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NOMENCLATURE

short tube cross-sectional area, in.2 (m?)

oil concentration on a pure refrigerant basis

correction factor for two-phase flow

short tube diameter, in.(mm)

reference short tube diameter, 0.060 in. (1.52 mm)

ratio of tube diameter to reference tube diameter, D/D,
normalized downstream pressure, (P_-P,,,,)/P. (P in psia (kPa))
dimensional gravity constant, SI unit: 1.2960 x 1019 (s*N/(h*’kN))
English unit: 2.8953 x 106 (Ib_f3/(1b; in? h2))

short tube length, in. (mm)

ratio of short tube length to diameter

mass flow rate, 1b_/h (kg/h)

mass flow ratio of oil and refrigerant mixtures to pure refrigerant
pressure, psia (kPa)

critical pressure, psia (kPa)

downstream (evaporator) pressure, psia (kPa)

adjusted downstream pressure, psia (kPa)

upstream liquid saturation pressure, psia (kPa)

upstream (condenser) pressure, psia (kPa)

ratio of upstream pressure to critical pressure, P,,,/P,

heat transfer rate, Btu/h (W)

normalized subcooling, (7,7, )T, (T in °R (K))

temperature, °R (K) or °F (°C)

critical temperature, °R (K)

liquid saturation temperature of the upstream fluid, °R (K)
temperature of upstream fluid, °R (K)

refrigerant quality

density, Ib_/ft3 (kg/m3)
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CHAPTERI1
INTRODUCTION

The need for new refrigerants was established when scientists first realized the ozone
depleting effects of CFC and HCFC refrigerants. The chlorine atom in these refrigerants is
capable of reaching the upper atmosphere where one chlorine atom can destroy more than
100,000 ozone atoms(Langley 1994). Laws have been enacted to halt the destruction of the
ozone layer and force industry to find replacements for the ozone depleting refrigerants.
Section 608 of the Clean Air Act (1990) prohibited the venting of ozone depleting refrigerants
as of July 1, 1992. In addition the Clean Air Act (1990) also requires the EPA to develop
regulations limiting the emissions of ozone depleting refrigerants. Efforts are currently
underway to find CFC replacements before the complete phaseout of CFC manufacturing in

January of 1996.

Much of the effort to replace CFC and HCFC refrigerants has centered on
development of refrigerant mixtures that could replace R-22. Before systems can be designed
with a new refrigerant (or mixture), thermodynamic and thermophysical properties must first
be characterized. An important component in air conditioners is the expansion device.
Because of their low cost, several manufacturers have chosen to use short tube orifices for the
expansion device in their systems. Designing a system with an orifice requires knowledge of
the flow characteristics of short tube orifices. Recent work on orifices has focused on R-12
and R-22 (Kim and O'Neal, 1993a; Aaron and Domanski, 1990; Krakow, 1988; and Mei,
1982). In addition, there are unpublished data on R-134a (Kim and O'Neal, 1993b) and the
effect of lubricants on flow characteristics (Kim, 1993; Kim and O'Neal, 1994b).
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The present study presents data for flow of two refrigerant mixtures through short
tube orifices. The two mixtures were R32/125/134a (23%/25%/52% on a mass percentage
basis) and R32/125 (50%/50%). The following presents results for the flow of these two
refrigerants through short tube orifices of various diameters and lengths of 0.5 in (12.7 mm),
0.75 in (19.05 mm), and 1.00 in (25.4 mm) in a pure form and mixed with various mass

percentages of oil.
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CHAPTER 11

EXPERIMENTAL SETUP

A schematic diagram of the experimental setup is shown in Figure 2.1. The test loop
was designed to allow easy control of each operating parameter such as upstream subcooling
or quality, upstream pressure, and downstream pressure. It also allowed for changing the oil
concentration by injection of the oil into the system. The test rig consisted of three major
flow loops: (1) a refrigerant flow loop containing a detachable test section, (2) a hot water
flow loop used for the evaporation heat exchanger and (3) a chilled water-glycol flow loop

used for the condensation heat exchanger.

A diaphragm liquid pump with a variable speed motor was used to provide a wide
range of refrigerant mass flow rates. An advantage of the diaphragm pump was that it did not
require lubrication as would a compressor. Thus, it allowed oil concentration to be an
adjustable parameter in operating the system. The pressure entering the test section
(upstream or condenser pressure) was controlled by adjusting the speed of the refrigerant
pump. A hand-operated needle valve was utilized to permit precise control of upstream
pressure by bypassing liquid refrigerant from the pump to the short tube exit. To provide
additional flow control into the test section, a by-pass line which included a capillary tube was
utilized from the pump exit to the short tube exit. The refrigerant flow rate was measured by

a Coriolis effect mass flow meter in the liquid line between the pump and the evaporation heat

exchanger.

The refrigerant subcooling or quality entering the test section was set by a water

heated heat exchanger (evaporation heat exchanger) and a heat tape. For single-phase
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conditions at the inlet of the test section, most of the energy transfer to the refrigerant was
supplied by the evaporation heat exchanger. A heat tape with adjustable output from 0 to
3071 Btu/h (0.9 kW) was utilized to provide precise control of upstream subcooling. For
two-phase flow conditions at the inlet of the test section, the flow from the pump was heated
by the evaporation heat exchanger to 2°F (1.1°C) of subcooling, and a heat tape was used to
reheat the refrigerant to the desired inlet quality. A hot water loop supplying water to the
evaporation heat exchanger consisted of a residential water heater and a centrifugal pump.
Water flow rates were controlled by both a throttling valve and a by-pass valve. The
temperature of the water entering the heat exchanger was monitored using a thermocouple

and adjusted by a mechanical thermostat.

The heat tape was mounted along an eight foot (2.44 m) section of refrigerant tubing
after the evaporation heat exchanger. To prevent heat loss to the ambient, the heat tape was
insulated with 9 in. (22.9 cm) thick rubber insulation. Six thermocouples were placed inside
and outside of the insulation to calculate the overall heat transfer coefficient for heat loss. For
two-phase entering the test section, the power input into the heat tape was measured using a
watt transducer. Liquid refrigerant temperature entering the heat tape section plus inside and
outside insulation temperatures were also measured. The refrigerant enthalpy at the inlet of
the test section was calculated by performing an energy balance of the power input into the
heat tape, heat loss through the insulation, and enthalpy at the inlet of the heat tape. The
enthalpy at the inlet of the heat tape, which was always subcooled, was determined from the
measured temperature and pressure. The quality of the refrigerant flow entering the test

section was calculated from the enthalpy and the measured pressure at the inlet of the test

section.

After all upstream conditions were established, the flow entered the test section. The

pressure and temperature were measured upstream and downstream of the short tube. Flow
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conditions were also monitored using a sight glass at the exit of the short tube. A filter-dryer

was mounted in the by-pass line of the test section and was used prior to collection of data.

Two-phase refrigerant exiting the test section was condensed and subcooled in the
water/glycol cooled heat exchanger (condensation heat exchanger) so that the refrigerant
pump had only liquid at its suction side. A liquid receiver was used before the refrigerant
pump to ensure only liquid entered the pump. The pressure at the exit of the test section
(downstream or evaporator pressure) was controlled by adjusting the temperature and flow
rate of chilled water/glycol entering the heat exchanger. The water-glycol loop consisted of a
170 gal (644 L) insulated storage tank, 3 ton (10.6 kW) chiller unit, a centrifugal pump, and
a by-pass line concentric tube heat exchanger. The concentration of glycol in the water was
50 %. The water/glycol mixture was cooled to 3°F (-16°C) by the chiller. The mass flow rate
of the mixture was metered using a throttling valve and by-pass line. The temperature of the
storage tank and the supplied mixture to the heat exchanger were monitored by a

thermocouple.

Short Tube Description

The orifice test section located between the heat tape and condensation heat
exchanger was designed to allow fast orifice replacement. The current testing utilized short
tube orifices having a length of 0.5 in. (12.7 mm), 0.75 in (19.05 mm), and 1.0 in (25.4 mm)
and no entrance chamfering. The orifice diameters were selected to correspond to

commercially available short tubes in residential air conditioners or heat pumps.

Figure 2.2 shows the schematic of the orifice test section for routine performance
tests. The short tube was made from brass which was bored and reamed to insure a smooth
surface. The short tubes were fixed between two 0.375 in. £ 0.005 in.(9.53 mm + 0.13 mm)

O.D. x81in. £0.5 in. (20.32 cm £ 1.27 cm) long copper tubes using soft solder. The test
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section was mounted into the test loop using Swagelok connections which provided ease of

installation and replacement.

The short tubes used in this investigation are listed in Table 2.1. Short tube diameters
were measured using a precise plug gauge set with 0.0005 in. (0.013 mm) increment of
diameter. The precision error of the diameter measurement was estimated at £0.0005 in.
(0.013 mm). Short tube lengths were measured with a dial caliper which had a £0.0005 in.

(0.013 mm) accuracy.

Soft Soldering Short Tube

_ : Short Tube
Flow — A Diameter (D)

Copper Tube

Short Tube Length (L) .

Figure 2.2: Schematic of a Short Tube Test Section for Routine Performance Tests.
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Table 2.1: Dimensions of the Test Sections

Refrigerant Diameter, in.(mm)
Ternary: ® 0.0432 (1.09)
R32/R125/R134a @ 0.0528 (1.34)
(23%/25%/52%) ® 0.0676 (1.72)
@ 0.0763 (1.94)

Binary: ® 0.0432(1.09)
R32/R125 @ 0.0528 (1.34)
(50%/50%) 3 0.0676 (1.72)
@ 0.0763 (1.94)

Qil Injection and Sampling

The lubricant was injected into the suction side of the refrigerant pump using an air-
cylinder in a batch process. The testing sequence proceeded from pure refrigerant to oil and
refrigerant mixtures. The amount of the lubricant injected was calculated from the rod
displacement and the diameter of the cylinder. The weight of the lubricant batch was also

monitored to inject the required amount of oil using an electronic scale accurate to +0.02 1b

(10.0 g).

