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ABSTRACT

THE SIMULATION AND PERFORMANCE OF A SYSTEM

USING AN R-12/R-114 REFRIGERANT MIXTURE

The overriding objective of this combined analytical and experimental

study is to determine energy conservation possibilities through the use of a

refrigerant mixture in a refrigerator or heat pump. The system is one with

two evaporators that are operated at different temperatures levels, and the

basic approach was to maintain constant refrigeration loads and temperatures

throughout a series of tests wherein the composition of the refrigeration

mixture was altered.

The experimental measurements consisted of the determination of

temperatures and pressures throughout the system, energy flow rates and

compressor power, and boiling and condensing heat-transfer coefficients as the

fraction of R-114 in the mixture varied from 0.0 to 0.6. In order to maintain

the fixed refrigeration capacity in the two evaporators, the refrigerant flow

rate was adjusted by means of a variable-speed compressor.

The refrigerant temperatures increased progressively through the

evaporator and decreased through the condenser as is expected for a

refrigerant mixture.

System simulation predicted an 8 percent saving in compressor power for

an optimum 68 percent R-114 mixture (of R-12/R-114) in comparison to R-12

alone. The experimental results at this stage show about a 2 percent

reduction in power in the range 10-15 percent R-114 in the mixture. The

reason for the difference between the simulated and experimental results is
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the reduction in heat-transfer coefficients in the condenser and evaporator.

The drop in condensing coefficients was indeed confirmed by the measurements

to be between 10 and 30 percent depending on the position in the condenser.

The evaporator tubes in the test system are larger than optimal, resulting in

low refrigerant velocities. The measured boiling coefficients did not

decrease with the introduction of the refrigerant mixture, but the order of

magnitudes of all boiling coefficients were lower than desired. The

observations suggest that different optimum velocities that acknowledge the

tradeoff between pressure drop and heat-transfer coefficients prevail for

mixtures in contrast to single refrigerants.
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CHAPTER 1

INTRODUCTION

1.1 Reason for using Refrigerant Mixtures

The interest in using nonazeotropic mixtures of refrigerants stems from

the fact that constant pressure evaporation or condensation of a non-

azeotropic mixture occurs with a change in temperatures. Azeotropic mixtures

or single refrigerants would evaporate or condense at a constant temper-

ature. When counterflow evaporators or condensers are used in a system with a

non-azeotropic refrigerant mixture, the temperature profiles will be more

parallel than they would be in a conventional system (Figure 1.1). Using

parallel temperature profiles lowers the thermodynamic irreversibility of the

system.

Reversible heat transfer occurs if the temperature difference between

the two fluids is zero and the surface area approaches infinity. Large

temperature differences result in large irreversibilities. Figure 1.1 shows a

comparison between refrigerants when the required refrigeration duty is the

same. The external fluid enters and exits at the same temperatures in both

cases. But in the case of a pure refrigerant, there is a large difference

between the inlet temperature of the external fluid and the exit temperature

of the evaporating refrigerant. The refrigerant mixture (ideally chosen here

to have a temperature profile parallel to the external fluid) has a constant

difference in temperature between itself and the external fluid. Assuming

constant area, heat transfer rate, and heat transfer coefficient, this

constant temperature difference is given by:

AT TA - T2, = TB - T1
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Figure 1.2 Carnot Cycle and Lorenz Cycle on a Temperature-Entropy Diagram
Figure 1.2 Carnot Cycle and Lorenz Cycle on a Temperature-Entropy Diagram
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which equals
(TA - T2 ) - (TB - Tl)

an[(TA - T2)/(TB - T1 )]

in Fig. 1.la.

In order for the refrigeration duties in the two cases to be identical,

the following must be true:

(TA - T2) - (TB - Tl)
U x A x AT = U x A x (TA - T (TBXnL(T - T2)/(T - T1)]

where U is the overall heat transfer coefficient and A is the heat transfer

area.

If we look at both refrigeration cycles on a temperature-entropy diagram

(assuming isentropic compression and expansion in both cases) and include the

condensation processes, we can compare efficiencies by comparing areas (Figure

1.2). The cycle for the pure refrigerant is a Carnot cycle, while the cycle

for the mixture is a Lorenz cycle [1]. A measure of refrigerating efficiency

is the coefficient of performance (COP). It is defined as the refrigerating

capacity divided by the power consumption. Although the area under the cycle

diagram is not to scale, the coefficients of performance would be calculated

as follows:

COPnoArea under 1 -2 CP Area under 1' - 2'
CParnot - Area 1 - 2 - 3 - 4 CLorenz Area 1' - 2' - 3' - 4'

Therefore, the system employing a nonazeotropic mixture could

theoretically have a higher COP. Unfortunately, the savings expected are

lowered somewhat by the reduction in the heat transfer coefficients as the two

refrigerants are mixed. This will be discussed in the next section.
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1.2 Description of Mixture Properties

Thermodynamic properties of mixtures are much easier to define if the

components mix ideally (i.e., obey Raoult's rule and Dalton's law of partial

pressures). Fortunately, mixtures of refrigerants R-12 and R-114 can be

described quite well using Raoult's rule. This is in part due to the fact

that they are both non-polar [21. If one of the refrigerants were polar,

Raoult's rule would not predict properties very well. Equations used to

calculate mixture properties for both the simulation program and for the data

reduction program are based primarily on Raoult's rule and Dalton's law.

A table of temperature-pressure-concentration properties of the mixture

R-12/R-114 is included as Appendix A; however, Figure 1.3 shows the temper-

ature-concentration relationship at two pressure levels. This will give the

reader a general idea of the relationship between temperature, pressure and

concentration. As the pressure increases, the temperature difference between

saturated liquid and saturated vapor (the bulge in the envelope) decreases.

For the mixture R-12/R-114, the change in the maximum temperature difference

(widest part of the envelope) is approximately 1°C per 500 kPa for the pres-

sure range encountered during refrigeration processes (100 to 1000 kPa).

Heat transfer properties of the mixture R-12/R-114 have been measured by

Arora [3], who found that the convective heat transfer coefficient of mixtures

of the two refrigerants was lower than the concentration-weighted average of

the heat transfer coefficient of each pure component. The exact physical

mechanism responsible for this degradation of the mixture heat transfer coef-

ficient is currently under investigation. This phenomenon should be addressed

in any attempt to model refrigerant mixture performance. Some of Arora's

results are presented in Figures 1.4 and 1.5.
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As a result, some of the savings expected because of the thermodynamic

advantages of the mixture will be diminished by the degradation of heat

transfer properties. Another penalty to the mixture is the increase in

specific volume of the vapor on the suction side of the compressor when a low-

density refrigerant is added to the original one. For a given refrigeration

duty, the mixture of R-114 and R-12 will have to be at a lower evaporating

pressure than would pure R-12, resulting in greater specific volume. As a

result, either the compressor must be run at greater speed or a larger-

displacement compressor must be used.

1.3 Review of Work done by Philippe Launay

The main focus of the work done by Philippe Launay [4] was development of

a computer simulation model of a two-evaporator, two-condenser, two-heat ex-

changer, vapor compression refrigeration system using a mixture of refrig-

erants R-12 and R-114. His simulation model was incorporated into an opti-

mization program which computed an optimum distribution of heat transfer areas

among the heat exchanging components while keeping the sum of those areas con-

stant. His results indicated that an optimized system using a mixture of R-12

and R-114 would require 9 percent less energy to run the compressor than an

optimized system employing pure R-12. A test facility was constructed to

demonstrate Launay's results, but no conclusive data had been collected by the

time his thesis was completed.

