transfer coefficients within 3.5% of their lab results.

8.5. Kedzierski’'s Method
An alternative method of calculating LMTD, as used by Kedzierski (1997), was evaluated and

compared to the method in Section 8.3. His method is as follows:

- Qv DTV + Aot DTZf
Ot

DT

Equation 11

Where,
DT Average temperature difference
DT, L og mean temperature difference for the superheated zone

DTy L og mean temperature difference for the two phase zone

ar Total heat transfer
Qv Heat transfer associated with the superheated zone
Ot Heat transfer associated with the two phase zone

Kedzierski’s method does not provide significantly different results than using the method of
Section 8.3.



Chapter 9.0 Error Analysis

9.1. Fractionation Determination
There are many possible sources of error encountered when measuring the composition of ternary

mixtures. To begin with, it is essential that the system was maintained |eak-proof since R-407cisa
zeotropic mixture. Vapor leaks of zeotropic mixtures can have significant effects on overall system
composition and performance. Thus, composition measurements of vapor and liquid R-407c¢ were taken
prior to operation and data acquisition to ensure that composition shifts due to vapor leakshad not occurred
(seefiguresin Attachment C). Other error could be introduced during sampling of refrigerant, especially if
sampling liquid refrigerant. To reduce sampling error, vapor samples were taken when possible.

Thefinal source of error isinstrument uncertainty. A Perkin Elmer Autosystem GC was used to
measure composition. Per the instrument specification sheet, error in measurements for thisinstrument is
on the order of 0.5%. It was desired to verify this uncertainty by measuring the composition of a known
mixture (33.1% R-32, 50.4% R-125 and 16.5% R-134a). Three measurements were madein a1 hour time

span, the results of which are shown in the following table:

Table 9.1 Measurement of composition of known mixture

Sample R-32 Composition R-125 Composition R-134a Composition
Known Mixture 331 50.4 16.5
1 331 50.9 15.9
2 331 50.9 16.0
3 33.1 50.9 16.0

Theresults shown in Table 9.1 indicate that the gas chromatograph measurements are repeatable
and measurements are within 0.5%. Therefore, thisinvestigation will consider composition measurements

to be accurate to within 0.5%.

9.2. Thermal Performance Calculations
The “uncertainty propagation” feature in EES was used to determine instrument propagation error

for the calculated U-values presented in thisinvestigation. EES uses a method for determining this
uncertainty propagation as described in NIST Technical Note 1297 (Taylor and Kuyatt, 1994). Instrument
propagation error for U-valueis presented in Appendix A and istypically in the range from 3% to 4%.
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Appendix A: Heat Transfer Data

All of the heat transfer data collected in this study arelisted in Appendix A. Alsoincluded arethe

parameters cal culated for analysis.
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Table A.1 Thermal performance data summary for Experiment 1 (R-22)

Experiment 1 - R-22
HX A: Three Ton Evaporator

Measured Values Calculated Values

Mr Mw Pr,txv Pr,out Tr,txv Tr,in Tr,out Tr,mix Tw,in Tw,out Tr,sat,out Qr QW hw U

lofs] | [g/s] | [kPa] | [kPa] [ [)C] | [°C] | [C] [ [C] [ Q] | [C [°Cl [ (kW] | (kW] | [W/(nP-°C)]|  [W/(nP-°C)]
27.7] N/A [1536]532.1]15.6( 2.0 11.8] N/A|12.0| 7.0 2.1 54 [ N/A[ 5314 576 #19
30.8/275.8|1487|529.0{ 15.7] 2.2 (121 12.0]121| 6.9 1.9 6.0] 6.1 | 5592 624 +20
32.7[291.911583|530.7{ 15.2]1 2.3(12.0(11.9]121| 6.8 2.0 64 ] 65| 5808 681 +22
39.5] N/A |14441529.4]115.8]2.0]|11.6| N/A|119] 7.1 1.9 7.7 [ N/JA[ 6914 802 *27
41.7(391.1] 1441|523.3]115.4]| 2.1 117 11.3[119]| 6.8 1.6 8.1]8.3[ 7080 824  *27
45.8]/435.0] 1409|521.5|1155| 2.1 117 11.1[119] 6.9 15 89191 7613 890 | £30
51.9/484.5|1376|519.2| 15.6] 2.2[(11.6[10.7]121| 7.0 1.3 ]10.0{10.3] 8204 976  £32
26.6(225.8|11575(529.3|132.4| 2.1 |112.1| 12.1|121] 7.0 1.9 46| 4.8 4882 477 +16
27.4] N/A |1544|535.8(32.4(2.3[11.9| N/A|121]| 7.0 2.3 4.7 | NJA| 4805 518 +17
34.6| N/A |1482|532.2132.1| 2.1 ({104 | N/A|120| 6.9 2.1 6.0 | N/A|[ 5648 651 +21
44.6|372.5{14181525.1{ 32.3| 2.2 11.5| 10.9[119| 6.8 1.7 77179 6849 802 +27
46.2|389.5[ 1405|522.7{ 32.3| 2.2 | 11.6| 11.0[{12.0| 6.9 1.5 8.0]| 8.2 7068 802 +27
49.71414.8{ 1380|520.0{ 32.2| 2.1 | 11.8| 10.9[12.1| 7.0 1.4 8.6 | 8.9 7387 832 +27
55.6/478.5| 1352]|515.6/ 32.4] 2.0 11.6 ] 10.3|12.0]| 7.1 1.1 9.6 | 9.8 8134 905 +30
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Table A.2 Thermal performance data summary for Experiment 1 (R-407c)