Oil concentration was determined by sampling. The schematic of the sampling vessel
and filter assembly is shown in Figure 2.3. The sampling vessel was cylindrical and had an
inside diameter of 5 in. (12.7 cm) and a length of 12 in. (30.5 cm). The volume of sampling
vessel was large compared to the volume of the sample to ensure low vapor velocity during
the distilling procedure so that no oil particles could leave with the vapor. The amount of
refrigerant-lubricant mixture sampled from the suction side of the pump was approximately
one pound (0.454 kg). During the sampling process, the sample weight entering the vessel

was monitored using a scale accurate to + 0.002 1b (= 1.0 g). After sampling, the refrigerant
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Filter

Capillary

/ Tube

Sampling &
Vacuum Port

Vapor Bleeding
Sampling Vessel

Drain Port

Scale

Figure 2.3: Schematic of the Sampling Vessel and Filter Assembly.

was removed from the sampling vessel by slowly bleeding the refrigerant vapor through a
bleeder assembly which included a filter and a capillary tube 10 ft (3.05 m) long x 0.025 in.
(0.64 mm) bore to catch any entrained oil in the exiting refrigerant. After bleeding, the
cylinder was evacuated to remove any dissolved refrigerant in the lubricant. Based on the
measurement of the empty weight of the cylinder and filter assembly, the weight immediately
after sampling, and the weight after bleeding off the refrigerant, the oil concentration in the
refrigerant was calculated. The procedure for calculating the oil concentration was based on
ASHRAE Standard 41-4-1984 (ASHRAE 1984). According to this method, oil
concentration could be calculated by one of two methods. The first method, known as the
sample basis calculation, determined oil concentration based upon the mass of the oil and
refrigerant. The second method determined oil concentration based upon the pure refrigerant

basis. Both methods are described by the following equations:
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mf —-m,

Method 1 : C,=—"1—— 2.1
m, —m,
m, —m,
Method 2 : c=—"L— (2.2)
m —m,
where: m; = initial vessel weight

m, = weight of the oil
m, = total weight of vessel, refrigerant and oil
my = total weight of vessel and oil

All quantities reported in this report are based upon Method 2.

Instrumentation

Temperatures, pressures, flow rate, and power input were monitored in the test loop
using a computer and data acquisition system. Each sensor was calibrated before being

connected to the data logger to reduce experimental uncertainties.

All temperature measurements were made using copper constantan thermocouples.
The total error of the temperature measurement was estimated at £0.72°F (0.4°C).
Calibration of a thermocouple was performed by adjusting a potentiometer located on each
isothermal block of the input card (the zero point was set using the ice bath). After making a
thermocouple junction, the thermocouple was calibrated in a constant temperature bath. Six
thermocouple probes were mounted in the refrigerant line to measure accurately the
refrigerant temperature. The probes with 1/16 in. (1.59 mm) O.D. were inserted far enough

into the flow of the refrigerant to minimize the conduction effects of the copper tube (Figure

2.4).

Six pressure transducers were used in measuring the refrigerant pressures. Each

pressure transducer was calibrated with a standard dead weight tester . The pressure
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transducers in the refrigerant line were installed with ball valves to allow easy disassembly

without any loss of the refrigerant in the system.

The refrigerant mass flow rate was measured with a Coriolis effect mass flow meter.
The precision of the flow meter was £0.4% of full scale [26 Ib/min (11.8 kg/min)]. Hot water
was used as a calibration liquid because hot water has approximately the same kinetic
viscosity as the refrigerants. Therefore, the error in the measurement of the mass flow rate
caused from the viscosity difference between refrigerants and a calibration liquid can be

assumed negligible (Tree 1970). Calibration was performed by measuring the weight of water

flowing into a measuring tank per unit time.

Shrinkable T
Thermocouple Wire < finkable Tube

Oil Fill g _— Solder

Probe Refrigerant Tube

Figure 2.4: A Typical Refrigerant Line Temperature Probe.
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A voltage transformer and a watt transducer were utilized to measure the power input
into the heat tape. A watt transducer was calibrated using a standard voltmeter and ampere
meter. Estimated experimental uncertainty was +0.5% full scale (5118 Btu/h (1.5 kW))

accuracy.

The two-phase quality at the inlet of the short tube was determined by applying an
energy balance to the heat tape at the entrance of the short tube. The uncertainty of the
quality was estimated using the Kline and McClintock (1953) error method. Based on sample

calculations, the uncertainties of the qualities were less than 4% of calculated qualities.

Data Acquisition

The data acquisition was done with a personal computer and an Acurex (Model
Autocalc) data logger. Sensor signals from the test points listed in Table 2.2 were collected
and converted to engineering units by a data logger which handled millivolt and milliamp
signals as well as voltages and frequency signals. During the test, the data processed by the
data logger were transferred to a personal computer where they were displayed continuously
on the screen and stored on a hard disk. The scan rate was adjustable, so the data were
collected every six seconds. Before the final data were collected, all operating parameters

were monitored on the screen to check establishment of the required conditions.

After completion of the test for each short tube, the data reduction program, which
was written in QuickBASIC, was used to calculate properties for analysis. Thermodynamic
properties for the ternary zeotrope and binary near-azeotrope were calculated based upon

thermodynamic property data supplied by the refrigerant manufacturers.
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Channel Sensor Type Location
00 Pressure Transducer Short Tube Inlet
01 Pressure Transducer Short Tube Exit
04 Pressure Transducer Liquid Receiver Inlet
05 Pressure Transducer Flow Meter Inlet
06 Pressure Transducer Flow Meter Exit
07 Pressure Transducer Upstream of Heat Tape
08 Flow Meter Liquid Pump Exit
09 Watt Transducer Heat Tape
10 Thermocouple-Probe Short Tube Inlet
11 Thermocouple-Probe Short Tube Exit
14 Thermocouple-Probe Liquid Receiver Inlet
15 Thermocouple-Probe Flow Meter Inlet
16 Thermocouple-Probe Flow Meter Exit
17 Thermocouple-Probe Upstream of Heat Tape

18-23 Thermocouple Heat Tape Insulation

44 Mass Flow Meter Liquid Pump Exit
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CHAPTER II1
EXPERIMENTAL PROCEDURE

A series of experiments for each refrigerant was run to investigate the influence of the
operating parameters on the mass flow rate though the short tubes. Two types of experiments
were performed: (1) measurement of the mass flow for the pure refrigerants and (2)
measurements of the effects of oil concentration on performance. Conditions were chosen to
cover a wide range of operating conditions for a short tube expansion device found in a

typical residential heat pump or air-conditioner.

The experimental variables controlled included: (1) upstream subcooling or quality,
(2) upstream pressure, (3) downstream pressure, and (4) orifice geometry. Operating
pressures for the short tubes tested were selected based upon several condensing
temperatures. Nominal condensing temperatures 95°F (35.0°C), 110°F (43.3°C), and 125°F
(51.7°C) were selected for both the ternary and binary refrigerants. The corresponding
upstream saturation pressures for the ternary mixture were 221 psia (1524 .kPa), 271 psia
(1870 kPa), and 329 psia (2271 kPa). The binary mixture had corresponding upstream
saturation pressures of 310 psia (2136kPa), 380 psia (2618 kPa), and 461 psia (3176 kPa).
Downstream pressures were selected based upon evaporating temperatures of 30°F (-1.1°C),

40°F (4.4°C), and 50°F (10.0°C) for both the ternary and binary refrigerants.

Upstream conditions were varied by altering the degree of subcooling of the
refrigerant for single phase tests and altering the quality for two-phase tests. Oil tests for the
binary and ternary mixtures were performed with oil concentrations on a mass basis ranging
from 0% to 2.15%. The lubricant was Mobil RL32S (32 centistokes) polyol ester.

Conditions for each test were a combination of operating variables listed in Table 3.1.
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Approximately 32 tests were completed for the pure refrigerants for each short tube diameter.
The downstream pressure for the oil tests were set at the median pressure used to test the
pure refrigerants. Oil tests were conducted for each orifice at all subcooling levels and

upstream pressures, but only the median downstream pressure was tested.

The data developed from the measurements included refrigerant flow rate, pressure
drop across the short tube, and upstream subcooling/quality. Data were taken at steady state.
Several criteria had to be met for the data to be accepted. The controlling parameters had to
be within the following limits: upstream pressure, £1.0 psia (7 kPa); downstream pressure,
+2.0 psia (14 kPa); upstream temperature £0.72°F (0.4°C); and quality, £0.3%. When the
flow rate was insensitive to downstream pressure, the downstream pressure limit was set to

5.0 psia (34 kPa) to allow faster stabilization of the flow conditions.

The setup was allowed to reach steady state while satisfying required operating
conditions before the final data acquisition was started. The establishment of steady state was
checked by monitoring the operating conditions and mass flow rates. When the system came
to steady-state, data were collected every six seconds for a period of four minutes. The data

for each channel were then averaged over four minute intervals.




Table 3.1: Test Conditions
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) Upstream . Downstrearp Subcooling or | Oil Mass
Refrigerant Pressure, psia | Pressure, psia Quality Percent
_ _ (MPa) (MPa) _ _ _
221 78 20°F
(1.53) (0.54) (11.1°C) 0%
Ternary:
271 94 10°F .
R3ZRIZR134a | (g g7) (0.65) (5.6°C) 1.0%
(23%/25%/52%) 329 111 50F
(2.27) (0.76) (2.8°C)
0°F
0°0)
== — — 0%
310 114 20°F
2.14) (0.78) (11.1°C) 0%
Binary:
380 135 10°F
R32/R125 (2.62) (0.93) (5.6°C) 2.15%
(50%/50%) 461 160 5°F
(3.18) (1.10) (2.8°C)
0°F
0°C)
5.0%

19
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After finishing a series of the tests for a short tube, the test section was replaced with
a new test section. The replacement of the test section was conducted by closing the ball
valves before and after the existing test section to shut off the refrigerant flow and opening
the bypass around the test section. After changing the test section, the space between the ball
valves was evacuated. Flow through the test section was re-established by opening the ball
valves and closing the bypass ball valves. The bypass line made it possible to re-route
refrigerant flow without shutting the system down, thus saving time in reaching steady state

with the new test section.

The composition of the ternary and binary refrigerant mixtures was checked by
performing a gas chromatograph (GC) analysis on small samples from the system taken during
testing. Samples were taken from the high pressure liquid side of the system. A summary of
the GC results is presented in Table 3.2. The zeotropic ternary mixture showed some
variation in composition between the liquid and vapor phases. Further sampling for the
ternary mixture confirmed the variation in composition seen in the summary data presented in

Table 3.2. The azeotropic binary mixture consistently yielded compositions as shown in the

table below.

Table 3.2: Summary of Gas Chromatograph Tests*

Refrigerant Mass Percentages Sample Source
R32/125/134a (25.1/25.7/49.2) Cylinder
(243/27.7/48.1) System
R32/125 (51.4/48.6) Cylinder
(53.1/46.9) System

* Refrigerant composition tolerances were set at $4% for all tests,
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On completion of the tests with a refrigerant, the system was discharged and then
evacuated. The system was flushed with R-134a and then evacuated again for several hours.
This flush/evacuate procedure was repeated for a total of two cycles. The system was then
charged with the required amount of the replacement refrigerant, which was around 15 1b (7
kg). After a series of test runs were made with the first short tube to verify charge levels, the

system was ready for further testing.

Oil was injected into the suction side of the pump (the detailed procedure was
described in the section "Oil Injection and Sampling"). Before sampling of the refrigerant-
lubricant mixture, the system was operated for three hours to allow the refrigerant and
lubricant to fully mix. The sampling and calculation procedure for oil concentration was

based on ASHRAE Standard 41-4-1984 (ASHRAE 1984).

For two-phase flow conditions at the inlet of the test section, the quality was
determined from the energy balance on the heat tape. The overall heat transfer coefficient,
UA, for the insulation section was determined from measured data for single-phase flow

conditions and an energy balance on the test section.