1.4 Objectives of this Study

The major goals of this phase of the refrigerant mixture research were

(1) to verify experimentally the possibility of energy conservation, and (2)

to bring the simulation model into agreement with experimental data.
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CHAPTER 2

TEST FACILITY

The results of the simulation study conducted by Philippe Launay [4]

indicated that refrigerant mixtures could be used to save energy in a vapor-

compression refrigeration system. An initial test facility had been con-

structed to demonstrate these results. Through the use of thermocouples, flow

meters and a dynamometer, the system would be operated so as to duplicate

refrigeration duty for various mixtures while recording the power necessary to

perform that duty. However, Launay was unable to confirm the results of the

simulation studies. The problems encountered were as follows:

(a) Excessive refrigerant pressure drops, especially in the evap-

orators.

(b) Inappropriate sizing of refrigerant and brine flow meters.

(c) Excessive refrigerant leaks past epoxy-sealed thermocouples.

(d) Inability to accurately control condenser water flow rates.

(e) No control over condenser water inlet temperatures.

(f) Insufficient refrigerant pressure taps

(g) No refrigerant oil separator after the compressor.

(h) Difficulty in obtaining accurate temperature measurements of the

evaporator brine solutions.

For these reasons, the test facility was revised.

2.1 Description of Revised Test Facility

An overall diagram of the revised facility (Figure 2.1) shows that the

original two-condenser, two-evaporator configuration was retained. However,

some of the components were completely rebuilt. For clarity, components will

be described as they appear in the refrigerant flow path.
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Figure 2.1 Diagram of Test Facility



2.2 Compressor and Oil Separator

The compressor is a Tecumseh Model CK, open type, with three cylinders

(bore: 3.25 in. (82.6 mm), stroke: 3.0 in. (76.2 mm)), driven by three V-belts

coming from a General Electric model 5T207 A6 NT48-34 variable-speed dc

dynamometer. The dynamometer has a spring scale and a tachometer to allow for

measurement of power input to the compressor. Vibration isolators are used in

both the suction and discharge lines to prevent refrigerant leaks. A pressure

relief valve is located immediately downstream from the vibration isolator in

the discharge line. A Temprite Model 502 oil separator was installed

downstream from the relief valve (Figure 2.2).

2.3 Condensers

The two condensers are identical in construction. Each is a tube-in-tube

counterflow heat exchanger with water flowing in the annulus. The condensers

are serpentine, each consisting of three passes (Figure 2.3). Water and

refrigerant thermocouples are located at the end of each pass. A refrigerant

thermocouple is located in the middle of each pass along with a thermocouple

soldered to the outside surface of the refrigerant pipe. These last two

thermocouples measure temperatures used in the calculation of heat transfer

coefficients. Details are shown in Figure 2.4.

The tubes are made of copper with dimensions given in Table 2.1. Silver

solder was used to join the tubing. Pressure taps are located before and

after each condenser. The piping for the cooling water is constructed to

allow the water from the low-temperature condenser (LTC) to flow directly into

the high-temperature condenser (HTC), thereby forming one continuous

condenser. However, valves permit changing the water flow so that each
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condenser can be used independently (Figure 2.5). To provide control over the

inlet water temperature, a separate heat exchanger uses warm discharge water

to pre-heat inlet water. A bypass circuit is used to control the amount of

warm water going to the heat exchanger, thereby providing temperature

control. Brooks Model 1307 rotameters are used to measure the inlet water

flow rate through each condenser. A refrigerant reservoir of approximately

250 cc with a sight glass at either end to permit verification of saturated

liquid conditions is located after the LTC.

2.4 Refrigerant to Refrigerant Heat Exchangers.

The high-temperature heat exchanger (HX1) prevents saturated refrigerant

from entering the compressor while slightly subcooling the liquid

refrigerant. The low-temperature heat exchanger (HX2) subcools the liquid

refrigerant even further, but a bypass circuit can be used to deactivate this

component. Both heat exchangers are counterflow, tube-in-tube, with the

liquid refrigerant flowing in the annulus. Dimensions of both are given in

Table 2.1. Thermocouples are located before and after each heat exchanger.

2.5 Expansion Valve

Upstream of the expansion valve, the refrigerant passes through a filter-

drier, then a rotameter which measures the liquid flow rate. A 3/8 in.

(0.952 cm) Marsh needle valve (Model N-1313-FFC) is used as the expansion

valve. Pressure taps on both sides of the valve are used to measure the

pressure drop across the valve. The fitting used to charge the system is

located downstream of the expansion valve.



Table 2.1 Specifications of condensers, evaporators, and refrigerant-to-refrigerant heat exchangers

Component Number of Length of refrig- ID and OD of ID and OD of Refrigerant-side
passes erant section of outer tube, inner tube, heat-transfer area

each pass, m nmm mm

Low 3 1: 3.683 ID = 31.75 ID = 19.05
temperature 2: 3.683 OD = 34.93 OD = 22.23 0.5518
evaporator 3: 1.854

High 2 3.0734 ID = 31.75 ID = 19.05 0.3679
temperature OD = 34.93 OD = 22.23
evaporator

Low- 3 3.1242 ID = 25.40 ID = 12.70 0.3739
temperature OD = 28.58 OD = 15.88
condenser

High- 3 3.1242 ID = 25.40 ID = 12.70 0.3739
temperature OD = 28.58 OD = 15.88
condenser
Low-temperature 1 1.549 ID = 31.75 ID = 19.05 Inner: 0.0927
heat exchanger OD = 34.93 OD = 22.22 Outer: 0.1082

High-temperature 1 1.549 ID = 31.75 ID = 19.05 Inner: 0.0927
heat exchanger OD = 34.93 OD = 22.22 Outer: 0.1082
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2.6 Low-Temperature Evaporator

The low-temperature evaporator (LTE) consists of two and one-half passes

of a tube-in-tube heat exchanger. A mixture of ethylene glycol and water,

referred to as glycol is the remainder of this report, flows in the annulus.

Thermocouples are located at both ends and in the middle of each pass. To

reduce the refrigerant pressure drop in the evaporator, the refrigerant

thermocouple in the middle of each pass is positioned by a steel wire instead

of the plastic positioners originally used (Figure 2.6). Dimensions are given

in Table 2.1. The original 1/2 in. (1.27 cm) ID refrigerant piping has been

replaced with 3/4 in. (1.905 cm) ID piping, which also helps to reduce the

pressure drop. To improve the measurement of the glycol temperature, small

diameter (3/8 in. (0.952 cm) OD) tubing was used to increase the glycol flow

velocity before the thermocouple. This mixed the solution sufficiently to

prevent the unsteady temperatures that had been recorded earlier.

Insufficient mixing of the glycol had previously resulted in significant

temperature stratification at the thermocouple location. The glycol is

circulated by a 1/2 hp centrifugal pump. A variable transformer is used to

control Chromalox heaters supplying the heat to the glycol solution. A

rotameter measures the flow rate which is regulated by a valve.

2.7 High-Temperature Evaporator

The high-temperature evaporator (HTE) is constructed the same way as the

low-temperature evaporator except that it only has two passes. The evaporator

dimensions are listed in Table 2.1.
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2.8 Insulation

All components and piping are covered with 0.5 in. (1.27 cm) foam rubber

insulation and/or 1.0 in. (2.54 cm) fiberglass insulation. The condensers use

two layers of foam rubber insulation. The evaporators and heat exchangers use

a 1.0 in. (2.54 cm) layer of fiberglass insulation on top of the foam

rubber. Some of the low-pressure refrigerant piping is also covered with 1.0

in. (2.54 cm) fiberglass. The two refrigerant-to-refrigerant heat exchangers

are covered with 1.0 in. (2.54 cm) fiberglass.