Experiment 1 - R-407c
HX A: 3 Ton Evaporator

Measured Values Calculated Values

Mr MW |:)r,txv |:)r,in Pr,out Tr,txv Tr.in Tr.out Tr.mix Tw,in Tw.out Tr.sat.out Qr Qw hW U

lg/s] ] [a/s] | [kPa] | [kPa] | [kPa] | [°C] | [°C] | [°C] | [*C] | [°*C] | [°C] [°C] [kW] | [kW] | [Wi(m2-°C)] [W/(m2-°C)]
24.11232.011708] N/A |530.1] 15.6] 0.06] 12.0] 12.0|12.0] 7.0 4.4 4.8 | 4.8 5106 456 +14
31.0]1301.3] 1635 N/A |1523.8| 15.6]|-0.24] 12.0| 11.9]12.1] 7.2 4.0 6.2 | 6.2 6107 548 +16
35.01324.2]11642] N/A |1528.2{ 15.7] 0.27] 11.8] 11.5]12.2] 7.0 4.3 7.0(70 6420 650 +19
40.7]387.9]11660({543.21534.8/ 15.6| 0.04] 11.3| 11.1]12.1] 7.0 4.6 8.1[82 7246 807 +24
48.21477.6]11617(533.0]523.4| 15.6|-0.32] 10.9( 10.4]119] 7.1 4.0 9.5 (9.7 8336 872 +27
52.6]1484.1]1646|542.1{531.9|15.6| 0.04] 6.4 | 89 |12.1] 7.0 4.5 10.4110.5] 8430 993 +29
57.11527.21 1636 N/A |525.5[15.6| 0.04] 5.9 | 7.2 112.0] 6.9 4.1 11.2111.3] 8921 1049  #31
26.5]1222.6]1697]|536.6/529.5|132.2|1 0.37] 11.9| 12.0]12.0|] 7.0 4.3 4.6 | 4.7 4966 460 +14
31.7]1272.9]11632| N/A [527.3({32.2] 0.58] 11.2]| 11.2|119] 7.0 4.2 55[ 5.6 5694 548 +17
37.2]311.9]1466| N/A [531.0{32.3] 0.36]11.3] 11.1|12.1| 7.1 4.4 6.4 [6.5 6246 647 +19
37.71318.9] 1440(539.31530.7{ 32.3] 0.12] 11.6| 11.4]12.0] 7.1 4.4 6.5 | 6.6 6341 651 20
41.6]347.7]11699(540.8| 532.0| 32.2| 0.67] 6.0 | 84 |119] 7.0 4.5 71172 6717 728  ¥22
49.21392.01 1687(534.7|524.7]1 32.2] 0.55] 5.6 | 7.7 |12.1] 7.0 4.1 8.3 84 7298 802  *27
50.0]405.1]1838|534.7|1524.1{ 32.3]1 0.58] 55 | 7.0 |12.0] 7.0 4.0 8.4 |84 7457 815 +25
53.9]1436.01 1703 N/A [522.3(32.2]1 0.75] 5.7 | 7.3 |12.1] 7.1 3.9 9.1]9.1 7846 856  *26
60.11488.2]1645|543.21530.9/ 32.3]1 0.50] 5.7 | 81 |12.0] 7.0 44 110.2[10.2] 8465 1039  +32
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Table A.3 Thermal performance data summary for Experiment 2 (R-22)

Experiment 2 - R-22
HX B: 20 Ton Evaporator w/o Distributor

Measured Values

Calculated Values

Mr MW F>r,txv I:)r,in Pr,out Tr,txv Tr,in Tr,out Tr,mix Tw,in Tw,out Tr,sat,out Qr Qw hw U

lo/s] [o/s] [kPa] [kPa] [kPa] [*C] [°C] [°C] [°C] [°C] [C] [*C] [kW] | [kW] J WiIm2-°C)] [  [W/(m2-°C)]
29.6 | 2729 1548 536.1 534.9 15.6 2.20 11.8 11.8 12.0 7.0 2.25 5.7 5.7 1955 112 4
379 | 352.8 1462 537.6 536.4 15.5 2.25 12.1 11.7 12.0 7.0 2.34 741 74 2241 145 5
43.2 | 404.7 1414 537.8 536.6 15.6 2.25 12.1 11.6 11.9 7.0 2.35 8.4 8.4 2460 167 6
49.1 | 446.5 1376 537.1 535.9 15.6 2.24 12.1 114 12.0 6.9 2.31 9.5 9.5 2631 189 6
53.7 | 496.0 1352 536.9 535.7 15.7 2.21 12.0 11.2 11.9 7.0 2.29 10.4 ] 10.3 2825 205 7/
61.8 | 561.9 1316 536.6 535.4 15.6 2.23 12.1 10.8 12.0 6.9 2.28 11.9]11.9 3076 236 8
26.8 | 221.0 1739 538.5 537.3 32.2 2.35 11.6 11.8 12.0 7.0 2.39 46 | 46 1749 92 +3
316 | 2554 1704 538.8 537.6 32.3 2.37 11.9 11.9 12.0 6.9 241 5.5 5.5 1888 110 +4
374 | 3145 1660 536.1 534.9 32.2 2.19 12.1 11.8 11.9 7.0 2.25 6.5 6.5 2107 127 +
39.9 | 333.1 1595 536.5 535.3 32.3 2.20 12.2 11.8 12.0 7.1 2.27 6.9 6.9 2174 134 +4
42.0 | 339.1 1658 535.1 533.9 32.3 2.21 11.9 11.5 12.0 6.9 2.19 7.3 7.2 2194 142 +
48.2 | 405.3 1547 536.5 535.3 32.2 2.19 12.1 11.4 11.9 7.0 2.27 8.3 8.3 2462 164 5
55.1 | 453.2 1567 536.4 535.2 32.1 2.23 12.2 11.2 12.0 7.0 2.27 9.5 9.5 2660 186 6
56.6 | 469.6 1674 | 535.6 | 534.4 32.2 2.23 12.1 11.1 12.1 7.1 2.22 98 | 98 2725 187 6
59.1 | 4819 1504 | 537.6 | 536.3 32.3 2.31 12.2 11.0 12.1 7.0 2.33 10.2 ] 10.2 2774 200 ey
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Table A.4 Thermal performance data summary for Experiment 2 (R-407c)

Experiment 2 - R-407c
HX B: 20 Ton Evaporator w/o Distributor

Measured Values

Calculated Values

Mr Mw F)r,txv I:)r,in Pr,out Tr,txv Tr,in Tr,out Tr,mix Tw,in Tw,out Tr,sat,out Qr QW hw U

[g/s] lg/s] [kPa] [kPa] [kPa] [Cl [°C] [°C] [°C] [°C] [C] [°Cl kW] | (kW] | WIm2-°C)] [  [w/(m2-°C)]