UA=(Qy -O)/(T,,—T.,) G.1)
Qr = ’hr (ho,r _hi,r ) (32)
0 =0,-0, (3.3)

Where (), is power input to the heat tape, (, is the rate that heat energy is transferred to the
refrigerant, Q_ is the rate that heat energy is lost through the insulation, and 7}, and T, , are
the mean temperatures at the inside and outside of the insulation, respectively. Based on the
overall heat transfer coefficient and measured data for two-phase conditions, the enthalpy at

the exit of the heat tape was determined by:

0, =UAT,, - T,) G4
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ho,r = _QH_m_—'Q_L + hi,r (35)

r

Finally, the quality was evaluated from the enthalpy calculated using Equation (3.5) and the
pressure at the inlet of the test section. The overall heat transfer coefficients were checked by
comparing the results of Equation (3.1) with the curve fitted results as a function of power

input and mean operating temperature of the insulation. The maximum difference between

these two methods was within +2.0%.



EPA Task 1 Draft Report, Page No. 23

CHAPTER IV
EXPERIMENTAL RESULTS FOR R32/125/134a (23%/25%/52%)

The ternary refrigerant mixture of R32/125/134a (23%/25%/52%) (Tradename
AC9000) was tested in the apparatus as described in chapter two. Test conditions for all tests
were a combination of condensing temperatures ranging from 95°F (35.0°C) to 125°F (51.7°
C) and evaporating temperatures ranging from 30°F (-1.1°C) to 50°F (10°C). Short tube
orifices of length 0.5 in (12.70 mm), 0.75 in (19.05 mm), and 1 in (25.4 mm) with diameters
ranging from 0.0432 in (1.09 mm) to 0.0763 in (1.94 mm) were tested at all condensing and
evaporating conditions. The following describes the results for the ternary refrigerant mixture

(AC9000) for the stated flow conditions and oil contamination mass percentages.

PURE R32/125/134a (23%/25%/52%)

The following section discusses the effects of downstream pressure, upstream
subcooling/quality, upstream pressure, diameter, and length on the mass flowrate of
refrigerant through a given orifice geometry. Appropriate figures are also introduced to

represent the effects of varying the above parameters on the mass flowrate through the short

tube.

Effects of Downstream Pressure on Mass Flowrate

When the upstream pressure was less than the saturation pressure corresponding to the
given upstream temperature, the mass flowrate of refrigerant was generally insensitive to a
change in downstream pressure (Figure 4.1). Mass flowrate varied by less than 2% from its

value at the highest downstream pressure tested. For upstream pressures below the saturation
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Figure 4.1: Flow dependency on downstream pressure for a short tube with length 0.5 in
and diameter of 0.0528 in.

pressure, approximate choking flow conditions were typically established in the short tube

orifices. All downstream pressures were below the saturation pressure corresponding to the

upstream temperature.

Because heat pumps and air conditioners operate at evaporating pressures lower than
the saturation pressure, approximately choked flow would be the main operating condition for
all upstream temperatures. Figure 4.1 was typical of the behavior of the other orifices tested
at different downstream pressures. For all subcooling levels and two-phase qualities tested in
the present study, the mass flowrate was almost constant as the downstream pressure was
decreased below the saturation pressure corresponding to the upstream temperature. For a
short tube with a length of 0.5 in (12.7 mm) and diameter of 0.0528 in (1.34 mm), mass
flowrate varied by less than 2% for all subcooling levels and qualities. These trends were

observed in the previous research (Kim, 1993; Aaron and Domanski, 1990).
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Effects of Upstream Subcooling/Quality

Figure 4.2 shows the mass flowrate as a function of subcooling/quality for three
upstream pressures and all downstream pressures. The general trend seen in this figure was
consistent with the previous results obtained for R22 and R134a (Kim and O'Neal, 1993a,
1993b). The refrigerant flowrate increased as the upstream subcooling increased, and
decreased as the inlet quality increased. It should be noted that in Figure 4.2, there is a scale

change due to the representation of percent quality as negative numbers.

Abrupt drops in flowrate were seen as inlet conditions progressed from saturated
liquid (zero percent quality) into the saturation region. For an upstream pressure of 221 psia
(1524 kPa), flowrate decreased 21% from 205 Ib/h (93.2 kg/h) to 162 Ib/h (73.4 kg/h) as the
quality increased from 0% to 1.7%. For an upstream pressure of 271 psia (1870 kPa),
flowrate decreased 18.5% from 210 Ib/h (95.3 kg/h) to 171 1b/h (77.6 kg/h) as quality

increased from 0% to 3.2%. These trends are consistent with the previous work performed by

Kim and O'Neal (1993a, 1993b).

The variation of mass flowrate with subcooling/quality for several different diameters
can be seen in Figure 4.3. As the diameter increased, the slope of the subcooling line
increased. For two phase entering the short tube, the slope appeared to decrease slightly as
the diameter was increased. In the subcooling region, the mass flowrate increased an average
of 32.5% as subcooling varied from 0°F (0°C) to 20°F (11.1°C). In the two phase region,

mass flowrate decreased an average of 18% as quality was increased from 0% to 2%.
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Figure 4.2: Flow dependency on subcooling/quality for three upstream pressures for a
short tube with length 0.5 in (12.7 mm) and diameter of 0.0528 in (1.34 mm).
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Figure 4.3: Flow dependency on subcooling/quality for three diameters and upstream
pressure of 271 psia (1870 kPa) at all downstream pressures.
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Effects of Upstream Pressure

Figure 4.4 shows the variation in mass flowrate with upstream pressure at different
levels of subcooling/quality. As the upstream pressure was increased, the mass flowrate
increased in a linear fashion. This trend was maintained even though the upstream pressure
was as high as 329 psia (2271 kPa) corresponding to an evaporating temperature of 125°F
(51.7°C). The slope of each line was approximately linear and increased with an increase in
subcooling. This increase in slope appeared to decrease with an increase in diameter. For two
phase at the inlet of the short tube, Figure 4.4 showed that mass flowrate averaged 18% lower
than the mass flowrate at saturated conditions over the range of upstream pressures. (Please

note that these figures include all downstream pressures.)

Effects of Short Tube Diameter

The variation in mass flowrate with short tube diameter is shown in Figure 4.5. The
effects of the short tube diameter on flowrate was consistent with the results of R22 and
R134a (Kim and O'Neal, 1993a, 1993b). For high subcooling the mass flowrate was
proportional to the diameter squared. As the diameter increased, mass flow increased with
slope increasing slightly with upstream pressure. This figure shows that the diameter strongly

affected mass flowrate; therefore, it is necessary to accurately measure diameter in order to

predict flowrate.

As upstream subcooling decreased (Figure 4.6), the effects of the short tube diameter
on flowrate decreased. The data near the saturation temperature (near zero subcooling)
tended to vary directly with the diameter. For two-phase flow entering the short tube,
flowrate was almost linearly proportional to the short tube diameter. This suggested that any
model of this behavior would need to correct for this variation in behavior near saturation and

at various qualities.
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Figure 4.4: Flow dependency on upstream pressure as a function of upstream
subcooling/quality for a short tube with length 0.5 in (12.7 mm) and diameter
of 0.0528 in (1.341 mm).
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Figure 4.5: Flow dependency on short tube diameter for several upstream pressures and
subcooling of 20°F (11.1 °C).
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Figure 4.6: Mass flow as a function of diameter for upstream pressure of 271 psia (1870
kPa), length of 0.5 in (12.7 mm), and various levels of subcooling/quality.
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Effects of Short Tube Length

Figure 4.7 shows the effects of increased short tube length on mass flowrate. As short
tube length was increased from 0.5 in (12.7 mm) to 1.0 in (25.4 mm) mass flow decreased by
an average of 9.5% from its value at the 0.5 in (12.7 mm) length. This decrease in mass flow
with increasing length was more exaggerated at the lower subcoolings. For the orifice given
in Figure 4.7, mass flow decreased from the value at 0.5 in (12.7 mm) by 3.3%, 8.4%, and
16.7% for subcoolings of 20°F (11.1°C), 10°F (5.6°C), and 2°F (1.8°C), respectively. The

basic trends seen within this figure were consistent for all orifices tested.
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Figure 4.7: Effects of length on mass flow for upstream pressure of 271 psia (1.9 MPa) and

Length (mm)

diameter of 0.0528 in (1.341 mm).
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MIXTURES OF OIL AND R32/125/134a (23%/25%/52%)

This section presents the experimental results obtained during examination of the flow
characteristics of the ternary refrigerant mixture and oil through the various short tube
orifices. Discussion with the advisory committee directed testing toward oil concentrations of
1% to 3%. It was agreed that oil concentrations of 1% to 3% were normally seen circulating
in a heat pump or air-conditioning system. The mass percentage of oil was set at 1.0% for
testing of all the short tube diameters at all upstream pressures and the median downstream
pressure which corresponded to evaporating conditions of 40°F (4.4°C). The mass flowrate
ratio, my ,was calculated to compare the mass flowrate of pure refrigerant and oil/refrigerant

mixtures. The mass flow ratio, my, was defined as:

. = mass flowrate of oil and refrigerant mixture
R =

(4.1

mass flowrate of pure refrigerant

General Trends

Figures 4.8 and 4.9 show the effects of oil concentration on mass flowrate for a given
geometry with a range of subcoolings/qualities and upstream pressures. These figures
revealed that the mass flowrate remained within 5% of the pure value at all upstream
pressures and subcoolings. For twophase flow at the entrance of the short tube, the addition
of oil to the refrigerant mixture increased mass flow by more than 12%. Previous research
showed that increasing the oil concentration beyond a certain percentage would cause mass
flow to drop sharply. Generally, mass flow would drop sharply for oil concentrations greater

than 2% to 2.5% in keeping with trends observed for R134a.

Figure 4.9 showed the effects of upstream pressure and oil concentration on the mass

flow ratio for a fixed upstream subcooling of 10 °F (5.6 °C). The trends plotted show that the
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Figure 4.8: Mass flow ratio as a function of oil concentration for upstream pressure of 271
psia (1870 kPa), length of 0.5 in (12.7 mm), diameter of 0.0528 in (1.34 mm),
and several subcoolings/qualities.
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Figure 4.9: Mass flow ratio as a function of oil concentration for all upstream pressures with

length of 0.5 in (12.7 mm), diameter of 0.0528 in (1.34 mm), and subcooling of
10 °F (5.6 °C)
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mass flow ratio is lower for the higher upstream pressures. For the upstream pressure of 221
psia (1524 kPa), the mass flowrate was reduced by 3.1% compared to a reduction of less than

4.7% for an upstream pressure of 329 psia (2271 kPa).

Effects of Upstream Subcooling/Quality

Figure 4.10 shows the variation in mass flowrate as a function of upstream subcooling
for a fixed geometry and a range of upstream pressures. At high levels of subcooling, the
addition of oil decreased flowrate from the pure case by approximately 3%. For the given oil
concentration, a decrease in upstream subcooling caused a decrease in mass flow. The mass
flow ratio at an upstream pressure of 221 psia (1524 kPa) decreased by approximately 2% as

upstream subcooling dropped from 20°F (11.1°C) to saturated conditions.