2.9 Instrumentation

Most of the instruments and controls are located on the control panel

(Figure 2.7). Figure 2.8 shows the location of pressure and temperature

measurements in the system diagram. Flow rates are measured by rotameters.

The refrigerant rotameter is a Fischer and Porter model 3555144 with an ac-

curacy of 2 percent of full scale. The glycol rotameters are also Fischer and

Porter, but they are slightly larger. The model number for both is 3555151,

with an accuracy of 2 percent of full scale. Condenser water flow rates are

measured by Brooks Model 1307 rotameters. The accuracy is also 2 percent of

full scale. Repeatability is 0.5 percent of full scale for the Fischer and

Porter rotameters, and 0.25 percent for the Brooks rotameters. Both the

Fischer and Porter and the Brooks rotameters are calibrated in gallons of

water per minute at 70°F. Manufacturers' recommended correction techniques

are used to determine the flow rates of the liquids used in the test facility.

A Fluke Model 2200B Data Logger is used to measure the analog voltages

from 60 thermocouples and to convert them to digital temperatures. The stated

accuracy when using copper-constantan thermocouples is 0.5°C. Worst case

resolution is 0.1°C. For reference, an ice-water bath in a Dewar flask is
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used as a O.0°C reference. One of the thermocouples (No. 24) is kept in this

reference bath as a check of the Fluke's accuracy. Most of the thermocouples

are located in 1/8" (0.318 cm) OD brass tubes to prevent leaks and to steady

the temperature readings. However, the thermocouples measuring the

temperature of the refrigerant at the center of each evaporator pass are

exposed to the refrigerant. They are made from 1/8 in. (0.318 cm) OD

stainless steel sheathed copper-constantan thermocouple wire. The sheath is

stripped off so that the thermocouple can be made. A magnesium oxide core

prevents refrigerant leaks. The thermocouples thus constructed are about 7

feet (2.13 m) long. They were not replaced by the brass tube enclosed design

because they did not leak and did not give unsteady readings.

The voltages and currents supplied to the glycol heaters are measured

using Simpson voltmeters and ammeters. The voltage scale is 0 to 250 volts.

The amperage scale is 0 to 10 amps.

Pressures are measured using two Weksler model AA18P gauges. The high

pressures are measured with a 0 to 1000 kPa gauge. Low pressures are measured

with a -100 to 200 kPa gauge. Scale divisions are 10 kPa on the high pressure

gauge and 2 kPa on the low pressure gauge.

Compressor power consumption is measured by a General Electric model

5T207A6 NT48-34 dynamometer set (Figure 2.2). The tachometer has scale

divisions of 100 rpm, while the spring scale has divisions of 0.1 lbs.

Alternative measurement of refrigerant flow rate was obtained by instal-

ling a Barco venturi in the suction line to the compressor. However, this

proved to be a significant flow obstruction, especially during tests with 50

percent R-114. The high specific volume of the 50 percent mixture resulted in

high velocities in the suction line where the venturi was installed. It was

decided that this particular measurement had too much influence on system per-
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formance, so it was removed. However, tests that were conducted with the ven-

turi in place showed good agreement between flow rates measured by the venturi

and those measured by the rotameter.

2.10 Data Reduction Methods

The raw test data is loaded into the University of Illinois central

computer system by creating a data file at a computer terminal. The test data

was then processed by a data reduction program within the computer. Equations

obtained by fitting both first- and second-order least-squares curves to

tabular and graphical data are used to calculate fundamental fluid properties

(densities, specific heats, enthalpies, etc.). These values are then used to

calculate flow rates and heat fluxes. The calculation of heat transfer

coefficients is illustrated in Figure 2.9.

The work is calculated using the dynamometer load and rpm. When

calculated values can be obtained by more than one method, a comparison is

made between the two results. The results can then be viewed at a terminal or

printed out at a remote line printer. Sample results are included in

APPENDIX C.

2.11 Experimental Error

One obvious source of error is due to the assumption that no heat is

lost to (or gained from) the environment. However, calculations based on

actual test temperatures indicate that even in the most vulnerable component

(low-temperature evaporator) the gain in heat from the ambient is only about

6 percent of the total heat transferred from the low temperature glycol to the

refrigerant. The heat lost to ambient at the compressor does not introduce

error in calculations because adiabatic compression is not assumed. Heat lost
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Let: Q = heat transfer rate (kW) for this section
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to ambient is roughly 3 percent of the heat transferred in the HTC and roughly

4 percent for the LTC. Heat loss is about 1 percent in HX1 and heat gain is

negligible for HX2. The HTE gains about 2 percent.

A source of error is in measurement of the electric motor speed where the

scale divisions are 100 rpm. Since the speed stays constant once steady state

has been reached, a revolution counter that uses a pickup mounted directly on

the motor pulley could provide very accurate measurements. The dynamometer

load scale, however, has scale divisions of 0.1 lbs. which provides adequate

accuracy for the torque component of the work measurement.

Error in pressure measurement is greatest for the high pressure readings

where the scale divisions are 10 kPa. The low pressure gauge has scale

divisions of 2 kPa, resulting in better accuracy.

The error in temperature measurement is broken into two categories.

First, there is the error introduced due to variation in construction of the

thermocouples themselves along with the error present in the Fluke

Datalogger. This error is approximately 0.5°C. The second category is the

error due to the positioning of the thermocouples. This error is most

significant when glycol temperatures are measured. The glycol solution has a

viscosity of about 15 centipoise in the LTE where the glycol velocity is only

0.125 m/s (0.37 fps). As a result, the mixing is very poor and the

measurement of the glycol temperature depends on the position of the thermo-

couple in the flow stream. At the end of each evaporator pass, the glycol

passes through a 6.35 mm (0.25 in) ID pipe section that mixes the stream

before the temperature is measured, which eliminates the problem there. How-

ever, in the middle of each pass, the thermocouple is located in the annulus

where the temperature could vary by 2 or 3°C (4 to 6 °F) depending on the

exact position of the thermocouple in the flow stream. Fortunately, the most
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important glycol temperatures (inlet and exit) are measured in well-mixed

streams.

Flow measurement of the glycol solutions and refrigerant by using rota-

meters has an error of 2 percent of the full scale according to the

manufacturer, Fischer and Porter. Since our measurements were in the range of

40 to 50 percent, the error would be about 4 percent in measuring the flow

rates. The condenser water flow rates were measured with Brooks rotameters

which also have an accuracy of 2 percent of full scale. Since measurements

were typically made at around 70 percent, the error in measurement would be

about 3 percent.

The Simpson voltmeters have scale divisions of 5 volts, while the am-

meters have scale divisions of 0.2 amps. Considering average measurements of

5 amps and 135 volts, the error in measurement would be about 2 percent each

both current and voltage.

The masses of refrigerants charged into the system were measured using a

Buffalo double-beam balance with scale divisions of 0.02 lbs. Since two

measurements were required to charge the system to an average total charge of

6.35 kg (14 lbs.), the error would be about than 0.5 percent in measuring

percent concentration.