35.7 | 332.1 1527 534.9 532.8 15.57 -1.31 12.2 11.9 11.97 6.96 4.5 7.1 7.0 2170 120 +4
40.6 | 376.1 1488 538.6 536.6 15.55 -1.14 12.1 11.7 11.99 6.93 4.7 8.1 8.0 2341 140 +4
46.2 | 432.4 1443 535.0 532.9 15.57 -1.48 12.1 11.2 12.05 7.05 4.5 9.2 9.1 2576 152 5
52.1 | 492.3 1417 537.7 535.6 15.61 -1.22 12.1 11.2 12.01 7.03 4.7 10.4] 10.3 2813 178 5
57.6 | 542.7 1389 535.0 532.9 15.64 -1.44 12.0 10.6 11.91 6.93 4.5 1141 11.3 3002 194 6
61.2 | 5614 1374 534.6 532.6 15.60 -1.54 12.1 10.7 12.01 6.88 4.5 12.1]112.1 3075 204 16
30.6 | 248.8 1700 537.3 535.3 32.26 -0.76 12.0 11.0 11.96 6.97 4.7 53 | 5.2 1861 93 +3
33.7 | 273.1 1605 535.1 533.1 32.25 -0.95 12.0 9.2 12.00 7.01 4.5 57 | 57 1956 100 3
55.8 | 457.0 1742 538.6 536.5 32.22 -0.76 12.0 9.8 11.97 6.99 4.7 95 | 95 2673 171 5
604 | 496.4 1739 536.6 534.5 32.27 -0.74 12.1 10.7 12.02 7.01 4.6 10.4]10.4 2829 186 6
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Table A.5 Thermal performance data summary for Experiment 3 (R-22)

Experiment 3 - R-22
HX C: 20 Ton Evaporator w/ Distributor

Measured Values Calculated Values

Mr MW Pr,txv F)r,in Pr,out Tr,txv Tr,in Tr,out Tr,mix Tw,in Tw,out Tr,sat,out Tr,dist F>r,dist Qr Qw hW U

[o/s] | lo/s] | [kPa] | [kPa] | [kPa] | [°C] [ [*C] | [*C] | [°C] [ [’C] | [°C] [°C] [°C] | [kPa] | [kW] ] [kW] | [W/(m2-°C)]] [W/(m2-°C)]
31.91291.8]/1749(537.4]1536.2] 15.5]| 2.6 | 12.0 ] 12.0]12.1] 7.0 2.3 2.4 |5374]| 6.2 6.2 2027 121 #4
37.91346.7(/1696{537.41536.2] 15.6] 2.7 ] 11.8 | 11.6]12.0] 6.9 2.3 24 |5374]| 73| 7.4 2220 146 5
43.41397.9/1635|537.1]535.3] 15.5| 2.7 10.7 | 10.7119] 7.0 2.3 2.3 |536.5]| 84 ] 8.2 2431 165 +5
54.4]1499.3/1538[536.11534.8115.5|1 2.9 11.7 [ 11.1]122] 7.1 2.2 2.3 1536.0[10.5/10.7] 2845 201 +7
61.9| 546.1| 1497(538.7]1536.9] 15.7| 3.2 | 11.4 | 10.4]12.1| 6.9 24 2.4 1538.1(11.9]11.9] 3021 238 +8
27.41224.7]1677[538.61536.5]132.2|1 2.6 118 [ 11.9]121]| 7.0 2.3 24 |537.714714.8 1765 93 +3
29.4| 240.8] 1609(528.21526.11 32.1| 2.1 | 119 | 11.9]120| 7.1 1.7 1.8 1527.3] 51 | 4.9 1830 92 +3
33.9|283.3/1583[538.91536.7]1 32.2| 2.7 116 [ 11.5]120]| 7.0 24 24 15379[5915.9 1995 116 +4
38.2| 315.6/ 1413[530.81528.6] 32.2|1 2.3 119 11.7]121}| 7.1 1.9 2.0 |529.9( 6.6 | 6.6 2113 121 +4
42.2(357.811513[537.71535.6]32.2|1 2.8 | 11.7 [ 11.4]1120] 7.1 2.3 24 15368 73]17.3 2264 142 5
44.6({372.411624{537.71536.5] 32.3| 3.0 115( 11.2]1120} 7.1 2.3 24 |537.7| 77176 2326 151 +5
49.6/410.7]11396(522.3]1520.2]132.2|1 2.2 11.7 [ 11.21120] 7.0 14 15 15214)| 86 | 8.6 2486 148 +5
50.6{420.3(1713[{536.01534.7]132.21 3.1 11.4 ] 10.8]12.1] 7.0 2.2 2.3 [535.9] 8.7 19.0 2528 169 6
55.91463.2| 1833[536.5]1535.2]1 32.21 3.2 11.6 | 10.8]12.1] 7.1 2.3 2.3 1536.5] 96 | 9.7 2701 186 6
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Table A.6 Thermal performance data summary for Experiment 3 (R-407c)

Experiment 3 - R-407c
HX C: 20 Ton Evaporator w/ Distributor

Measured Values Calculated Values

Mr Mw Pr,txv Pr,in Pr,out Tr,txv Tr,in Tr,out Tr,mix Tw,in Tw,out Tr,sat,out Tr,dist Pr,dist Qr QW hw U

lo/s] | [o/s] | [kPa] | [kPa] | [kPa] | [°C] | [*C] | [*C] | [*C] | [*C]| [*C] [*C] [°C] | [kPa] | [kW] | [kW]|[WI(m2-°C)]| [W/(m2-°C)]
24.31229.111707| N/A [533.6/15.7]10.18 [ 12.0 | 12.0 J12.0| 7.0 46 [-1.03|/534.8| 4.8]4.8 1783 83 12
31.01283.9/1688(549.3/536.2| 15.8]-0.28| 119 | 120 1120 6.9 47 [-0.88/5374]16.2]6.1 1997 108 3
38.3]1371.4[1699[545.4|534.5|15.7]-0.56]| 11.8 | 11.7 1120 7.1 46 [-098|5357]|7.6]7.6 2321 132 #4
44.41421.211664[548.41536.21156]-0.34] 11.7 | 1151120 7.0 47 1-089153741881]88 2529 156 +5
51.91480.6|1634|549.3|1534.7]15.7]-0.12] 11.7 | 11.2 1120 6.9 46 [-0.97|5359]10.3]110.2| 2766 180  +5
59.21539.9[1584|554.0{537.3]115.7]10.15] 114 [ 10.7 ]12.1| 6.9 4.8 -0.83[538.5[11.7]11.6 2997 208 +6
25.81209.5[1720]535.71534.4|132.2]1-0.55] 118 [ 11.9]1119| 6.9 4.6 -0.21|535.7| 45144 1699 83 +2
32.3]1262.7[1708[536.0{534.7] 32.2]1-0.31] 119 [ 11.91120] 6.9 4.6 -0.20[535.9]| 5.6 ] 5.6 1916 104 +3
37.71303.8[1653[538.0|536.7| 32.2]-0.26] 11.7 | 10.5112.0( 6.9 4.7 |-0.09|5379]|6.5]6.5 2070 123 +4
44.9]1363.21601[538.5|537.3| 32.3]1-0.24] 11.5[ 105]1120] 7.0 4.8 -0.05[5385| 7.71 7.6 2286 144 +4
50.61405.8 1582 536.9| 535.6| 32.2]-0.05| 116 | 9.8 112.0[ 6.9 4.7 1-0.15|536.9] 8.7]8.7 2467 162 45
61.31490.211717| N/A [533.7/32.3]1.40(10.8 | 10.0 ] 12.0| 6.9 4.6 -0.251534.9(10.5]1104 2804 192 +6
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Table A.7 Thermal performance data summary for Experiment 4 (R-22)