Effects of Upstream Pressure

The flow dependency of the oil/refrigerant mixture upon upstream pressure can be
seen in Figure 4.11. The mass flowrate increased with increasing upstream pressure even for
the oil contaminated refrigerant. One possible explanation for the lower mass flow ratio at the
higher upstream pressures could be the missibility of the oil in the refrigerant at the higher
temperatures. Even though subcooling was constant for a given line in Figure 4.11, higher
upstream pressures meant higher upstream temperatures. Mass flowrates for the 20°F
(11.1°C) subcooling level were generally within £3% of pure refrigerant flowrates. For
subcooling levels below 10°F (5.6°C), the addition of oil tended to decrease the mass flowrate
more rapidly than at higher subcooling levels (Figure 4.11). On average flowrates decreased
by 3.5% for subcoolings below 10°F (5.6°C). Similar trends were observed in the previous
work on R-134a (Kim, 1993). Twophase conditions at the short tube entrance showed that
the addition of oil caused flowrate to decrease by a maximum of 9% with the average

reduction being 6%.
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SUMMARY OF RESULTS FOR R32/125/134a (23%/25%/52%)

For the conditions of the present study, the existence of choked flow conditions was
verified from plots of the mass flowrate of refrigerant as a function of downstream pressure.
It was noted that weak establishment of choked flow may not promote system reliability and

constant control.

Upstream pressure was also examined as a dominant parameter affecting the mass
flowrate of refrigerant through the short tube orifice. As upstream pressure was increased,
mass flow increased in a linear fashion. The increase in the slope of the mass flow/upstream
subcooling line tended to decrease slightly with increases in short tube diameter. Increases in
upstream subcooling also tended to cause increases in mass flowrate for a given upstream

pressure.

The variation in refrigerant mass flowrate with short tube diameter for the ternary
refrigerant mixture followed the same trends seen for the flow of R-22 and R-134a. For high
subcooling, the mass flowrate varied with approximately the square of the orifice diameter.
At subcooling levels near zero, the changes in flowrate with diameter were less pronounced.
For two-phase conditions at the short tube entrance, the flowrate was almost linearly

proportional to diameter.

The addition of oil to the ternary refrigerant had little effect on mass flowrate at higher
subcooling levels. The flowrate generally remained within 5% of the pure case at subcooling
levels of 20°F (11.1°C). If oil concentrations were increased further, the rapid drop in mass
flow seen in past tests with R22 and R134a may have been more evident. The variations in
flowrate with upstream pressure followed the same trends seen in the pure case. Increases in
upstream pressure caused a linear increase in the mass flowrate. However, the rate of increase

was lower for the oil/refrigerant mixture.
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CHAPTER V
EXPERIMENTAL RESULTS FOR R32/125 (50%/50%)

The (near) azeotropic refrigerant R32/125 (50%/50% on a mass percentage) was
tested in critical flow through short tube orifices of length 0.5 in (12.7 mm), 0.75 in (19.05
mm), and 1.0 in (25.4 mm) with diameters ranging from 0.0432 in. (1.09 mm) to 0.0763 in.
(1.94 mm). Simulated condensing temperatures ranged from 80°F (26.7°C) to 125°F (51.7°
C) with evaporating conditions of 30°F (-1.11°C) to 50°F (10.0°C). Upstream pressure
corresponding to the various condensing temperatures ranged from a peak value of 461 psia
(3176 kPa) to 310 psia (2136 kPa). Downstream pressure, upstream pressure, upstream
subcooling/quality, short tube diameter, and short tube length were studied to determine their

effects on refrigerant mass flowrate.

PURE R32/125 (50%/50%)

The following sections describe the effects of the above parameters on refrigerant
mass flowrate through the short tube orifice. The figures introduced below represent the

general trends in mass flow for the conditions under consideration.

Effects of Downstream Pressure on Mass Flowrate

For the case of the binary refrigerant, upstream pressures averaged much higher than
the saturation pressure corresponding to the given upstream temperature. This meant that
approximately choked flow conditions existed for all tests. Figure 5.1 shows the variation in
mass flowrate with downstream pressure for all subcooling/qualities. At subcooling levels of
20°F (11.1°C), mass flowrate varied by less than 0.25% over the range of downstream

pressures. These figures showed that for the high operating pressures of the binary
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refrigerant, approximately choked conditions were well established at all downstream

pressures visited in the normal operating ranges of heat pumps and air-conditioners.
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Figure 5.1: Flow dependency on downstream pressure for a short tube of length 0.5 in (12.7
mm) and diameter of 0.0528 in (1.341 mm) with upstream pressure of 380 psia
(2618 kPa).
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Effects of Upstream Subcooling/Quality

Mass flowrate as a function of subcooling/quality is shown in Figure 5.2. The trends

presented were consistent with the results seen for the ternary refrigerant mixture. As

subcooling increased from O°F to 20°F (11.1°C), mass flowrate increased as a second order

polynomial. The figure shows that mass flowrate increased by an average of 35% as

subcooling increased from 0°F to 20°F (11.1°C) for all upstream pressures tested. Refrigerant

flowrate decreased as the inlet quality increased.
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Figure 5.2: Flow dependency on subcooling/quality for all upstream pressures with length of
0.5 in (12.7 mm) and diameter of 0.0528 in (1.341 mm).

For twophase conditions at the inlet of the short tube, there was a sharp decrease in
refrigerant mass flowrate as compared to the saturated conditions. Table 5.1 summarizes the
change in mass flowrate for qualities between 0% and 3% for an upstream pressure of 380
psia (2618 kPa). Although the percent change in mass flowrate for twophase at the short tube
entrance was approximately constant, the magnitude of the flow drop varied with diameter.
This was to be expected since mass flowrate has been shown to increase in proportion to the

orifice diameter raised to the power of 2.5.
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Table 5.1: Mass Flowrate Change for Twophase at Orifice Inlet

Dia‘g‘;ﬁﬁ;’ | Flowrate Change, Ib/h (kg/h) Rﬁe{lf;fﬁ)’ C::g:'&)
0% Quality 3% Quality

0.0432(1.09) | 139.4(633) | 107.2(486) | 322(147) | -23.0

0.0528 (1.34) | 213.9(97.0) | 1652(749) | 487(221) | -227

0.0674 (1.71) | 3755 (1704) | 2914(1322) | 842(382) | -223

0.0763 (1.94) | 509.11 (230.9) | 396.0(179.6) | 113.1(51.3) | -22.2

* Pup = 379.66 psia (2617.7 kPa), length = 0.5 in (12.7 mm)

Effects of Upstream Pressure

Figure 5.3 shows the variation in mass flowrate with upstream pressure at different
levels of subcooling/quality. Mass flowrate tended to increase almost linearly as the upstream
pressure was increased. The slope of the mass flowrate/upstream pressure line increased
slightly with an increase in subcooling. The trends presented were consistent with the results
seen for the ternary refrigerant mixture even though operating upstream pressures were 40%
higher than those for the ternary mixture. For the figure shown, the slope increased by 14%
as subcooling increased from O0°F to 20°F (11.1°C). For twophase conditions at the inlet of
the short tube, mass flowrate averaged 31% lower than at a subcooling level of 20°F (11.1°C)
and 7% lower than at saturated conditions. This trend was evident for all diameters tested
with the additional trend of an increase in slope as diameter was increased. For example at a
subcooling of 10°F (5.6°C), the slope increased from 0.219 Ib/h/psia (0.686 kg/h/kPa) to
0.652 Ib/h/psia (2.038 kg/h/kPa) as the diameter varied from 0.0432 in (1.09 mm) to 0.0763 in

(1.94 mm). Please note the figure includes all downstream pressures.
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Figure 5.3: Flow dependency on upstream pressure for all subcooling/qualities and
downstream pressures with length of 0.5 in (12.7 mm) and diameter of 0.0528 in

(1.341 mm).
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Effects of Short Tube Diameter

Figure 5.4 shows the variation in mass flowrate with orifice diameter at 20°F (11.1°C)
of subcooling and all upstream pressures. While the ternary refrigerant mass flowrate tended
to vary with diameter raised to the 2.2 power, the binary mass flowrate tended to vary more
closely with diameter raised to the 2.5 power. Table 5.2 shows how this trend developed for
several different subcooling/qualities when the data was fit to an equation of the form:

. C.
m=c +c¢,-D3

(5.1)

The last row in the table gives the value of the coefficient, C;, in Equation (5.1).

Table 5.2: Variation of Mass Flowrate with Orifice Diameter

Length=0.5in Mass Flowrate, Ib/h (kg/h)
(12.7 mm)
Diameter, in (mm) Subcooling/Quality
20°F (11.1°C) 5°F (2.7°C) 3%
0.0432 (1.09) 213.5 (96.9) 159.2 (72.2) 117.3 (53.2)
0.0528 (1.34) 325.1 (147.5) 244.5 (110.9) 180.5 (81.9)

0.0674 (1.71)

551.8 (250.3)

426.8 (193.6)

317.9 (144.2)

0.0763 (1.94)

728.4 (330.4)

575.5 (261.0)

431.5 (195.73)

¢, coefficient

233

2.58

2.66

¢ Upstream pressure of 379.66 psia (2617.7 kPa) and all downstream pressures.

This calculation revealed the polynomial characteristics of the mass flowrate as a function of

orifice diameter for the binary refrigerant. The above polynomial fits reveals the necessity of

measuring the orifice diameter accurately.
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Figure 5.4: Flow dependency on short tube diameter for all upstream pressures at 20°F
(11.1°C) subcooling and all downstream pressures.
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Effects of Short Tube Length

Figure 5.5 shows the effects of increasing the short tube length for the given

conditions. As length increased the mass flowrate of refrigerant decreased slightly. For the

range of lengths being tested, the mass flowrate decreased an average of 4.5%. As subcooling

decreased from 20°F (11.1°C) to 0°F, the slope of the mass flowrate versus length curve

increased by 42% varying from -28.4 Ib/(h in) [-0.508 kg/(h mm)] to -16.6 1b/(h in) [-0.296

kg/(h mm)]
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. The trends shown below were consistent with all the orifices tested.

Figure 5.5: Effect of length on mass flowrate for short tube of diameter 0.0528 in (1.341
mm), upstream pressure of 380 psia (2618 kPa), and several subcoolings/qualities.
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MIXTURES OF OIL AND R32/125 (50%/50%)

Tests were performed for all orifices with oil added to the pure refrigerant to more
closely simulate actual operating conditions for air conditioners and heat pumps. Oil mass
percentage was set at approximately 2.2%. Testing was performed at various upstream
pressures and at the median downstream pressure of 132.7 psia (915 kPa). Oil concentration

was determined using the methods described in chapter two (pure refrigerant method).