The glycol solution concentration was measured using a Fischer Scientific

precision hydrometer (Model 11556F) and precision thermometer (Model 15043B)

with scale divisions of 0.001 specific gravity and 0.1°C, respectively. An

equation derived by fitting a least-squares curve to graphical data is used to

calculate concentration when specific gravity and temperature are known. The

error in calculating percent concentration is approximately 1

percent.
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CHAPTER 3

TEST PROCEDURE

The tests were conducted in the Mechanical Engineering Laboratory at the

University of Illinois at Urbana-Champaign. The data recording sheet was

constructed to assure that all relevent information would be recorded for each

test. Tests typically required five hours to reach steady state at the target

conditions. The steps in conducting a test were:

1. Fill out heading of data recording sheet.

2. Draw. glycol sample from each of the evaporators.

3. Record specific gravity and temperature of each glycol solution using

precision hydrometer and precision thermometer.

4. Return samples to system if concentrations are acceptable. Otherwise

adjust the glycol concentration.

5. Connect Fluke 2200 Datalogger to system by attaching the six iso-

thermal input cards.

6. Prepare ice-water reference bath in Dewar flask using thermocouple

No. 24.

7. Turn on ac-dc converter and check zero reading on dynamometer scale.

8. Turn on condenser water valve and set to desired flowrate.

9. Turn on evaporator glycol pumps and set flow rates.

10. Start dynamometer and set speed to around 500 rpm.

11. Make sure expansion valve is open at least one-eighth turn.

12. With charging hose connecting container to system, weigh the R-114

container using the double-beam balance.

13. Set scale so that it will be level after desired amount of re-

frigerant has been charged into system.
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14. Open charging valve and let refrigerant fill system until balance

levels.

15. Repeat steps 10 through 12 for R-12 container.

16. Set refrigerant flow rate to desired value.

17. Set compressor speed to desired value.

18. Monitor glycol temperatures and turn on glycol heaters when temper-

atures start to approach the target temperatures.

19. Monitor condenser water inlet temperature and adjust heat exchanger

bypass valve to maintain desired inlet water temperature (thermo-

couple No. 20).

20. Monitor temperature of refrigerant entering compressor to be sure

there is at least 10°C superheat.

21. Once glycol flow rates and heater loads have been established, the

compressor speed and expansion valve settings must be varied to

achieve target temperature conditions.

22. When system gets very close to target conditions (condenser water

inlet temperature and flow rate, glycoT flow rates, glycol inlet and

exit temperatures), the sight glasses at the low temperature con-

denser exit must be examined to determine if the refrigerant is

saturated liquid there.

23. If vapor bubbles are present in both sight glasses, then the system

charge must be increased until bubbles appear in the first sight

glass only. The system was always started with a slight undercharge

so that it would not be necessary to deal with the problem of

venting-off a non-azeotropic mixture.
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24. Once all target conditions have been met, the system should not be

touched for at least 15 minutes to make sure that conditions are

steady state.

25. When steady state target conditions have been achieved, the data re-

cording sheet should be filled out completely and any comments should

be noted in the space provided. A printout of all thermocouple

readings by the datalogger should be pasted to the data recording

sheet.

26. If results are also desired with HX2 bypassed, then the appropriate

valves should be opened (or closed) and the variables (expansion

valve and compressor speed) adjusted to meet target conditions.

27. Once steady-state conditions have been achieved with HX2 bypassed,

the data should be recorded completely as described earlier.

28. To begin shutdown procedure, close the shut-off valves at the

pressure gauges.

29. Close the expansion valve very gently (using very light finger

pressure only) until the needle just touches the seat in the valve.

30. Shut off the dynamometer and the ac-dc converter turned off.

31. Glycol pumps and heaters should continue to run for at least 5

minutes to prevent freezing of glycol solution.

32. Turn off the condenser water.

33. If system had been run with HX2 bypassed, the valves which close off

HX2 should be opened to prevent excessive pressure build-up when the

refrigerant comes to room temperature.

34. Empty the ice water from the Dewar flask, and return the Fluke

Datalogger to the locked cabinet.
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35. Create a computer input file should be created with the results from

the test so that the data can be reduced.

36. If the next test is to be run with a different refrigerant mixture,

the system should be opened at the filling valve and the expansion

valve should be opened slightly. Using the high pressure gauge, the

pressure should be monitored until it drops to about 20 kPa gauge, at

which time the evacuation pump should be connected to the filling

valve. After overnight evacuation, the system is ready for another

test.
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CHAPTER 4

EXPERIMENTAL DATA

4.1 Test Conditions

The tests were run under identical refrigeration load conditions so that

direct comparison could be made between them. The bottom line of figures on

Table 4.1 gives the target settings of flow rates and temperatures.

The target values were based on results of preliminary tests. Initial

tests indicated that compressor performance would limit the achievable

conditions of the test. Increasing the motor speed past 2000 rpm, for

example, did not increase the flow rate appreciably because of poor volumetric

efficiency at higher speeds. Due to the change in specific volume of the

suction vapor as the concentration of R-114 is increased, the compressor speed

was increased by a factor of three when going from pure R-12 to a

concentration of 70 percent R-114. By setting target conditions with the

compressor motor running at about 600 rpm using pure R-12, it was possible to

use concentrations as high as 70 percent R-114. A 500 rpm motor speed was

chosen as a lower limit due to overheating of the motor at any slower

speeds. An upper limit of 2000 rpm was chosen because compressor performance

dropped off sharply at any greater speeds. Target flow rates and temperatures

were then chosen so that refrigerant temperature profiles would be close to

parallel with temperatures of the fluid being cooled. Flow rates of the

glycol solutions were kept fairly high to keep the solutions well-mixed. The

glycol concentration was kept as low as possible to reduce viscosity while

providing a 10°C cushion against freezing.



Table 4.1 Test Control Parameters

Test R-114 Percent Percent Percent T20 T35 T40 T50 T54 LTE HTE
No. Percent Condenser LTE HTE °C °C °C 0C ° C Percent Percent

Flow Flow Flow Glycol Glycol

48 10 70 42.6 47.7 34.3 -7.8 -13.6 -0.1 -6.5 41 31
49 20 69 41.8 48.0 34.3 -8.0 -13.7 -0.1 -6.7 42 33
50 40 70 41.9 47.9 34.2 -7.9 -13.8 -0.2 -6.6 42 31
51 30 70 41.9 48.2 34.4 -8.0 -13.7 -0.1 -6.7 40 32
52 50 70 42.0 47.9 34.3 -8.0 -13.6 -0.1 -6.6 42 32
53 0 70 41.9 47.9 34.4 -8.1 -13.6 -0.1 -6.8 42 32
54 0 71 41.7 48.0 34.2 -7.9 -13.8 -0.2 -6.7 40 32
55 50 70 42.0 48.0 34.3 -7.9 -13.7 -0.1 -6.6 40 32
56 0 69 42.2 48.0 34.4 -7.9 -13.7 -0.1 -6.7 41 31
63 70 70 42.0 48.0 34.0 -7.7 -13.4 -0.1 -6.4 37 28
64 70 70 42.0 47.5 33.9 -8.0 -13.7 0.0 -6.4 37 28
65 60 70 41.5 47.0 34.0 -8.1 -13.8 -0.2 -6.5 37 28
66 60 70 41.5 48.0 33.9 -8.0 -13.6 -0.4 -6.5 37 28
67* 60 71 41.0 48.0 34.2 -8.0 -13.7 -0.3 -6.5 40 43
68 40 72 41.7 47.8 34.2 -7.9 -13.7 -0.2 -6.7 39 38
69* 40 70 41.5 47.8 34.2 -7.9 -13.7 -0.1 -6.6 39 38
70 30 70 42.3 48.2 34.0 -7.9 -13.6 -0.4 -6.4 40 33
71* 30 70 43.1 48.0 33.9 -8.2 -13.5 -0.3 -6.4 40 33
72 20 70 41.9 47.3 34.1 -7.8 -13.5 -0.4 -6.3 39 31
73* 20 70 41.7 47.5 34.2 -8.1 -13.7 -0.4 -6.3 39 31
74 10 69 42.2 47.9 34.4 -8.0 -13.5 -0.5 -6.5 40 32
75* 10 70 42.0 48.0 34.3 -7.9 -13.7 -0.1 -6.1 40 32
76* 0 70 42.5 47.5 34.3 -8.0 -13.3 -0.3 -6.3 40 31