Experiment 4 - R-22
HX C: 20 Ton Evaporator w/ Distributor

Measured Values Calculated Values
Mr Mw Pr,txv I:’r,in I:)r,out dPheat Tr,txv Tr,in Tr,out Tr,heat Tw,in Tw,out Tr,sat,oul Tr,dist I-')r,dist Xout Qheat Qr QW hw )
[a/s] | [g/s] | [kPa] | [kPa] [ [kPa] | [kPa] | [°C] | [*C]| [°C] | [°)C] [ [°*C] | [*C] [*C] [°C] | [kPa] | [%] | [W] |[kW]|[KW]} [W/(m2-°C)]| [W/(m2-°C)]
44.8]338.7]1345[538.11536.7] 58.5 |32.2|13.03] 2.8 | 204 ]110.3| 5.3 24 2.43 [535.5|96.6] 805 ]|73]|7.2 2170 193 7
Table A.8 Thermal performance data summary for Experiment 4 (R-407c)
Experiment 4 - R-407/c
HX C: 20 Ton Evaporator w/ Distributor
Measured Values Calculated Values
Mr MW I:>r,t><v F>r,in Pr,out dPheat Tr,txv Tr,in Tr,out Tr,heat Tw,in Tw,out Tr,sat,out Tr,dist I:)r,dist Xout Qheat Qr QW I"|w U
[o/s] | [o/s] | [kPa] | [kPa] | [kPa] [kPa] [Cl | el | ] [°C] el | [c] [°C] [°C] [kPa] | [%] [W]_{[kw]] [kW]] [W/(m2-°C)] IW/(m2-°C)
34.4|1272.4| 1667 |546.3] 536.6] 38.5 | 32.1]-0.79] 4.6 225 1 9.0] 4.0 4.7 -0.10 | 5354 199.7| 430 |5.8]|5.7 1916 [184 +6
45.3]1 356.5] N/A 534.5] 634 | 32.3]-0.01 116 | 95 4.5 4.6 -0.21 1 533.2 1999 180 |7.7]7.5 2217 [211 7
49.6/409.4] 1562 )548.5] 536.1] 76.0 | 32.1]10.25] 9.1 223 1 9.9 5.0 4.7 -0.131534.91999| 514 |186]8.3 2425 [216 #7




Table A.9 Thermal performance data summary for Experiment 5 (R-22)

Experiment 5 - R-22
HX B: 20 Ton Evaporator w/ Custom Distributor

Measured Values Calculated Values
Mr MW Pr,txv Pr,out Tr,txv Pr,in Tr,out Tr,mix Tw,in Tw,out Tr,sat,out Tr,dist Pr,dist Qr Qw hw U
[o/s] | [a/s] | [kPa] | [kPa] | [°C] | [kPa] [ [°C] [°Cl [ [°C] [°C] [°C] [°C] [kPa] | [kW] [ [kW] | [W/(m2-°C)] | [Wi(m2-°C)]
30.7]1254.3]11532.0] 536.4 | 32.1 |537.2({12.03| 12.50|13.76] 8.74 2.33 2.41 | 537.6 15.36|5.36] 1904.4 84 +3
45.11374.111411.8]1533.8| 32.2 |534.7{12.70]11.94]13.44] 8.40 2.18 2.26 | 535.0 17.88|7.89] 2368.1 127 +4
55.1]1486.011341.7] 536.0 | 32.2 |536.9/11.09] 9.94 [13.60] 9.22 2.31 2.38 | 537.2 19.60]|9.62| 2843.7 143 |5
»
a1
Table A.10 Thermal performance data summary for Experiment 5 (R-407c)
Experiment 5 - R-407c
HX B: 20 Ton Evaporator w/ Custom Distributor
Measured Values Calculated Values
Mr MW Pr,txv Pr,out Tr,txv Pr,in Tr,out Tr,mix Tw,in Tw,out Tr,sat,out Tr,dist Pr,dist Qr Qw hw U
[a/s] | [ais] | [kPa] | [kPa] | [°C] | [kPa] [ [°C] [C] [ [°C] [°C] [°C] [°C] [kPa] | [kW] [ [kW] | [W/(m2-°C)] | [Wi(m2-°C)]
29.2]1237.6]1505.1] 533.0| 32.3 |534.0 4.76 | 8.88 |13.55] 8.63 4.54 -0.29 | 534.2 14.9914.91( 1834.9 74 +2
43.41367.5]1517.4]1 533.2| 32.3 |534.2| 8.80 | 10.85]|13.70] 8.79 4.55 -0.28 | 534.4 | 7.50]7.54| 2345.4 112 +3
54.9]1447.811486.6] 537.2] 32.0 |538.1| 5.17 | 8.87 [14.59] 9.54 4.77 -0.07 | 538.4 19.43]9.46| 2707.2 131 +4
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Table A.11 Thermal performance data summary for Experiment 6 (R-22)