General Trends

Figure 5.6 shows the variation in mass flowrate ratio, m,, as a function of oil
concentration for several subcooling/qualities. The apparent scatter in the data was due to the
large dependency of mass flowrate on the degree of upstream subcooling. A general trend of
the form seen for the ternary refrigerant was again apparent for the binary refrigerant. At an
oil concentration of 2.2% with subcoolings above 10°F (5.6°C), the refrigerant remained
within 1.5% of the pure case. The mass flow ratio generally tended to decrease with
decreasing subcooling. The twophase data showed an increase in mass flow ratio as quality
increased from 1% to 5%. For a fixed subcooling, mass flow ratio tended to decrease as
upstream pressure increased. This could be a consequence of the solubility of the oil in the
refrigerant at different temperatures (Corr et al 1994). These trends were seen to apply for all

orifices and upstream pressures tested.

The main emphasis of Figure 5.6 should be that oil concentrations lower than
approximately 2% cause less than a 2% variation in mass flowrate as compared to the pure
case. This was true of all the orifices tested. Additional data for lower oil concentrations
would clarify the exact form of the mass flow ratio and oil concentration function. However,

the flow trends shown seemed to agree with previous trends seen for the ternary refrigerant.
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Figure 5.6: Flow dependency on oil concentration for short tube with length of 0.5 in (12.7
mm), diameter of 0.0528 in (1.341 mm), several subcooling/qualities, and
upstream pressures of 380 psia (2618 kPa).
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Effects of Upstream Subcooling/Quality

Figure 5.7 shows the flow dependency on upstream subcooling for the binary
refrigerant mixture with 2.2% POE oil flowing through the 0.0528 in. (1.34 mm) diameter
orifice. All upstream pressures were included in the figure. The mass flow ratio was

calculated based upon the method introduced in chapter four.

At subcooling levels of 20°F (11.1°C), the addition of oil to the pure refrigerant
caused the mass flowrate remain essentially constant as compared to the pure case. For all
diameters and subcoolings, the mass flowrate for the oil refrigerant mixture remained within
5% of the pure case. As the subcooling was lowered, the mass flowrate decreased below the
levels seen for the same conditions in the pure case. At subcooling levels of 10°F (5.5°C), the
mass flowrate averaged 2% lower than the pure case for all diameters. This trend continued
with the mass flowrate averaging 2.5% lower than the pure case at saturated upstream
conditions for all diameters. In the low quality twophase region, the addition of oil decreased
mass flowrate by as much as 9.5% from the pure case. As the quality increased, the mass flow
ratio approached unity. Thus, for the high inlet quality region, the presence of oil did not

substantially affect the mass flow.

The drop in flowrate at the lower subcooling levels for the 0.5 in (12.7 mm) orifice
was consistent with results presented by Kim (1993) for mixtures of R134a and PAG oil. The

binary refrigerant showed the same trends as the R134a/PAG mixture in the subcooled and

twophase regions.
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Effects of Upstream Pressure

The flow dependency on upstream pressure for the oil/refrigerant mixture is shown in
Figure 5.8. This figure shows the trends for a 0.0674 in. (1.71 mm) diameter orifice for all
subcoolings. The near horizontal nature of lines showed a weak dependence of flowrate ratio
on upstream pressure. This meant that mass flowrate for the oil/refrigerant mixture tended to
follow the same trends as seen for the pure case.
The main emphasis of this figure was that mass flowrate was lowered for all upstream
pressures and subcoolings of 10°F (5.6°C) or less. The figure shows that mass flowrate
averaged approximately 1.8% lower than the pure case for the 0.0674 in. (1.71 mm) diameter
orifice at subcoolings of 10°F (5.6°C) or less. This trend was extended to all diameters with

mass flowrate averaging 1% lower than the pure case for subcoolings of 10°F (5.6°C) or less.

For these oil tests, the length of the short tube was also varied. Short tubes of length
0.51in (12.7 mm), 0.75 in (19.05 mm), and 1.0 in (25.4 mm) were tested. These orifices had
diameters of 0.0528 in (1.341 mm) and 0.0674 mm (1.71 mm). At the oil concentration of
2.15%, mass flow rate remained within 1% of its value for the pure refrigerant at all lengths
and for the two diameters tested. Therefore, mass flow trends were consistent with those

produced by the pure refrigerant.
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SUMMARY OF RESULTS FOR R32/125 (50%/50%)

For the high operating pressures of the binary refrigerant mixture, approximately
choked flow conditions existed at all downstream pressure. Regardless of the diameter of the
short tube, the mass flowrate varied by less than 1% for the range of downstream pressures

tested.

As the upstream subcooling decreased, the mass flowrate of refrigerant decreased.
Table 5.3 reiterates some of the data shown in Table 5.1, but also shows the trends in mass
flowrate for decreasing subcooling. As subcooling decreased from 20°F (11.1°C) to 0°F,
mass flowrate decreased an average of 27%. Mass flowrate increased in a polynomial fashion
with increases in upstream subcooling. For twophase at the orifice inlet, the mass flowrate
decreased sharply. Mass flowrate for all diameters dropped an average of 23% as quality was
increased from 0% to 3%. The magnitude of the resulting decrease in mass flowrate for
twophase conditions was higher for larger diameter orifices. This meant that the larger

orifices tended to be more affected by twophase conditions at the entrance.

The slope of the mass flowrate/upstream pressure curve increased as upstream
subcooling was increased. This trend continued for all diameter orifices. For twophase at the
orifice inlet, the mass flowrate averaged 18% lower than at saturated conditions for all

diameters.

The short tube diameter had a larger effect on mass flowrate for the binary refrigerant
than for the ternary refrigerant. While the ternary refrigerant mass flowrate varied
approximately with the square of the orifice diameter (diameter raised to the 2.2), the binary
refrigerant mass flowrate tended to vary more closely with orifice diameter raised to the

power of 2.5. This was true for all diameters and upstream subcooling/quality conditions.
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Table 5.3: Percent Change in Mass Flowrate for a Change in Subcooling/Quality

Length of Pup =310 psia Pup = 380 psia Pup = 461 psia
0.5in
' 2136 kP 2618 kPa 3176 kPa
(12.7 mm) ( ) ( ) ( )
Subcooling / Quality Subcooling / Quality Subcooling / Quality
Diameter, 20°F—>0°F 0%—3% 20°F—>0°F 0%—3% 20°F->0°F 0%—>3%
in(mm) | jj1°Co0°C 11.1°C—0°C 11.1°C—»0°C
0.0432 -31.5 -23.1 -28.7 -23.0 274 -22.9
(1.09)
0.0528 -29.6 -22.8 -28.2 -22.7 -26.9 -22.6
(1.341)
0.0674 -27.1 -22.4 -25.8 -22.3 -24.7 223
1.71)
0.0763 -25.1 =222 -23.9 222 -23.0 -22.1
(1.94)

The addition of oil to the pure refrigerant caused flow trends that were also observed
in the ternary refrigerant mixture. The addition of oil below a concentration of approximately
2% would appear to only slightly affect the mass flowrate. At subcooling levels of 20°F
(11.1°C), the mass flowrate change was negligible. As subcooling decreased, the decrease in
mass flowrate as compared to the pure case followed a seemingly linear trend dropping by
approximately 4% for all diameters tested. Increasing the length of the short tube for the

oil/refrigerant mixture caused less than a 1% change in mass flowrate.
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CHAPTER VI
SEMI-EMPIRICAL MODEL DEVELOPMENT

Due to complicated flow conditions and a discontinuity at the exit plane of the short
tube, most previous investigators have chosen semi-empirical flow models over analytical or
numerical models for refrigerant flow through short tubes. One approach to modeling
twophase flow through short tubes is to start with the single-phase orifice equation and make
corrections in it . This method has been used by several previous researchers (Pasqua, 1953;

Davies & Daniels, 1973; Mei, 1982; and Aaron & Domanski, 1990).

The present flow model was basically derived from the single-phase orifice equation
with adequate modification of a theoretical equation to satisfy the flow characteristics through
short tube orifices. The developed flow model for both R32/125/134a (23/25/52) and
R32/125 (50/50) covered single and twophase flow at the inlet of the short tube with
consideration for oil contamination effects. This section discusses the governing equations
and coefficients for the semi-empirical flow model. The detail description of theoretical

equations will not be included here, but the detailed procedure can be found in the paper by

Kim and O'Neal (1994a).

The single-phase orifice equation used for orifices can be derived from equations of
continuity and energy with the given assumptions (ASME, 1971). The single-phase orifice

equation for a single-component, single-phase substance is given as:

M =C4|%.AB,~B,)(1-5) 6D

where 71 is the mass flowrate for single -phase flow and B is the ratio of orifice throat

diameter to upstream tube diameter.
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The total mass flow for twophase flow, 7, can be related to the inlet quality, X,,, and
single-phase mass flow rate, 71, by the following relationship (Kim and O'Neal, 1994a;
Chisholm, 1967) :

ms

m.,. =
¥ (1-x,)-(+ar+1*»)%

(6.2)

where Y is a variable that depends on the upstream quality, relative densities of the inlet vapor
and liquid, and another term, F, which is a function of the polytropic ratio, n, and the pressure

ratio of downstream to upstream, r. Y and F are given below:

05
Y:.ﬁ_(f_f_) F (6.3)
I-x,\p,
n-1 1-r 1)”
F=( n .l—r("")/".rz/") 64)

The variable a in Equation (6.2) depends on the cross sectional areas occupied by the liquid

and vapor (Chisholm, 1967).

When an arbitrary control volume (shown by dotted line in Figure 6.1) was drawn
around the short tube orifice with subcooled liquid at the inlet, it was noted that the
assumption of incompressible flow for Equation (6.1) was violated due to the fact that
flashing occurred inside of the short tube (Kim and O'Neal, 1993a). Once the flow flashed,
there was a density change. Because choked conditions were established just after the
flashing point, the flow rate was not a function of the pressure at the downstream control
surface. Therefore, the downstream control surface was reset to the inlet section before

flashing occurred (shown by continuous line in Figure 6.1).
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Figure 6.1: Control Volume of the Mass Flow Model.

It was observed that the measured pressure at the inlet section of the short tube was
lower than P, (Kim, 1993). However, due to the existence of metastable liquid flow at the
inlet section of the tube, the temperature change anticipated from the pressure dip near the
inlet could be small within the new control volume. Therefore, the change of the liquid
density across the control volume may be assumed to be negligible because of small
temperature differences. Thus, the assumption of incompressible flow was approximately

satisfied by moving the downstream control surface.

Once the assumptions were examined with the new control volume, Equations (6.1)
and (6.2) had to be modified to satisfy both the flow characteristics through short tubes and
flow conditions within the new control volume. After dropping the term (1-p4) from Equation
(6.1) due to small values of 4 compared with unity (for current study, 0.1 < <0.2), a mass

flow model for both single and twophase flow was derived by combining Equations (6.1) and

(6.2):

i =C-C,- 4,27 p;(B, = Pip) (6.5)
where,

C, = [(1 - xup) : (1 +aY +Y? )0'5]~1 (6.6)
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It should be noted that for single-phase flow entering the short tube, the mass flow rate, 7,

was equal to mg (Equation (6.1)) because C,, was unity. For twophase flow entering the

short tube, i and M, (Equation (6.2)) were identical.