Targets 70 42.0 48.0 34.2 -8.0 -13.7 -0.1 -6.7 40 30

* HX2 Bypassed.
Temperature designation on Fig. 2.8.
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4.2 Condenser Temperature Profiles

Figure 4.1 shows typical condenser temperature profiles for both pure R-

12 and 50 percent concentration of R-114. The refrigerant temperature

entering the condenser is higher when R-12 is used alone than for the 50-50

mixture. The reason is that R-114 inherently provides lower discharge

temperatures from the compressor. With 100 percent R-12 the temperature of

condensing refrigerant remains essentially constant as it passes through the

two condensers until near the end where the temperature drops slightly due to

subcooling. This subcooling occurred despite the attempt to assure that a few

vapor bubbles were leaving the condenser. It is possible that there is a

small amount of non-equilibrium between the liquid and vapor at this point.

The temperature profile for the 50 percent R-114 mixture showed the sharp

drop in temperature during desuperheating initially upon entering the high-

temperature condenser. Thereafter occurs the progressive drop in temperature

as the binary mixture condenses. The drop in temperature during condensation

is approximately 7°C.

The condenser cooling water enters the LTC at the point of refrigerant

exit, so the flow of cooling water corresponds to a leftward direction of the

temperature profile. While the entering water temperatures for the two

refrigerant concentrations are the same and the leaving water temperatures are

the same for both concentrations there is a spread within the temperatures.

When operating with 100 percent R-12 the refrigerant temperature near the

outlet is higher than with the mixture, so the rate of heat transfer at that

position in the condenser is high. The rate of change of water temperature is

thus greater with 100 percent R-12 near the refrigerant outlet. In the early

stages of the HTE, however, the temperature difference between the mixture and

water is highest, so the slope of the water temperature curve is steepest

there for the 50 percent mixture.
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4.3 Evaporator Temperature Profiles

Figure 4.2 shows temperature profiles of refrigerant and glycol for the

evaporators for 0 and 50 percent R-114 concentrations. The temperature

profile of the single R-12 refrigerant shows a constant-temperature boiling

until the onset of superheating at the end of the HTE. The temperature of the

50-50 mixture, however, increases all the way through the evaporators and the

HX2. The particular thermal loads imposed by the glycol were chosen such that

all the HTE would be used for boiling when the R-114 concentration was

50 percent. The natural consequence of this choice was that in order to

maintain the same thermal load with R-12 only, some of the HTE had to be

devoted to superheating. Thus the mean temperature difference between glycol-

water and refrigerant is approximately the same for both refrigerant

concentrations. In fact, the same statement must be made for the LTE as well

where the 50 percent mixtures enters at a lower but leaves at a higher

temperature than the R-12 refrigerant.

4.4 Condensing Heat Transfer Coefficients

The measured condensing heat transfer coefficients were found to decrease

as the R-114 concentration increased (Figure 4.3). The results indicate,

however, that the heat transfer coefficients may start to improve

again as the concentration approaches pure R-114. Compressor limitations

prevented study of mixture concentrations greater than 70 percent. The change

in the heat transfer coefficient is most dramatic in the range of 0 to 30

percent R-114. This is similar to results published by Arora [3]. This

degradation of the condensing heat transfer coefficient may be the greatest

penalty to mixtures of R-12 and R-114.
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4.5 Boiling Heat Transfer Coefficients

Figure 4.4 shows some boiling heat-transfer coefficients measured in the

two passes of both the LTE and HTE. In general, the coefficients increase as

the refrigerant passes through the evaporator, with the highest coefficients

being experienced in the second pass of the HTE. The measured points

designated by triangles were made with the HX2 bypassed which resulted in

refrigerant with a higher vapor fraction entering the first pass of the LTE in

comparison to that if the heat exchanger were in operation. There was no

definite reduction in the boiling heat-transfer coefficient indicated for the

mixture in comparison to R-12 only. The coefficients are derived from

measurements occuring with small temperature differences between the tube and

refrigerant, so slight deviations in the temperatures can cause some scatter

of the resultant coefficients.

4.6 Refrigerant Flow Rate

Figure 4.5 shows the refrigerant flow rate with the numbers alongside the

points indicating the test number. There is a slight increase in the flow

rate as the concentration moves from R-12 alone to the 50/50 mixture.

4.7 Compressor Power and Speed

One of the purposes of this phase of the refrigerant mixture study was to

confirm the prediction from Launay's simulations that for a given

refrigeration duty, the compressor power could be reduced by introducing R-114

into the R-12. Launay proposed that the minimum power requirement would occur

with an R-114 concentration of 0.68. The reason for driving the compressor

with a variable-speed dynamometer in the current tests was to be able to
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adjust the compressor speed to compensate for the increased specific volumes

as the concentration of R-114 increased, and to measure the power required by

the compressor. It soon became clear that the power measured by the

dynamometer increased as the concentration of R-114 increased, as Fig. 4.6

shows, rather than decreasing as expected. Figure 4.6 also shows the increase

in motor speed required as the concentration of R-114 was increased. To

explore whether the increase in power could be explained by a change in

compressor efficiency, a measurement of compressor friction as a function of

speed was conducted, as discussed in the next section.

4.8 Compressor Friction

The mechanical frictional losses in a compressor vary with the rotative

speed. In a reciprocating compressor, friction will increase with roughly the

square of the speed. A test was conducted to determine the friction loss as a

function of speed. The system was evacuated and the compressor was run with

the suction valve closed at various speeds, recording the dynamometer load at

each speed. The suction valve was closed so that no gas passed through the

compressor. A second-order least squares curve was fit to the data resulting

in the relationship in Figure 4.7. Friction power from Fig. 4.7 was deducted

from the measured dynamometer power in Fig. 4.6 to eliminate the influence of

the changes in compressor speed.

4.9 Refrigerant Pressure Drop

Pressure drop will both reduce the amount of temperature rise in the

evaporation process and will increase the temperature drop in the condenser.

The pressure drop data shown in Figure 4.8 indicates a general increase in

pressure drop as the concentration of R-114 increases. The increase is
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attributed to the higher velocities that prevail when the specific volume of

vapor increases as the concentration of R-114 increases.

4.10 Refrigerant Pressures

The refrigerant pressures decreased with increasing concentration of

R-114 as expected. Although the two pressure levels in Figure 4.9 are plotted

using different scales, the ratio of discharge to suction pressures increases

with increasing R-114 concentration.
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CHAPTER 5

COMPUTER SIMULATION

5.1. Simulation Technique

The test facility has been modeled mathematically using 45 equations with

45 variables. The equations are solved using the Newton-Raphson solution

technique [7]. The 45 equations generally represent mass and energy balances

as well as physical properties. However, some physical properties such as

specific volumes are calculated in the computer program without including them

as system variables. This was done to reduce computing costs without

jeopordizing solution accuracy. The simulation program is based on the program

written by Launay.