Experiment 6 - R-22
HX B: 20 Ton Evaporator w/ Custom Distributor

Measured Values Calculated Values
Mr MW Pr,txv Pr,in Pr,out dPheat Tr,txv Tr,out Tr,heat Tw,in Tw,out Tr,sat,out Tr,dist Pr,dist Xout Qheat Qr Qw hw U
[a/s] | [9/s] [kPa] [kPa] | [kPa] [kPa] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [kPa] [%] (W] [ [kW] [ [KW] [ [W/(m2-°C)] | [W/(m2-°C)]
30.4]234.711490.2(535.7(534.8] 33.0 | 323 | 2.53 ]| 12.76 J13.56( 8.57 2.24 2.315]533.59] 98.4 1348.1 [4.96/4.90] 1823.1 78 2
46.0]1367.211353.0(537.0(536.2| 66.9 | 32.2 | 2.61 | 15.11 }12.50{ 7.57 2.32 2.3951534.991100.01484.9(7.66|/ 7.59| 2315.8 140  +4
55.01443.811341.5(534.9(534.0| 84.5 | 322 ]| 2.44 ]| 14.40]12.00{f 7.14 2.20 2.266 | 532.79] 99.7 1614.3[9.13/9.03] 2620.5 174 46

Table A.12 Thermal performance data summary for Experiment 6 (R-407c)
Experiment 6 - R-407c
HX B: 20 Ton Evaporator w/ Custom Distributor

Measured Values Calculated Values
Mr Mw Pr,txv Pr,in Pr,out dPheat Tr,txv Tr,out Tr,heat Tw,in Tw,out Tr,sat,out Tr,dist Pr,dist Xout Qheat Qr Qw hw U
[9/s] | [9/s] [kPa] [kPa] | [kPa] [kPa] [°C] [°C] [°C] [°C] [°’C] [°C] [°C] [kPa] [%] W] | [kW] ] [kW] [ [W/(m2-°C)] | [W/(m2-°C)]
28.41227.011511.2]1533.6|532.6| 26.0 | 32.2 | 4.27 | 12.02 [12.17] 7.42 4.52 -0.314] 533.81]196.4 | 364.014.57|4.52| 1775.5 79 2
43.3]1349.5]1515.5]535.4(534.5| 57.0 | 32.2 | 4.76 | 15.80 |11.93] 7.10 4.62 -0.207]1 535.71198.3 [567.017.10]| 7.06| 2228.5 130 +4
54.8]1427.5]1486.6]536.5[(535.6| 86.9 | 32.3 | 4.41 | 11.83 |12.10] 7.20 4.69 -0.143] 536.81197.1 [ 732.018.80|8.77| 2557.6 160 +5




Appendix B: Composition Data

All of the composition data collected in this study arelisted in Appendix B.

Table B. Composition measurement summary for Experiment 1

Experiment 1 - Baseline R-407c Fractionation Data
HX A: 3 Ton Evaporator

Daily Composition - Before Running System
Day Liguid Vapor
Actual Plot %R-32 | %R-125 | %R134a | %R-32 | %R-125 | %R134a
12/3/96 0 215 23.0 55.5 30.6 29.3 40.1
12/6/96 3 22.4 23.9 53.7 33.7 30.4 35.9
12/9/96 6 21.1 23.0 55.9 30.7 29.1 40.2
12/10/96 7 215 23.9 54.6 31.8 30.7 37.5
12/11/96 8 21.3 23.2 55.5 30.7 29.5 39.8
12/12/96 9 215 23.1 55.4 31.4 29.7 38.9
AVERAGE 21.6 234 55.1 31.5 29.8 38.7
m, =27 Tiny = 32.2°C
12/9/96 Evaporator Circulating
Actual Time|Time (hours)] %R-32 %R-125 | %R134a | %R-32 %R-125 | %R134a
10:30 0.00 21.1 23.0 55.9 21.1 23.0 55.9
11:30 1.00 20.0 22.6 56.5 21.3 22.8 55.9
1:00 2.50 19.9 21.7 58.4 21.5 22.9 55.5
2:45 4.25 20.1 22.2 57.7 21.3 22.7 56.0
4:10 5.67 20.6 22.3 57.1 21.2 22.7 56.1
5:30 7.00 20.1 21.9 57.9 21.4 22.7 55.9
m, =56 T,,,=32.2°C
12/11/96 Evaporator Circulating
Actual Time|Time (hours)] %R-32 %R-125 | %R134a | %R-32 %R-125 | %R134a
9:30 0.00 21.3 23.2 55.5 21.3 23.2 55.5
10:30 1.00 19.3 21.6 59.1 22.1 237 54.2
11:30 2.00 19.1 21.5 59.4 22.0 23.6 54.4
1:45 4.25 19.5 21.7 58.8 22.1 23.7 54.2
m, =57 T,4 = 15.6°C
12/13/96 Evaporator Circulating
Actual Time [Time (hours)] %R-32 %R-125 | %R134a | %R-32 %R-125 | %R134a
11:10 0.00 215 23.1 55.4 215 23.1 55.4
11:45 0.58 21.8 23.3 54.9 21.7 23.0 55.3
12:45 1.58 20.8 22.5 56.7 22.2 23.4 54.4
2:00 2.83 21.1 22.8 56.1 22.2 23.4 54.4
2:45 3.58 21.2 22.7 56.0 22.2 23.3 54.5
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Table B.2 Composition measurement summary for Experiment 2