To satisfy the pressure condition at the downstream control surface, P, which was the
pressure before the flashing occurred, was applied instead of P,,,,,. The adjusted downstream
pressure, P, covered the assumption of incompressible flow and choked flow conditions. The
single-phase flow models were typically correlated by modifying downstream pressure and the
orifice constant. In this study, the orifice constant, C, was set equal to unity and P,was
correlated with the experimental data. Due to the limited data for oil contamination, a
correction factor for oil contamination was not included in the present model. New
coefficients for the oil/refrigerant mixtures were calculated instead. Further testing of these
refrigerants at various concentrations of oil would be needed to properly correlated mass

flowrate with oil concentration. The final form of the model was given by:

m=C, 427, p(P, - F) ©7
where,

A, = short tube throat area, in (m?)

C, = correction factor for twophase quality (Equation (6.9))
m = mass flowrate, Ib/h (kg/h)

P, = adjusted downstream pressure, psia (kPa) (Equation (6.8))

P,, = upstream (condenser) pressure, psia (kPa)

p = density of upstream fluid entering short tubes, 1b/ft? (kg/m3)
(for twophase entering the short tube, p equals to p)

The variables, P, and C,,, in Equation (6.7) were correlated with respect to a
normalized form of each of the operating parameters and short tube diameter. The use of a
normalized form allowed the applicability of SI and English units. The Equation (6.7) was

formed to cover single and twophase flow at the inlet of the short tube without considering oil
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mixture effects. It should also be noted that for subcooled liquid entering the short tube, C,,

was unity because x,,, in Equation (6.9) was set equal to zero.

After deciding basic normalized parameters included in each correction factor, a
correlation between correction factor and normalized parameters was determined using a non-
linear regression technique along with the experimental data. All coefficients included in the

flow model are given at Table 6.1.

Based on the all measured data for pure refrigerants, the adjusted downstream
pressure, P, was correlated with inlet subcooling, upstream pressure, downstream pressure,
short tube length, and short tube diameter. The liquid saturation pressure, P,,, was used as a

reference value for P,, because flashing occurred when the pressure was near P.__.
f sat

by P b
P, = p,|b+b PRA™ LD 4 -SUBC™ +b,- PRA” 68)

+ b, -exp(b, - DR-LD* ) +b, - EVAP

where,
DR = D/D,,
EVAP = (PP, )P, (P is in absolute pressures)
LD =(/D)
PRA = P /P, (P is in absolute pressures)
SUBC = (T, TIT, (T is in absolute temperatures)
D = short tube diameter, in. (mm)
D, = reference short tube diameter, 0.060 in. (1.524 mm)
P, = critical pressure for a given refrigerant, psia (kPa)

P,,.. = downstream (evaporator) pressure, psia (kPa)
P, = saturated liquid pressure corresponding to upstream temperature, psia (kPa)
T, = critical temperature for a given refrigerant, °R (K)
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Table 6.1: Coefficients of Correction Factors in the Flow Model

R32/125/134a (23/25/52)

R32/125 (50/50)

Equations | Coefficients
Pure 1% Oil Pure 2.2% Oil
b, 0.963034325 0.980538238 0.874805831 1.050104183
b, 4.286408416 4957604391 3.131470913 6.305986547
b, -0.278235435 -0.309919995 -0.214726407 | 0.099138818
b, -0.043090943 -0.116219951 0.083394737 | -0.045626106
Eq (6.8) by 0.916226528 0.906610038 0.901559277 | 0.958459297
b 0.071794702 0.227476573 -0.020574536 | -0.254071783
b, 0.499098698 0.186773583 0.944446846 0.137198955
by -0.208417565 -0.398196082 -0.418400083 | -0.276516186
by -0.034680678 -0.030711793 -0.025322802 | -0.014589768
bio 1.844061084 1.587754176 2.33507746 2.5121908
by -0.091235910 -0.134132834 0.068890172 0.13087558
a, -4.45974577 -4.349745770 3.693038038 1.427618112
Eq (6.9) a, 10.69467130 10.454571210 0.120175996 0.530751112
a, -0.55303036 -0.663120121 0.194241638 | -0.365456266
_ a, 0.39429366 0.323273661 0.022577667 | 0.018669938
Constants Unit R32/125/134a (23/25/52) R32/125 (50/50)
P SI 4619.14 kPa 4949.65 kPa
¢ English 669.95 psia 717.886 psia
T SI 359.89 K 345.65K
¢ English 647.80 °R 622.17°R
% SI 1.2960x1010 1.2960x101¢
English 2.8953x10°6 2.8953x106
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Upstream pressure, P, ,, was considered in the updated model (Equation. (6.7)), but it
did not adequately account for the observed slope change for flow rate with respect to
upstream pressure and subcooling. Therefore, the effects of the upstream subcooling were
correlated with the normalized subcooling, (7,7, /T, and normalized upstream pressure,
P,/P... Because the cross sectional area of the short tube, 4, in Equation (6.7) did not fully
correlate diameter effects on flow rate, normalized form of diameter, DR, was included in the
correction of the adjusted downstream pressure, P.. Due to non-ideal choking that occurs in
orifices, the slight mass flow dependency on downstream pressure was considered using the

normalized downstream pressure, (PP, )/P..

Because the twophase correction factor, Copo defined by Equation (6.6) did not include
the effects of short tube geometry and boundary conditions at the downstream control surface,
some modifications were required. First, the F in Equation (6.4) was set equal to unity
because of the difficulty in evaluation of pressure ratio, 7, within the new control volume.
However, the effects of compressibility for vapor (the physical meaning in the value of F) was
considered by modifying inlet quality, x,, (coefficients a, and a, in Equation (6.9)). Second,
the correlation between the single-phase flow rate and liquid flow rate during twophase flow
was modified by including the effects of a short tube diameter. The single-phase mass flow,
g, was calculated at zero subcooling to obtain the continuity between the single and
twophase flow rate. Thus, after setting SUBC=0 while keeping the coefficients of P, constant,

the coefficients of C,, were determined from the experimental data for twophase entering the

short tube.
C, = ! 6.9)
? (+a,- x,1+a,- LD% . ydatntDy ‘
where
X 0.5
Y=-1———“”—«(p—f} (6.10)
T Xy \Py
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The p,and p, in the Equation (6.10) is the saturated liquid and saturated vapor density,
respectively, at a given upstream pressure which is equal to saturation pressure, P,,,, for

twophase entering the short tube.

The presence of oil had a stronger effect on mass flowrate at low subcooling levels
than at high subcooling levels. The effects of the oil were partially dependent on upstream
subcooling and upstream pressure (Chapter IV and V). If more data was taken for several
more oil concentrations, a correction factor for oil concentration, C, could be included in
equation 6.7. However, due to limited data for mass flow at different oil concentrations, the

present model only includes flow equation for the specific oil concentrations tested.

Using Equation (6.7) through (6.10), the mass flow rate at a given operating condition
and short tube geometry can be predicted. When applying the above equations, it should be
understood that the application of the flow model has a limited range due to the limited range
of the experimental data (Table 6.2). To apply the flow model successfully, some attention is
required in the following: (1) temperature and pressure are in their absolute values, and area
has units of inZ (m?), (2) x,,, should be set equal to zero (C,,=1) for calculation of single-phase
mass flow rate, (3) SUBC should be set equal to zero for calculation of twophase mass flow
rate, and (4) the oil model does not cover every geometry included in the pure tests with

twophase flow at the inlet of the short tube.
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Table 6.2: Limitations on the Application of the Flow Model

Refrigerants | Parameter Minimum Maximum
L 0.5 in (12.70 mm) 1.0 in (25.40 mm)
D 0.0431 in (1.09 mm) 0.0763 in (1.94 mm))
R32/125/134a P, 221 psia (1524 kPa) 329 psia (2271 kPa)
(23/25/52) P 78 psia (483 kPa) Py,
Subcooling 0°F (0°C) 20°F (11.1°C)
Quality 0% 5%
0Oil Conc. 0% 1.0 %
L 0.5 in (12.70 mm) 1.0 in (25.40 mm)
R32/125 D 0.0431 in (1.09 mm) 0.0763 in (1.94 mm)
(50/50) P, 309 psia (1751 kPa) 461 psia (3176 kPa)
Pun 111 psia (769 kPa) P,
Subcooling 0°F (0°C) 20°F (11.1°C)
Quality 0% 5%
0il Conc 0% 22 %
GOODNESS OF FIT

The detail comparison of the present flow model with the experimental data is

included in the Appendix A. Generally the prediction of mass flowrate fit the experimental
data well for a wide operating range. An absolute value percent difference as defined by the

following equation was used to determine the goodness of fit for each model.

Py = ABS(calculated - actual*loo%) 6.11)

actual

Table 6.3 compares the model with the experimental data over the entire range of geometries

and conditions tested. For the pure ternary mixture (AC9000) with both single phase at the
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Table 6.3: Overall Goodness of Fit for Mass Flow Model Using 95% of the Data

R32/125/134a (23/25/52) R32/125 (50/50)
Absolute Value
Percent Pure oil Pure oil
Difference
Mean 2.814 1.629 1.999 1.882
Standard 2.050 1.174 1.904 1.568
Deviation
Maximum 8.420 4.145 9.394 8.296

inlet of the short tube, approximately ninety-five percent of the measured data were within +
3% of the model's prediction (the model predicted the results with a standard deviation of
2.05%). The maximum difference between the measured data and the model's prediction was
within £10%. For the pure binary mixture (AZ20) with single phase flow at the inlet of the
short tube, the predicted mass flowrate was within £2.6% of the measured flow rates, and
ninety-five percent of the experimental data were within +2% of the model's prediction (the
model predicted the results with a standard deviation of 3.6%). We hypothesize that the
accuracy of the model for the ternary mixture (AC9000) was lower than the binary mixture
(AZ20), due to composition change in the ternary mixture as it vaporized. The small
difference between the model's prediction and experimental data could also be attributable to

uncertainties in measurements such as mass flowrate.

The goodness of fit of the current model can be explored further by breaking the
amount of error into groups based upon length and diameter. Tables 6.4 and 6.5 show the
agreement of the model to all of the experimental data for the various lengths and diameters of
short tubes. Again please note that all of the experimental data is included in the quantities

presented in Tables 6.4 and 6.5.
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Table 6.4: Pure Single Phase Model Comparison Based Upon Short Tube Length

L =0.5in(12.7 mm) L =0.75in (19.05 mm) L =1.0in(25.4 mm)
P Ternary Binary Ternary Binary Ternary Binary
Mean 2.94 1.42 2.49 1.50 4.86 7.34
Standard 8>
Deviation | 292 0.98 1.79 1.57 2.78 5.
Maximum 18.15 4.08 7.65 6.47 10.30 22.70

® All values are absolute value percent differences between the model and experimental data.