5.2. Revisions to Original Program.

The original program written by Launay had two purposes: first, to sim-

ulate a vapor-compression system employing nonazeotropic refrigerant mixtures;

and second, to optimize the distribution of heat transfer surface areas in

order to minimize compressor power consumption. It was an optimization

program that used a simulation subprogram to solve the system equations for

each iteration of the optimization. However, since it is not possible to

readily redistribute surface areas among the components of the test facility,

the optimization procedures are not a part of the revised simulation

program. The major revisions to the simulation are:

1. Heat transfer coefficients are now based on actual test data and are

functions of the mixture concentration.

2. Pressure drops (based on test results) have been included, also as

functions of the concentration.
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3. The point at which superheating begins has been moved into the HTE to

correspond to test results.

4. The specific volume of the vapor entering the compressor is cal-

culated so that the required compressor speed can be determined.

5. The power consumed due to mechanical friction in the compressor is

included as a function of the compressor speed. The equation is a

result of physical testing.

6. Volumetric and isentropic compression efficiencies are included as

functions of the compressor speed.

5.3 Modeling of Actual Tests

During actual tests, the refrigeration duty, secondary fluid flow rates

and secondary fluid inlet temperatures were fixed. This enabled direct com-

parison between tests. In addition, it was required during each test that

superheat begin in the high-temperature evaporator. These fixed conditions

are also a part of the simulation. They are read into the program as an array

called DAT. These 17 fixed parameters are described as follows:

DAT(1) = CONC Mass fraction of R-114 in R-12

DAT(2) = ALTE Heat transfer area of LTE, m2

DAT(3) = AHX1 Heat transfer area of HX1, m2

DAT(4) = AHX2 Heat transfer area of HX2, m2

DAT(5) = ALTC Heat transfer area of LTC, m2

DAT(6) = AHTC Heat transfer area of HTC, m2

DAT(7) = WLTE Glycol flow rate in LTE, kg/s

DAT(8) = WHTE Glycol flow rate in HTE, kg/s

DAT(9) = WLTC Water flow rate in LTC, kg/s
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DAT(10) = WHTC Water flow rate in HTC, kg/s

DAT(11) = QLTE Refrigerating capacity of LTE, kW

DAT(12) = QHTE Refrigerating capacity of HTE, kW

DAT(13) = TCLI Temperature of inlet water to LTC, °C

DAT(14) = TCHI Temperature of inlet water to HTC, °C

DAT(15) = TELI Temperature of inlet glycol to LTE, °C

DAT(16) = TEHI Temperature of inlet glycol to HTE, °C

DAT(17) = SPHX Superheat of vapor entering compressor, °C .

5.4. Simulation Variables

The 45 variables and their corresponding location in the system is shown

in Figure 5.1. The variable descriptions are:

V(1) = W Refrigerant flow rate, kg/s

V(2) = PHI Compressor discharge pressure, kPa

V(3) = PLO Compressor suction pressure, kPa

V(4) = T1 Temperature at point 1, °C

V(5) = T2 Temperature at point 2, °C

V(6) = T2P Temperature at point 2P, °C

V(7) = T3 Temperature at point 3, °C

V(8) = T4 Temperature at point 4, °C

V(9) = T5 Temperature at point 5, °C

V(10) = T6 Temperature at point 6, °C

V(11) = T7 Temperature at point 7, °C

V(12) = T8 Temperature at point 8, °C

V(13) = T9 Temperature at point 9, °C

V(14) = T10 Temperature at point 10, °C

V(15) = T1OP Temperature at point 10P, °C
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V(16) = H1 Enthalpy at point 1, kJ/kg

V(17) = H2 Enthalpy at point 2, kJ/kg

V(18) = H3 Enthalpy at point 3, kJ/kg

V(19) = H4 Enthalpy at point 4, kJ/kg

V(20) = H5 Enthalpy at point 5, kJ/kg

V(21) = H6 Enthalpy at point 6, kJ/kg

V(22) = H7 Enthalpy at point 7, kJ/kg

V(23) = H8 Enthalpy at point 8, kJ/kg

V(24) =.H9 Enthalpy at point 9, kJ/kg

V(25) = H10 Enthalpy at point 10, kJ/kg

V(26) = FRL7 Fraction of liquid at point 7

V(27) = FRL8 Fraction of liquid at point 8

V(28) = FRL9 Fraction of liquid at point 9

V(29) = FRL3 Fraction of liquid at point 3

V(30) = FHTC Fraction of area in HTC condensing

V(31) = FHTE Fraction of area in HTE evaporating

V(32) = QLTC Heat transfer rate in LTC, kW

V(33) = QHTC Heat transfer rate in HTC, kW

V(34) = TCHP Temperature of water opposite point 2P, °C

V(35) = AHTE Heat transfer area of HTE, m2

V(36) = TELO Temperature of glycol exiting from LTE, °C

V(37) = TEHP Temperature of glycol opposite point 10P, °C

V(38) = TEHO Temperature of glycol exiting from HTE, °C

V(39) = TCLO Temperature of water exiting from LTC, °C

V(40) = TCHO Temperature of water exiting from HTC, °C

V(41) = POWR Power required by compressor, kW

V(42) = RPM Compressor speed, rpm
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V(43) = ETAV Compressor volumetric efficiency

V(44) = VOL2 Partial volume of R-12 at point 1

V(45) = VOL4 Partial volume of R-114 at point 1

5.5 Simulation Equations

The Newton-Raphson technique requires that the equations be written with

all terms on one side of the equal sign [7]. When each equation has been

solved it will equal zero, and if not, then there will be some residual

amount. The simulation subroutine PARDIF numerically calculates the partial

derivatives of each residual with respect to each variable (45 x 45 = 2025

partial derivatives). The solution to the system of linear equations

determines the magnitude of the correction of each of the variables. The com-

plete listing of the 45 residual equations is included in the program listing

in APPENDIX D, but a general description of the equations follows:

Equations 1 through 4 are refrigerant mass balances in the saturated

regions.

Equations 5 through 12 calculate refrigerant enthalpies.

Equations 13 through 18 are heat balances in heat exchangers.

Equation 19 fixes the area of the high-temperature evaporator, which

had been a variable in the Launay optimization.

Equation 20 is an energy balance across HX2.

Equations 21 through 23 are mole balances at the saturation points.

Equations 24 through 31 are heat balances.

Equations 32 and 34 calculate enthalpy of superheated vapor.

Equation 33 calculates compressor power consumption.

Equations 35 and 36 are heat balances for the portions of HTC and HTE
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where superheated vapor is present.

Equations 37 and 38 are heat balances on the glycol in each evaporator.

Equations 39 defines the superheat of the vapor entering the compressor.

Equations 40 and 41 are heat balances on the water in each condenser.

Equation 42 calculates compressor speed.

Equation 43 calculates volumetric efficiency based on motor speed.

Equations 44 and 45 calculate partial specific volumes of the R-12 vapor

and R-114 vapor entering the compressor.

APPENDIX E presents the results of the simulations of the performance for

R-114 concentrations varying from 0 to 60 percent. Instead of using precisely

0 as the fraction of R-114 for 100 percent R-12, the value of 0.0001 was

used. Zero concentration could not be used in the simulation because several

equations designed with the expectations of mixtures would require division by

zero.