Experiment 2 - Reduced Mass Flux
HX B - 20 Ton Evaporator w/o Distributor

Daily Composition - Before Running System

Day Liquid Vapor
Actual Plot %R-32 | %R-125 | %R134a ] %R-32 | %R-125 | %R134a
3/6/97 0 23.1 24.0 52.9 30.0 30.0 40.0
3/7/97 1 23.2 24.3 52.5 35.0 31.1 33.9
3/9/97 3 34.3 30.5 35.2
3/17/97 11 22.3 23.4 54.2 34.6 30.9 34.5
3/20/97 14 235 23.8 52.7 27.2 26.6 46.3
AVERAGE 23.0 23.9 53.1 32.2 29.8 38.0
m =30 T, txv_= 32.2°C
3/9/97 Evaporator Circulating
Actual Time | Time (hours) %R-32 %R-125 | %R134a] %R-32 %R-125 | %R134a
4:00 0 23.2 24.3 52.5 23.2 24.3 52.5
4:30 0.5 22.1 22.8 55.1 24.7 24.4 50.9
5:00 1 22.2 22.9 54.8 24.5 23.6 51.9
5:30 1.5 21.2 22.3 56.5 25.2 24.8 50.1
6:00 2 21.3 22.1 56.6 23.6 23.8 52.7
My = 60 Trixw =32.2°C
3/12/97 Evaporator Circulating
Actual Time | Time (hours) %R-32 %R-125 | %R134a | %R-32 %R-125 | %R134a
4:45 0.00 23.2 24.3 52.5 23.2 24.3 52.5
5:00 0.25 20.2 21.8 58.0 249 249 50.2
5:30 0.75 21.0 22.4 56.7 24.9 24.9 50.2
6:00 1.25 19.3 21.1 59.6 23.6 24.1 52.3
6:30 1.75 19.9 21.6 58.6 24.9 24.9 50.2
7:00 2.25 19.6 21.1 59.2 24.5 24.8 50.7
m, =30 T, 4y = 15.6°C
3/20/97 Evaporator Circulating
Actual Time | Time (hours) | %R-32 | %R-125 | %R134a] %R-32_ | %R-125 | %R134a
8:00 0 235 23.8 52.7 235 23.8 52.7
8:45 0.75 20.1 21.6 58.3 27.0 26.3 46.7
9:30 1.5 20.9 22.3 56.7 23.9 24.1 51.9
10:15 2.25 22.4 23.3 54.4 23.9 24.1 51.9
11:00 3 21.7 22.7 55.6 24.2 24.4 514
m, = 60 T,y = 15.6°C
3/17/97 Evaporator Circulating
Actual Time | Time (hours) %R-32 %R-125 | %R134a | %R-32 %R-125 | %R134a
4:30 0.00 22.3 23.4 54.2 22.3 23.4 54.2
5:00 0.25 24.5 24.9 50.6 25.6 25.4 49.0
6:00 0.75 19.0 20.8 60.2 24.6 24.8 50.6
6:45 1.25 19.5 21.2 59.3 24.6 24.7 50.7
7:15 1.75 19.2 20.9 59.9 24.6 24.7 50.7




Table B.3 Composition measurement summary for Experiment 3

Experiment 3 - Effect of Distributor

HX C -20 Ton Evaporator w/ Distributor

Daily Composition - Before Running System

Day Liquid Vapor
Actual Plot %R-32 | %R-125 | %R134a | %R-32 %R-125 | %R134a
5/30/97 1 24.7 24.8 50.4 375 32.6 29.9
6/2/97 4 24.0 24.4 51.6 36.1 31.6 32.3
6/4/97 6 24.3 25.0 50.8 35.4 315 33.1
6/12/97 14 22.6 23.7 53.7 35.7 31.8 32.5
6/13/97 15 22.4 23.7 53.9 36.0 32.3 31.7
6/16/97 18 20.4 24.1 55.5 36.1 314 32.5
AVERAGE 23.1 24.3 52.7 36.1 31.9 32.0
m; =30 Triw = 32.2°C
6/16/97 Circulating
Actual Time | Time (hours) | %R-32 %R-125 | %R134a
10:45 0.00 23.1 24.3 52.7
11:00 0.25 259 25.7 48.4
11:20 0.58 24.1 24.4 51.5
11:40 0.92 23.9 24.4 51.7
12:00 1.25 23.8 24.4 51.8
12:45 2.00 24.0 24.1 51.9
m; =60 Tri = 32.2°C
6/4/97 Circulating
Actual Time | Time (hours) | %R-32 %R-125 | %R134a
11:00 0.00 22.4 23.7 53.9
11:15 0.25 23.3 24.1 52.6
11:30 0.50 23.3 24.1 52.6
11:45 0.75 24.7 25.1 50.2
12:00 1.00 24.8 25.1 50.1
12:15 1.25 24.6 25.0 50.3
12:30 1.50 24.9 25.3 49.8
12:45 1.75 24.8 25.2 50.0
m; =30 Truw =15.6°C
6/4/97 Circulating
Actual Time | Time (hours) | %R-32 %R-125 | %R134a
10:00 0 22.4 23.7 53.9
10:10 0.17 23.9 24.4 51.7
10:20 0.33 23.6 24.2 52.1
10:30 0.50 23.6 24.1 52.3
10:40 0.67 23.7 24.2 52.1
10:50 0.83 23.8 24.3 52.0
11:00 1.00 23.7 24.2 52.1
11:10 1.17 23.6 24.0 52.4
11:50 1.83 23.6 24.3 52.1
m; =60 Truv =15.6°C
6/12/97 Circulating
Actual Time | Time (hours) | %R-32 %R-125 | %R134a
11:25 0.00 22.6 23.7 53.7
11:30 0.08 23.8 24.1 52.1
11:45 0.33 25.1 25.0 49.9
12:00 0.58 24.8 24.8 50.5
12:15 0.83 24.7 24.8 50.5
12:30 1.08 24.8 24.8 50.3
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Table B.4 Composition measurement summary for Experiment 4

Experiment 4 - Effect of Superheat
HX C -20 Ton Evaporator w/ Distributor, dTg,, = 0°C

Daily Composition - Before Running System

Day Liguid Vapor
Actual Plot %R-32 %R-125 | %R134a %R-32 %R-125 | %R134a
7/30/97 1 23.3 22.9 53.8 34.1 31.5 34.3
10/10/97 2 21.4 24.4 54.2 31.9 32.4 35.7
AVERAGE 22.3 23.6 54.0 33.0 31.9 35.0

M, = 25 T,y = 32.2°C

7/30/97 Circulating
Actual Time | Time (hours) | %R-32 %R-125 | %R134a
9:45 0 23.3 229 53.8
10:00 0.25 25.9 24.7 49.3
10:30 0.75 26.2 25.1 48.7
11:00 1.25 26.0 25.3 48.8
11:30 1.75 25.8 24.8 49.4
12:00 2.25 24.5 24.0 515

my = 55 Trtxv = 32.2°C

10/10/97 Circulating
Actual Time | Time (hours) | %R-32 %R-125 | %R134a
12:45 0.00 22.3 23.6 54.0
1:00 0.25 23.2 24.7 52.1
1:15 0.50 23.7 25.4 50.9
1:45 1.00 24.2 259 50.0
2:15 1.50 24 .7 26.0 49.3
2:45 2.00 24.6 26.0 49.4
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Table B.5 Composition measurement summary for Experiment 5

Experiment 5 - Effect of Downward Flow
HX B - 20 Ton Evaporator w/ Custom Distributor