Table 6.5: Pure Single Phase Model Comparison Based Upon Short Tube Diameter

Diameter = 0.0432 in 0.0528 in 0.0674 in 0.0763 in
(1.09 mm) (1.34 mm) (1.71 mm) (1.94 mm)
Pgir Ternary | Binary | Ternary | Binary | Ternary | Binary | Ternary | Binary
Mean 2.78 4.20 3.59 2.29 2.73 2.54 3.02 1.33
Standard
Deviation | 245 | 616 | 224 | 230 | 28 | 215 | 404 | 132
Maximum 10.30 22.70 11.95 9.39 16.15 7.65 18.15 4.73

® All values are absolute value percent differences between the model and experimental data.

In Table 6.4 we can see that the short tubes with lengths of 1.0 in (25.4 mm) produced
the highest absolute value percent difference for mass flowrate when compared to the model.
These larger deviations from the model were generally caused by one short tube which had a
length of 1.0 in (25.4 mm) and diameter of 0.0431 in (1.09 mm). The maximum deviation of
22% occurred with the binary refrigerant and averaged 17.6% for this short tube. Close
examination of this orifice showed no rough internal features or obvious geometric
irregularities. This same orifice was modeled well for the ternary refrigerant. It was
hypothesized that flow conditions within the orifice had changed due to the higher operating

pressures of the binary refrigerant and the large length to diameter ratio of this orifice (23.2).
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For twophase flow at the inlet of the short tube, the mass flow model did not predict
flowrate as well. For the ternary refrigerant mixture the model predicted flowrate to within
+15% for all pure refrigerants and oil/refrigerant mixtures. Twophase conditions for the
binary refrigerant did not show the same rapid decrease in flowrate as seen with the ternary
refrigerant. This would be expected since the binary refrigerant operates at pressures which
averaged 40% higher than those seen by the ternary refrigerant. The limited range of
twophase data prevented the development of a good fit for all flow conditions and geometries.
The absolute value percent difference for the pure case averaged 10% with a standard
deviation of 7%. This also applied to the oil/refrigerant mixtures with an average absolute
value percent difference of 9%. This lack of good fit could possibly be due to the uncertainty

in measuring quality (+4% is the uncertainty for quality calculations).

For both refrigerants (AC9000 and AZ20) with oil, the model was a better fit due to
the limited geometries tested. With the ternary refrigerant only 0.5 in (12.7 mm) orifices with
diameters of 0.0528 in (1.34 mm) and 0.0676 in (1.72 mm) were tested. This limited range of
experimental data was much easier to fit. Approximately ninety-five percent of the single
phase data were within 2% of the model's prediction (the oil/refrigerant models for AC9000
and AZ20 were fit the experimental results with a standard deviation of 1.3% and 2.7%,
respectively). Due to the limited data range for oil concentration, the application of the model
to higher oil concentrations should be used with caution. Because oil did not have any
significant effect on flow rate at low oil concentration region (less than 2%), the use of pure
refrigerant flow model is strongly recommended for oil concentrations ranging from 0% to
2%. The maximum error occurred from using the pure refrigerant model in the low oil

concentration range should be less than +5% of the measured mass flow.
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CHAPTER VII
SUMMARY AND RECOMMENDATIONS

To develop an acceptable flow model, an experimental investigation was performed.
The refrigerants investigated were those considered R22 replacements: R32/125/134a
(23%/25%/52%) and R32/125 (50%/50%). A series of tests for both refrigerants were
performed to generate data at varying operating conditions with twelve short tubes. The tests
included both single and twophase flow conditions at the inlet of the short tube with different
oil concentrations. Experimental data were presented as a function of major operating
parameters and short tube diameter. Based on test results and analysis, a mass flow model

was developed.

Short tube orifices of length 0.5 in (12.70 mm) to 1.0 in (25.4 mm) and diameters
ranging from 0.0431 in (1.09 mm) to 0.0763 in (1.94 mm) were tested for R32/125/134a
(23%/25%/52%) and R32/125 (50%/50%) at selected testing conditions found in heat pump
or air-conditioner applications. The general trends observed in both refrigerants were
consistent with the previous results for R22 (Kim and O'Neal, 1993a; Aaron and Domanski,
1990). At the same condensing temperature conditions, the mass flowrate of the ternary
mixture varied by approximately +5% as compared to R22 while the binary refrigerant
flowrate averaged 15% higher than that for R22 due to its higher operating pressures (Table
7.1). The maximum percent difference in Table 7.1 occurred at high levels of subcooling and
large qualities. Generally, flow trends of both refrigerants were also quite similar to each
other even though mass flow rate for the binary mixture (AZ20) was approximately 6 to 15%
higher than that for the ternary mixture (AC9000). The test results for both refrigerants

showed the mass flow rate was strongly dependent on upstream conditions, but slightly

dependent on downstream conditions.
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Table 7.1: Comparison of the Mass Flowrate for a Short Tube with L=0.5 in (12.7 mm) and D=0.0528 in (1.34 mm).

Sat. Liq. Subcooling / Refrigerant Flow, Ib/h (kg/h) % Differences
Temp., °F (°C) |Quality °F (°C) R22 R32/125/134a R32/125 R32/125/134a | R32/125
(23%/25%/52%) | (50%/50%) |(23%/25%/52 | (50%/50%)
%)
95 (35) 20 (11.1) 259 (117) 264 (120) 304 (138) 1.9 17.4
PsaLiq’ 10 (5.6) 224 (102) 225 (102) 249 (113) 0.4 112
R22 : 196 psia 5(2.8) 211 (96) 211 (96) 225 (102) 0.0 6.6
(1351 kPa)
Ternary : 221 psia 0 201 (91) 210 (95) 214 (97) 45 6.5
(1524 kPa)
Binary : 309 psia 5% 138 (63) 152 (69) 154 (70) 10.1 116
(2130 kPa)
110 (43.3) 20 (11.1) 281 (127) 289 (131) 325 (147) 2.9 15.7
Pou Lig 10 (5.6) 242 (110) 247 (112) 268 (122) 2.1 10.7
R22 : 241 psia 502.8) 226 (103) 230 (104) 245 (111) 1.8 8.4
(1662 kPa)
Ternary : 271 psia 0 212 (96) 225 (102) 234 (106) 6.1 10.4
(1868 kPa)
Binary : 379 psia 5% 157 (71) 170 (77) 169 (77) 8.3 7.6
(2613 kPa)

* Percent difference = (Refrigerant Mixtures - R22)/R22.



EPA Task 1 Draft Report, Page No. 65

The major factor affecting the flow rate was upstream conditions. For both
subcooled liquid and twophase flow entering a short tube, the mass flow rate was directly
proportional to upstream pressure. The increase in mass flowrate with upstream pressure was
accelerated for high levels of upstream subcooling. The refrigerant flow rate increased in a
polynomial fashion with increases in upstream subcooling. The mass flow continued dropping

inside the saturation region as the quality increased.

The mass flow rate was extremely sensitive to changes in short tube diameter. The
binary mixture (AZ20) showed more effects of short tube diameter on flowrate than the
ternary mixture (AC9000). While the ternary refrigerant mass flowrate in the subcooling
region varied approximately with the square of the orifice diameter, the binary refrigerant
mass flowrate tended to vary more closely with diameter raised to the 2.6 power. The effects

of diameter varied as a function of upstream subcooling and quality.

The effects of oil contamination on the flow through short tubes were studied by
comparing test results for oil contaminated refrigerants with pure refrigerants (mass flow ratio
my). The presence of oil below a concentration of approximately 2% would appear to only
slightly affect the mass flowrate (less than 5%). For both refrigerants at high levels of
subcooling (beyond 10°F (5.6°C)), the addition of oil varied flowrate from the pure case by +
5%. As subcooling decreased, the decrease in mass flow as compared to the pure case

followed a linear trend.

To predict the mass flow rate, the semi-empirical models for both single and twophase
flow at the inlet of the short tubes were developed by empirically correcting the modified
orifice equation as a function of normalized forms of operating conditions. Due to the limited
range of oil concentrations tested, new coefficients were calculated for each oil concentration
tested. It was found that the semi-empirical flow model estimates were in good agreement

with laboratory results for both single and twophase flow entering the short tubes.
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The tests for the effects of oil concentration was performed over a limited range of test
conditions and short tube diameters with one lubricant: RL 32S POE. The polyol ester
lubricant was of a single viscosity, 32 centistokes. Oils of higher viscosity could produce
different results from what was seen here. Also the miscibility of the oil and refrigerant were
not factored into model development. Although this oil was reported to be miscible with the
refrigerants under the test conditions, other oils may not show this same behavior. Further
study would be required to characterize the effects of oil concentration with short tube

geometry and test conditions.

It was earlier noted that the limitations on the application of the semi-empirical flow
model were imposed by the range of the experimental data. Therefore, a more
comprehensive semi-empirical model may need to be developed to obtain a wider

applicability.
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APPENDIX A

MODEL COMPARISON WITH EXPERIMENTAL DATA

The semi-empirical flow model was developed to predict the mass flowrate through
short tubes with a given sets of conditions. The flow model was formed to cover both single
and twophase flow at the inlet of the short tube with consideration for the effects of oil
concentration. This appendix presents the experimental data with the predicted mass flowrate
using the mass flow model developed in chapter six. It consists of four sections for each

refrigerants either with or without oil:

A.1. Pure R32/125/134 (23%/25%/52%) (AC9000)
A.2. Pure R32/125 (50%/50%) (AZ20)

A.3. Mixtures of oil and R32/125/134a (23%/25%/52%)
A.4. Mixtures of oil and R32/125 (50%/50%).