55

CHAPTER 6

ANALYSIS OF RESULTS

6.1 Objectives of this Study

The major goals of this phase of the study were (1) to experimentally

verify the possibility of energy conservation, and (2) to refine the

simulation model to bring it into agreement with experimental measurements.

The principal modifications of the simulation model were to incorporate actual

heat-transfer coefficients, and to account for pressure drop in the condensers

and evaporators.

The particular topics on which the following analysis concentrates are

the refrigerant temperature profiles, heat transfer coefficients, refrigerant

flow rate, compressor speed, and power.

6.2 Temperature Profiles

The comparative values of the temperature profiles from the simulation

and from experiments are shown for the condensers in Figure 6.1 and the

evaporators in Figure 6.2. Agreement of the two approaches is good for the

condensers in Figure 6.1. For low concentrations of R-114, the simulations in

the evaporators underestimate the refrigerant temperature in the region where

superheating is expected to occur. The reason for this discrepancy is

probably in the structure of the residual equations in the simulation which

must be restudied.

By comparing the evaporating temperatures for the 50 percent mixture with

those expected by looking at pressure-temperature-concentration information

(APPENDIX A), it appears that the mixture entering the low-temperature

evaporator is subcooled. When comparing data between tests with and without

HX2 bypassed, the temperature of the refrigerant entering the LTE is higher
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during the bypassed tests even though the evaporating pressures are the same

or lower. This supports the contention that the refrigerant entering the LTE

is slightly subcooled.

6.3 Heat Transfer Coefficients

The condensing heat transfer coefficients were in the range that was

expected. However, the boiling heat transfer coefficients were quite a bit

lower (Figure 4.4). This was in part due to the subcooling explained in

Section 6.2, but is also a result of an effort to reduce the pressure drop in

the evaporators. The piping cross-sectional area in the evaporators is 2.25

times greater than in the condensers. The resulting lower velocities help to

keep pressure drop to a minimum, but penalize the heat transfer coef-

ficients. The increase in the heat transfer coefficients of roughly

75 percent between the LTE and the HTE is in part due to the increasing flow

velocity as some of the refrigerant vaporizes. But some of the increase is

due to the greater heat flux in the high-temperature evaporator. There is a

smaller area and a higher heat transfer rate in the HTE in comparison to the

LTE.

The changing liquid and vapor concentrations during evaporation of the

mixture should also influence the boiling heat transfer coefficients. This

problem should be the focus of continuing research on the project. Improving

the heat transfer characteristics of mixtures would surely improve the

advantages nonazeotropic mixtures possess over single component

refrigerants.
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6.4 Refrigerant Flow Rate

The refrigerant mass flow rate can provide an indication of relative

power requirement when the refrigerating capacity is the same. The test

results in Figure 6.3 suggest that minimum power requirement would occur at

the concentration of about 10 percent R-114.

The refrigerant mass flow rates calculated by the simulation show a

similar relationship to those obtained by experiment (Figure 6.3). The

simulation indicates a reduction in the flow rate of about 2.5 percent in

going from pure R-12 to 20 percent R-114. Although these results tend to

confirm the trend, the discrepancy between the test data and the simulation

results is enough to prevent any strong conclusions. Employing more accurate

refrigerant property equations [2] should yield more significant simulation

flow rates.

6.5 Compressor Speed

The specific volume of the suction vapor increases as the concentration

of R-114 increases. The compressor speed increases primarily because of this

change in the specific volume (Figure 6.4). To compound the problem, the

volumetric efficiency of the compressor decreases at higher compressor

speeds. The increasing specific volume and subsequent decreasing volumetric

efficiency account for the nonlinear increase in compressor speed as the

concentration of R-114 increases. The increase in the refrigerant flow rate

required to maintain a specified refrigeration load (Section 6.4) also

contributes slightly to the increase in compressor speed.

The simulation results for compressor speed compare very well with the

test data. This was expected because the correlations used in the simulation

were based on the test results.
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6.6 Compressor Power

The ultimate advantage that nonazeotropic mixtures must demonstrate is

the reduction in the power requirement over single component refrigerants.

The initial simulation and optimization study conducted by Launay indicated

that power requirement for a given refrigeration duty would decrease with

increasing concentration of R-114 to a minimum at about 68 percent R-114

(Figure 6.4). Energy savings would be about 8 percent over pure R-12.

However, the test results did not agree. Instead, the optimum concentration

was found to be around 15 percent R-114. The percent savings in power

requirement was found to be about 2 percent (Figure 6.4).

The compressor was partly responsible for the power increase since the

frictional losses increase with the square of the compressor speed. But there

are ways to remove this influence from the results to see if it is the primary

factor. The compressor power results can be plotted with the friction losses

subtracted as was done in Figure 4.6. The power even with friction deducted

still increases after reaching a minimum at around 10 percent R-114.

Another way to look at power consumption is to compute the power of

isentropic compression. Enough properties are available to calculate the

enthalpy and entropy of the suction vapor. The enthalpy change resulting from

an isentropic increase in pressure from suction to discharge can also be

calculated. Multiplying the enthalpy change by the mass rate of flow gives

the power of isentropic compression. Measuring power consumption this way

eliminates the influence of compressor behavior at different speeds. The

results then become those that would be expected if an ideal compressor were

used at each concentration of R-114. These isentropic results are presented

in Figure 6.5. The power consumption is lower but still increases as the
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concentration increases past an optimum of about 10 percent R-114. The

increase in power consumption at greater concentrations is attributable to the

lower heat transfer coefficients. Table 6.1 lists the values used to

calculate the power of isentropic compression.

It is interesting to note the similarity between the Figures 4.6, 6.4,

and 6.5. The plot of the compressor power minus the frictional losses

(Figure 4.6) essentially shows what ideal compression would look like.

Figure 6.5 shows the results assuming isentropic compression. The flow rate

results in Figure 6.3 can give an indication of the expected relationship

between power and concentration because the refrigerating capacity is the same

in each test. In each figure there appears to be a minimum between 10 and 20

percent R-114, with a substantial power increase at higher concentrations.

6.7 Refrigerant Pressures

Figure 6.6 shows the comparison between pressures measured during tests

and those resulting from the computer simulation. The discharge pressures did

not match exactly but the relationship between pressure and concentration is

the same.

The discrepency may be due to the lower accuracy of the high pressure

gauge. The simulation recommendations in Chapter 7 may also help move the

simulation results closer to the test data. The pressures decrease with

increasing R-114 concentration so that the saturation temperatures remain at

approximately the same level. It should also be mentioned that the pressure

ratio (discharge/suction) increases with increasing concentration of R-114 in

both the test results and the simulation results. This is a penalty that puts

greater load on the compressor motor when higher concentrations of R-114 are

used.
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Table 6.1 Work of Isentropic Compression

Test Percent Suction Suction Discharge Isentropic
Number R-114 Pressure Temperature Pressure Enthalpy Rise

(kPa) °C (kPa) (kJ/kg)

48 10 116.5 11.5 989 44.04
49 20 108.9 9.2 922 42.78
50 40 81.4 8.1 786 43.46
51 30 95.0 6.6 857 42.86
52 50 69.4 5.9 720 43.29
53 0 132.0 11.4 1064 43.39
54 0 134.0 12.5 1058 43.08
55 50 76.4 3.0 727 41.02
56 0 137.0 11.4 1069 42.57
63 70 47.0 8.2 587 43.96
64 70 47.0 6.4 589 43.74
65 60 58.5 6.5 649 43.19
66 60 59.6 7.8 650 43.02
67* 60 59.4 5.2 729 44.93
68 40 85.2 1.6 791 41.57
69* 40 85.2 4.1 804 42.30
70 30 98.7 7.8 865 42.38
71* 30 97.2 0.5 877 41.84
72 20 110.6 9.9 914 42.34
73* 20 109.6 8.0 931 42.64
74 10 123.4 10.7 999 42.73
75* 10 123.9 9.5 1009 42.65
76* 0 131.2 10.0 1049 42.98

*HX2 Bypassed (not included in figures)
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CHAPTER 7

SUMMARY AND RECOMMENDATIONS

7.1 Energy Conservation Possibility

At a concentration of about 15 percent R-114 there appears to be a slight

reduction in power of about two percent. At higher concentrations, the low

heat transfer coefficients, and high specific volume of the suction vapor

combine to increase power requirement over pure R-12. If the heat transfer

properties of the mixture can be improved, the savings will be more

significant.