71

Daily Composition - Before Running System
Day Liquid Vapor
Actual Plot %R-32 %R-125 | %R134a] %R-32 %R-125 | %R134a
1/8/98 0 25.1 25.0 49.9 30.3 28.9 40.8
1/9/98 1 23.3 22.9 53.8 31.3 28.8 39.9
AVERAGE 24.2 24.0 51.9 30.8 28.9 40.3
m, =30 T,w=32.2°C
1/8/98 Circulating
Actual Time | Time (hours) %R-32 %R-125 | %R134a
6:30 0.00 23.3 229 53.8
7:00 0.50 23.6 23.9 52.4
7:30 1.00 24.7 23.7 51.6
8:00 1.50 24.5 24.3 51.1
8:30 2.00 23.9 24.4 51.7
m, =55 T, =32.2°C
1/9/98 Circulatin
Actual Time | Time (hours) %R-32 %R-125 | %R134a
10:30 0.00 23.3 22.9 53.8
10:45 0.25 23.9 24.3 51.7
11:00 0.50 23.9 24.3 51.8
11:30 1.00 24.1 24.0 51.9
12:00 1.50 24.0 24.2 51.8
12:30 2.00 23.9 24.2 51.9




Appendix C: Miscellaneous Figures

Miscellaneous figures not discussed in the main body, but relevant to thisstudy, are presented in

this Appendix.
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Figure C.13 Calibration Curve of thermocouple upstream of expansion valve
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Appendix D: EES Equations

The Engineering Equation Solver (EES) program was used to analyze data. This Appendix
contains sample equations for both R-22 and R-407c evaluation.

R-22 EES Equations

{Trane ATP project
Experiment 1
B15x40, HX A
R-22}

{ Refrigerant side Calculations}

hin = Enthalpy(R22, T=TTXV, P=Pin)

xin = Quality(R22,T=Trin,h=hin)

hout = Enthal py(R22, T=Trout,P=Pout)
DPref = Pressure(R22,x=0.5,T=Trin) - Pout
Qref= mref* (hout-hin)/1000
Pevapin=Pout+(0.151* mref+2.700)
Trin=Temperature(R22,P=Pevapin,x=0.5)

{Water side}

Qw =mw *Cp * DT/1000
DT = (Twin-Twout)

{ Energy Balance}
dQ = 100* (Qref-Qw)/Qref
{ heat exchanger}

Trevap = Temperature(R22,x=0.5,P=Pout)
LMTD = (abs(Twin-Trevap)-abs(Twout-Trin))/In(abs(Twin -Trevap)/abs(Twout-Trin))
UAref =Qref/LMTD

{Water Side Correlation for plate evaporator B15 x 40}

npw = 20 {number of water channels}

npr = 19 { number of refrigerant channel s}

t =0.0006 {plate thickness[m]}

k = 16.3 {thermal conductivity of plate material [W/(m*C)]}

ap = 0.036 {areaof aplate[m"2]}

A = (npw+npr-1) * ap {heat transfer area of the heat exchanger}

CRe = 28571 {constant in Re calculation based on specific plate geometry}
dh=0.0040 {hydraulic diameter [m]}

Pr = mu* Cp* 1000/kw

mu = Viscosity(Water, T=Twin,P=100) {dynamic viscosity of water [kg/(m*s)]}

Cp = SpecHeat(Water,T = Twin,P = 100) { Specific heat of water [kJ/(kg* C)]}

kw = Conductivity(Water, T=Twin,P=100) {thermal conductivity of water [W/(m* C)]}

Y = 0.333*exp(6.4/(Pr+30)) {exponent for Pr}
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Re = mw/1000* CRe/(mu* 1000* npw)

C=if(Re,80,.63676,.63676,.330)
n=if(Re,80,0.53,0.53,0.68)

Nu = C*Ren* PrrY

hw = Nu*kw/dh

U =Qw/(A*LMTD)

hr = 1/(1/(1000* U) -1/hw-t/k)

{Kedzierski's Method}

hsatvap = Enthal py(R22,P=Pout,x=1)

Twmid = Q2ph* 1000/(mw* Cp)+Twout

Q2ph = mref* (hsatvap-hin)/1000

Qsup=Qw-Q2ph

LMTD2ph = (Large2ph-Small2ph)/In(Large2ph/Small2ph)
Large2ph = max(abs(Twout-Trin),abs(Twmid-Trevap))
Small2ph = min(abs(Twout-Trin),abs(Twmid-Trevap))
LMTDsup = (Largesup-Smallsup)/In(Largesup/Smallsup)
Largesup = max(abs(Twin-Trout),abs(Twmid-Trevap))
Smallsup = min(abs(Twin-Trout),abs(Twmid-Trevap))
LMTD2zone = (Q2ph* LM TD2ph+Qsup* LM TDsup)/Qw

U2zone = Qw/(A*LMTD2zone)
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R-407c EES Equations

Function HI(T)
Tr:=(T+273.15)/359.938
X0:=0.5714562
X:=(2-Tr)(1/3)-X0
A:=229.2501
B:=-547.75

C:=-502.544
D:=-208.25

E:=-221.75

F:=0.0
HI:=A+B* X+C* X" 2+D* XA3+E* X M4+F* X5;
END

Procedure CONSTANTS(A:B,C)

If (A<10) Then GOTO 10

If (A>10) and (A<20) Then GOTO 20
If (A>20) and (A<40) Then GOTO 30
If (A>40) and (A<80) Then GOTO 40
If (A>80) Then GOTO 50

10: B :=0.61649
C =033

20: B := 0.38305
C:=0.54;

30: B :=0.04995
C:=122

40: B :=0.63676
C:=0.53;

50: B :=0.330
C:=0.68;

END

{Trane ATP project}

{ Experiment 1}
{B15x40, HX A}
{R-407c}

{Refigerant side R-407c}
{ Calculate inlet enthal py using DuPont's formulafor Saturated Liquid Enthalpy}
hin=HI(Ttxv)

{ Calculate outlet enthalpy using DuPont's formulafor Vapor Enthalpy and Martin-Hou
EOS}

hout=A0* T+B0* TA2/2+C0* TA3/3+D0* TA4/4+Poutt V+(A 2/(V-b)+A3/(2* (V-b)A2) + A4/ (3* (V-
b)"3)+A5/(4* (V-b)™))+exp(-k* T/Te)* (1+k* T/Te)* (C2/(V-b)+C3/(2* (V-b)2)+C4/(3* (V-
b)3)+C5/(4* (V-b)™4))+X