The variables used in each column of the table are defined as:

L = short tube length (inch)
D = short tube diameter (inch)
Pup = upstream (condensing) pressure (psia)

Pdown = downstream (evaporating ) pressure (psia)
Tsub = upstream subcooling (°F)or quality (%)
(negative value indicates quality)
Mact = measured mass flowrate (Ib/min)
Mecalc = predicted flowrate using the mass flow model (Ib/min)
(Mcalc - Mact) /Mact = percent difference between the predicted and

measured mass flowrate (%)
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Al. Pure R32/125/134a (23%/ 25%/ 52%) by mass

PUP PDOWN TSUB L D MACT MCALC %DIFF
221.57 77.94 20.205 0.5 0.0432 3.123 2.9908 -4.2336
221.41 92.05 19.958 0.5 0.0432 3.098 2.9643 -4.3142
220.22 91.89 9.811 0.5 0.0432 2.478 2.4768 -0.0486
220.81 91.87 4.792 0.5 0.0432 2.292 2.2944 0.1039
221.94 94.04 0.469 0.5 0.0432 2.186 222 1.5541
219.71 93.26 -0.275 0.5 0.0432 2157 1.9547 -9.3783
221.44 94.01 -0.396 0.5 0.0432 2175 2.0459 -5.934
222.02 93.02 -0.981 0.5 0.0432 1.986 1.7773 10.507
220.85 94.35 -3.063 0.5 0.0432 1.696 1.9901 17.3409
271.45 110.32 19.971 0.5 0.0432 3.261 3.1365 -3.8181
271.86 93.39 19.909 0.5 0.0432 33 3.1524 -4.4721
270.73 78.73 19.732 0.5 0.0432 3.253 3.1549 -3.0163
2711.4 78.93 10.369 0.5 0.0432 2.688 2.6856 -0.091
27121 111.81 10.188 0.5 0.0432 2.65 2.6303 -0.7451
271.86 93.29 10.149 05 0.0432 2.683 2.6564 -0.9926
271.35 78.58 9.497 0.5 0.0432 2.631 2.6471 0.6106
269.89 94 .4 3.945 0.5 0.0432 2421 2.4105 -0.4348
271.22 110.59 2.063 0.5 0.0432 2.345 2.3413 -0.1675
269.63 110.33 1.305 0.5 0.0432 2.291 2.3272 1.5802
271121 80.29 1.105 0.5 0.0432 2.292 2.3822 3.9345
270.67 110.77 0.649 0.5 0.0432 2.227 2.325 4.4022
272.24 93.86 -0.131 0.5 0.0432 2.253 2.2951 1.8686
272.05 93.24 -0.227 0.5 0.0432 2.182 2.1456 -1.6688
271.23 92.78 -1.22 0.5 0.0432 2.008 2.0729 3.2338
27218 92.15 -4.1 0.5 0.0432 1.894 2.1613 14.112
328.46 93.37 19.969 0.5 0.0432 3.507 3.3286 -5.0862
328.63 92.86 9.921 0.5 0.0432 2.866 2.7911 -2.6135
328.22 92.08 4.435 0.5 0.0432 2.66 2.5628 -3.6529
329.21 92.89 2,422 0.5 0.0432 2.544 2.5068 -1.4622
327.83 94.88 1.825 0.5 0.0432 2.525 2.4885 -1.446
328.97 92.89 1.425 0.5 0.0432 2.517 2.4885 -1.1315
327.23 93.97 -0.072 0.5 0.0432 2.404 2.4431 1.6261
329.18 92.92 -4.733 0.5 0.0432 2.087 2.3885 14.4474
221.8 93.15 20.544 05 0.0528 4.369 4.5456 4.0418
221.78 92.4 10.376 0.5 0.0528 3.651 3.8521 5.509
221.59 92.2 4.998 0.5 0.0528 3.522 3.5738 1.4717
221.23 94.02 1.901 0.5 0.0528 3.424 3.4733 1.4412
220.89 93.6 -1.721 0.5 0.0528 2.698 3.1043 15.0608
270.92 92.62 20.38 0.5 0.0528 4.704 4.8269 2.6117
271.43 93.15 20.352 0.5 0.0528 4.641 4.8258 3.9818
2711.21 93.35 20.097 0.5 0.0528 4.684 4.8045 2.5723
271117 11043 19.834 0.5 0.0528 4.603 4.7573 3.3513
270.68 93.89 19.562 0.5 0.0528 4.575 4.7601 4.0468
272.06 94.26 10.199 0.5 0.0528 3.878 4.0948 5.5916
270.6 110.85 9.854 0.5 0.0528 3.852 4.0323 4.6811
271.46 94.28 9.849 0.5 0.0528 3.86 4.0699 5.4389
271.61 111.8 5.042 0.5 0.0528 3.679 3.7673 2.3991
271.2 94.96 4.969 0.5 0.0528 3.62 3.8018 5.0209
271.58 110.61 4.769 0.5 0.0528 3.665 3.7578 2.531
27116 95.13 2.086 0.5 0.0528 3.562 3.7044 4.2905

271.83 94 1.682 0.5 0.0528 3.577 3.7001 3.4423
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4.982
8.394
8.398
7.282
6.92
6.837
5.84
6.687
6.618
6.508
9.79
9.083
8.759
7.882
8.024
7.854
8.219
6.362
10.357
10.256
9.099
8.876
8.852
7.108
8.3
8.086
8.442
11.072
9.666
9.596
9.185
7.666
8.848
8.903
7.231
3.148
2.496
2.194
2.18
4.603
4.539
3.838
3.745

7.9488
6.8878
6.9092
6.6147
6.4047
6.3976
6.4592
6.3791
6.423
6.419
6.3594
6.3551
6.4219
5.1001
8.5415
8.5333
7.3769
6.9554
6.8868
6.7834
6.7729
6.7611
6.7867
9.7529
8.4566
7.9944
7.8712
7.8786
7.8817
7.874
7.212
10.3402
10.2428
8.9903
8.5758
8.5282
8.3979
8.3678
8.3615
8.3584
10.88
9.5521
9.4381
8.9907
8.8192
8.7603
8.7737
8.2044
3.0789
2.4921
2.1535
2.1284
4.4558
4.4606
3.717
3.7185

1.7376
1.2015
2.0409
0.9568
-1.178
-0.1311
1.5438
-0.498
1.5341
2.754
0.0685
0.0013
20.689
2.3709
1.757
1.6112
1.3032
0.5109
0.7287
16.1549
1.2852
2.1623
4.2819
-0.3785
-6.8966
-8.7289
-0.1365
-1.8126
0.3532
-4.1978
13.3612
-0.1618
-0.129
-1.1946
-3.3824
-3.6583
18.1466
0.8174
3.4068
-0.9901
-1.7344
-1.1782
-1.6452
-2.1153
15.0428
-0.9907
-1.4518
13.4609
-2.1959
-0.157
-1.8447
-2.369
-3.1974
-1.7277
-1.5903
-0.7078
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271.16 92.68 9.604 0.75 0.0528 3.7 3.6569 -1.1651
270.93 93.25 2.401 0.75 0.0528 3.264 3.206 -1.7784
2719 93.55 0.269 0.75 0.0528 3.206 3.1652 -1.2734
271.25 94.23 20.182 0.75 0.0676 7.697 7.4787 -2.8364
271.07 93.15 10.31 0.75 0.0676 6.322 6.1591 -2.5775
270.13 92.75 9.447 0.75 0.0676 6.204 6.0506 -2.4728
270.42 95.38 2.08 0.7% 0.0676 5.649 5.3521 -5.2562
271.58 96.29 1.354 0.7% 0.0676 5.591 5.3231 -4.7908
271.67 96.61 1.198 0.75 0.0676 5.567 5.318 -4.4735
270 97.41 1.103 0.75 0.0676 5.557 5.3028 -4.5746
271.18 100.98 20.084 0.75 0.0762 9.656 9.5063 -1.5498
270.25 97.03 9.5 0.75 0.0762 7.791 7.7567 -0.4406
270.79 97.72 2.667 0.7% 0.0762 6.453 6.9465 7.6468
271.24 103.31 2.273 0.75 0.0762 7.092 6.8889 -2.8631
272.02 105.77 2.145 0.75 0.0762 7.024 6.8725 -2.1569
272.02 106.76 2.052 0.7% 0.0762 6.856 6.8609 0.0708
271.93 93.07 20.35 1 0.0431 2.883 3.0446 5.6057
270.68 92.33 19.826 1 0.0431 2.816 3.0103 6.8992
272.01 92.66 9.961 1 0.0431 2.215 2.4432 10.3016
271.41 93.99 1.711 1 0.0431 1.942 2.0759 6.8961
271.62 93.31 20.105 1 0.0535 4.503 4.6462 3.1797
271.5 93.21 20.026 1 0.0528 4.517 4.5188 0.0399
271.25 94.01 19.543 1 0.0535 4.996 4.5914 -8.0987
271.07 92.51 10.165 1 0.0535 3.529 3.7636 6.6491
270.38 93.55 9.887 1 0.0535 4.002 3.7357 -6.6538
271.76 93.66 2.512 1 0.0535 3.42 3.2323 -5.4893
271.54 94.79 2.05 1 0.0535 2.96 3.2086 8.3985
269.74 94.15 1.258 1 0.0535 3.332 3.1784 -4.6108
271.38 94.53 0.962 1 0.053% 3.293 3.1746 -3.5941
271.18 95.3 20.574 1 0.0676 8.132 7.4473 -8.4203
271.1 94 .14 9.789 1 0.0676 6.288 5.9392 -5.5468
271.08 94.35 2.257 1 0.0676 5.069 5.1455 1.5085
271.32 96.32 2.111 1 0.0676 547 5.1279 -6.2542
270.38 97.07 1.065 1 0.0676 5.297 5.0708 -4.2699
270.93 99.22 19.462 1 0.0762 9472 9.2277 -2.5792
270.93 99.22 19.462 1 0.0762 9.472 92277 -2.5792
271.09 95.29 10.231 1 0.0762 7.654 7.613 -0.5359
270.93 98.76 2.867 1 0.0762 6.69 6.5813 -1.6244
271.56 101.22 2.414 1 0.0762 6.666 6.5292 -2.0524
A2: Pure R32/125 (50%/ 50%) by mass
Pup Pdown Tsub L D Mact Mcalc % Diff
310.44 132.02 20.434 0.5 0.0432 3.444 3.358635 -2.47867
309.36 134.77 10.062 0.5 0.0432 2.668 2.709058 1.538913
309.78 131.99 5.629 0.5 0.0432 2.476 2.469837 -0.24892
309.73 135.82 2.246 0.5 0.0432 2.384 2.342438 -1.74338
309.65 129.13 -1.735 0.5 0.0432 2.318 2.112346 -8.87205
379.72 155.77 20.133 0.5 0.0432 3.63 3.587644 -1.16683
378.83 110.02 19.91 0.5 0.0432 3.644 3.530904 -3.10363
380.39 133.36 19.59 0.5 0.0432 3.564 3.534278 -0.83395
379.31 133.27 10.17 0.5 0.0432 2914 2.928121 0.484588



379.57
379.06
379.65
380.13
379.61
378.8
379.33
460.15
460.56
461.08
460.32
460.61
309.36
309.44
310.38
310.39
309.67
308.98
380.51
379.95
379.6
379.72
379.76
379.03
379.42
379.65
379.69
380.2
379.65
461.06
460.42
461.12
460
461.13
461.13
309.43
310.31
310.06
309.11
309.27
309.26
379.25
379.84
379.75
379.53
379.78
380.01
460.65
460.24
460.18
461.18

156.22
111.19
132
134.55
157.89
112.71
133.87
132.94
133.47
133
131.72
131.73
133.67
132.4
134.07
134
134.24
133.39
115.71
156.88
132.48
156.11
117.78
132.3
133.69
123.77
133.01
156.16
131.97
132.28
1341
138.35
139.25
146.99
142.8
132.68
133.32
133.46
135.01
133.11
132.87
140.12
144 .36
147 .46
153.16
155.32
152.58
149.1
157.32
155.98
169.8

9.962
9.911
5.348
1.559
1.185
1.01
-5.692
20.162
9.756
5.227
2.272
-2.249
20.067
9.804
4.643
1.364
0.864
-3.714
20.108
20.008
19.776
10.123
0.888
9.664
4.662
1.879
1.755
1.735
-0.205
20.249
9.406
5.326
4.712
1.932
-1.111
20.184
10.364
4.624
1.513
1.468
-1.52
19.742
10.078
4.961
2.037
1.398
-0.701
19.481
9.907
4.908
2.026
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