{where:}
T=Trout+273.15
A0=9.5220301e-2
B0=2.583136e-3
C0=-1.6933911e-6
D0=3.936350665e-10
Tc=359.938
X=282.9399
A2=-2.094775e-1
A3=3.159454e-4
A4=-1.809292e-7
A5=-5.44989%4e-11
B2=2.921993e-4
B3=-3.777023e-7
B4=0
B5=3.168756e-13
C2=-5.489855e-1
C3=-5.952803e-4
C4=0
C5=7.641826e-9
R=9.645379%-2
b=4.643328e-4

k=5.5
Pout=R*T/(V-b)+(A2+B2* T+C2* exp(-k* T/Tc))/(V-b)"2+(A3+B3* T+C3* exp(-k* T/Tc))/ (V-
b)"3+(A4+B4* T+C4* exp(-k* T/T¢))/(V-b)4+(A5+B5* T+C5* exp(-k* T/Tc))/(V-b)"5

{ calculate heat exchanged using refrigerant data}

Qref= mref* (hout-hin)/1000

{Water side}

Qw =mw *Cp * DT/1000

DT = (Twin-Twout)

dQ = 100* (Qref-Qw)/Qref

{ Calculate temperature glide for LMTD determination using dew point formula}

In(Pout/Pc)=1/Tr* (I+m* J+o* I*2+p* I'3+q* J*4+s* I'5)
J=(2-Tr)-JO
Tr=(Trglide+273.15)/Tc
Pc=4598.566
J0=0.2098958
[=-1.528743
m=-7.170891
0=-.9458618
p=-3.265625
0=.7246094
5=-8.10625e1

{ heat exchanger}

LMDT = (Large-Small)/In(Large/Small)
Large = max(abs(Twout-Trin),abs(Twin-Trglide))



Small = min(abs(Twout-Trin),abs(Twin-Trglide))
UAref =QW/LMDT
{ calculate saturated liquid temperature at distributor pressure}
Pevapin=Pout+.151* mref+2.7

In(Pevapin)=A6+B6/(Tsl+273.15)+C6* In(Tsl+273.15)+D6* (Tsl+273.15)+E6* (F6/(Tsl+273.15) -1)* In(F6-
(Tsl+273.15))

A6=8.518029%¢1

B6=-2.821167€3

C6=-1.315279%¢1

D6=2.430068e-2

E6=-6.303944e-1

F6=3.958659e2

{ calculate saturated vapor temperature at distributor pressure}

In(Pevapin/Pc)=1/Tr1* (I+m* J1+0* J1"2+p* J1"3+q* J1N4+s* JING)
J1=(1-Tr1)-JO
Trl=(Tsv+273.15)/Tc

{ calculate saturated liquid enthal py at distributor pressure}
hsl = HI(Tsl)
{ calculate saturated vapor enthal py at distributor pressure}

hsv=A0*T1+B0* T112/2+C0* T113/3+D0* T174/4+Pout* VV 1+(A 2/(V 1-b)+A3/(2* (V 1-b)*2)+A4/(3* (V 1-
b)A3)+A5/(4* (V 1-b) ) )+exp(-k* TUTC)* (1+k* TUTC)* (C2/(V 1-b)+C3/(2* (V 1-b)"2)+C4/(3* (V 1-
b)A3)+C5/(4* (V 1-b)A4))+X

T1=Tsv+273.15

Pevapin=R* T1/(V1-b)+(A2+B2* T1+C2* exp(-k* TL/TC))/(V 1-b) 2+ (A3+B3* T1+C3* exp(k* TUTC))/(V1-
b)A3+(A4+B4* T1+C4* exp(-k* TUTC))/(V 1-b)4+(A5+B5* T1+C5* exp(-k* TUTC))/(V1-b)"5

{finally, calculate Trin}
(Trin-Tsl)/(Tsv-Td)=(hin-hsl)/(hsv-hsl)
{Water Side Correlation for plate evaporator B15 x 40}

npw = 20 {number of water channels}

npr = 19 { number of refrigerant channels}

tplate = 0.0006 {plate thickness[m]}

kplate = 16.3 {thermal conductivity of plate material [W/(m*C)]}

ap = 0.036 {areaof aplate[m"2]}

A = (npw+npr-1) * ap {heat transfer area of the heat exchanger}

CRe = 28571 {constant in Re calculation based on specific plate geometry}
dh =0.0040 {hydraulic diameter [m]}

Pr = mu* Cp* 1000/kw

mu = Viscosity(Water, T=Twin,P=100) {dynamic viscosity of water [kg/(m*s)]}

Cp = SpecHeat(Water, T = Twin,P = 100) { Specific heat of water [kJ/(kg*C)]}

kw = Conductivity(Water, T=Twin,P=100) {thermal conductivity of water [W/(m* C)]}



Y = 0.333*exp(6.4/(Pr+30)) {exponent for Pr}

Re = mw/1000* CRe/(mu* 1000* npw)

Call CONSTANTS(Re:C,n)

Nu = C*Re*n* Pr*Y

hw = Nu*kw/dh

U = QwW/(A*LMDT)

hr = 1/(1/(1000* U) -1/hw-tpl ate/kpl ate)

{ Kedzierski's M ethod}

hsatvap = Enthal py(R407c,P=Pout,x=1)+(hin-Enthal py(R407c, T=Ttxv,x=0))
Twmid = Q2ph* 1000/(mw* Cp)+Twout

Q2ph = mref* (hsatvap-hin)/1000

Qsup=Qw-Q2ph

LMTD2ph = (Large2ph-Small 2ph)/In(Large2ph/Small 2ph)
Large2ph = max(abs(Twout-Trin),abs(Twmid-Trglide))
Small2ph = min(abs(Twout-Trin),abs(Twmid-Trglide))
LMTDsup = (Largesup-Smallsup)/In(Largesup/Smallsup)
Largesup = max(abs(Twin-Trout),abs(Twmid-Trglide))
Smallsup = min(abs(Twin-Trout),abs(Twmid-Trglide))
LMTD2zone = (Q2ph* LM TD2ph+Qsup* LM TDsup)/Qw

U2zone = Qw/(A* LMTD2zone)