7.2 Future System Studies

More information on the heat transfer characteristics of mixtures is

needed. The poor heat transfer coefficients appear to be a major drawback.

As more data are collected on mixture heat transfer coefficients as a function

of velocity, it will be possible to compute an optimum pipe diameter for the

evaporating refrigerant. As the diameter is reduced the velocity increases

which improves the heat transfer coefficients, however, if the velocity gets

too high, the pressure drop becomes excessive. The present evaporator pipe

diameter is probably larger than optimum, considering the low heat transfer

coefficients and small pressure drop. The system also allows for the

possibility of using different refrigerant pipe sizes in each of the

evaporators. The optimum diameter for the LTE would probably be smaller than

for the HTE.

Since the heat transfer coefficients vary with the heat flux, it would be

helpful to conduct tests with different heat fluxes in both the condensers and

evaporators. Changing the glycol temperature levels would accomplish this.
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Since the refrigerant flow velocity has a significant effect, tests could be

run at higher refrigerant flow rates.

The results obtained with the HX2 bypassed indicate that although some

subcooling is desirable from a thermodynamic standpoint, the lower heat

transfer coefficient reduction erases any thermodynamic gains. It would be

best to conduct any future test series with the heat exchanger bypassed.

It would also be useful to conduct a series of tests from the orientation

of a heat pump where the heat rejection rate is kept constant. There is

reason to believe that nonazeotropic mixtures can save energy in heat pump

applications as well as in refrigeration, especially if capacity modulation is

employed.

7.3 Equipment Modifications

While we are not yet at a point of demonstrating substantial savings

using mixtures of R-12 and R-114, other refrigerant mixtures may be

superior. Pressure limitations of the test facility precluded testing of the

mixtures R-22/R-114, for example, but these may be viable nonazeotropic

refrigerant mixtures depending on their heat transfer properties. Should

other mixtures show promise, the test facility can be modified to accommodate

the higher working pressures. The high-pressure gauges must be replaced along

with the refrigerant rotameter which has a pressure limit of 150 psi gauge

(1034 kPa). At 40°C R-22 has a condensing pressure of over 1300 kPa gauge,

which exceeds the limits of both the gauges and the rotameters. Once reliable

heat transfer information is available, the simulation program can be modified

to explore the use of these mixtures to see if they have potential for energy

savings. Heat pump performance can also be investigated by simulation on the

computer.
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As mentioned earlier in the error analysis, the compressor motor speed

must be monitored more accurately. Originally, an optimum concentration was

expected at around 60 percent R-114. Since the compressor speed is quite high

at higher concentrations of R-114, the power calculations are less sensitive

to slight errors in the speed measurements. Now that the optimum appears to

be at low concentrations of R-114 where the speed is slow, slight error in the

speed measurement will have a greater effect on results.

A crucial measurement is the refrigerant flow rate, and the scatter of

the measured values for what is intended to be an identical test is of the

order of three to four percent. It may be necessary to install an additional

flow measuring device. Also the actual temperatures of the chilled glycol

solutions could never be precisely maintained from one test to another. It is

appropriate to -explore correcting the power for deviations in the actual

refrigeration capacity.

7.4 Simulation Recommendations

The accuracy of the simulation is surely no better than the accuracy of

the equations used to describe physical properties. The refrigerant equations

published by Downing [51 should replace the equations currently employed.

Properties which are not yet included as simulation variables should be so

included. The refrigerant heat transfer coefficients which are expressed only

as functions of concentration should be expressed as functions of flow

velocity and heat flux, also. Pressure drops should be made a function of

both concentration and flow velocity. However, the velocity term should

dominate because the difference in viscosity between R-12 and R-114 is not as

influential as the difference in specific volume at a given temperture.

Volumetric efficiency would be better expressed as a function of three
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variables: compressor speed, suction specific volume and the ratio of dis-

charge to suction pressure. Test results have shown the degree of superheat

on the suction side to vary from test to test. Therefore, it may be more ap-

propriate to include superheat as a simulation variable rather than as a fixed

parameter.

Since the simulated refrigerant temperature profiles in the evaporator

were unrealistic at several of the concentrations, the simulation will have to

be modified.

7.5 Conclusions Reached at this Stage of Refrigerant Mixture Study

Thermodynamic analysis shows the potential for conserving energy by

substituting a nonazeotopic mixture of refrigerants for a single one. One of

the goals of this current study is to experimentally verify that

possibility. The test results indicate that a slight reduction in power

occurs when 10 to 20 percent R-114 is added to R-12. With higher

concentrations of R-114, the penalty due to reduced heat-transfer coefficients

nullfies the potential energy saving.

This phase of the refrigerant mixture study brings us to greater realism

in the struggle to achieve benefits in the use of refrigerant mixtures. It

indicates that the task will not be easy and that the heat-transfer

characteristics will have to be addressed along with continued system

studies. The challenge is to maintain as nearly as possible the coefficients

prevailing for the single working fluid. While there are some fundamental

processes against which to work, there are also several approaches that now

seem necessary. . In the first place, a system study is required that attacks

the tradeoff between high pressure drop and improved heat-transfer

coefficients attributable to higher velocities in the tubes. That tradeoff is
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one perpetually met by designers of heat-exchangers. There may be new

considerations with mixtures that have not been a part of the single-

refrigerant analysis. The second approach would be to explore techniques such

as enhancing heat transfer (by artificial tube roughness) in order to

determine whether the benefits are more pronounced with mixtures than with

single refrigerants.

Energy conservation through the use of refrigerant mixtures still

represents a prospect, although some of the difficulties in achieving the

improved efficiency are now becoming apparent. Energy conservation is not the

only reason that engineers are interested today in refrigerant mixtures. Two

other potential benefits are (1) capacity leveling when air-source heat pumps

operate at low ambient temperatues, and (2) tailoring the pressure-temperature

characteristics for high-temperature heat pump [6]. In these applications as

well as others, the cycle efficiencies will continue to be prominent.

Continued research on the energy and heat-transfer characteristics is

necessary to evaluate the most attractive applications for nonaqeotropic

mixture of refrigerants.
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***t* TABLE OF REFRIGERANT MIXTURES - R-12 AND R114 ****
****g* CONDENSING AND BOILING TEMFERATU!RES *****

CALCULATED BY K.MATSUO SEP 10,1981
1ST LINE = CONDENSING TEMP. 2ND LINE = BOILING TEMP.

PRESS. WEIGHT FRACTION OF R114
(KPA) 0.0 0O1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

10.0 -74.22 -65.22 -60.04 -56.37 -53.58 -51.34 -49.52 -47.79 -46.71 -45.63 -44.75
-74.22 -72.23 -70.07 -67.74 -65.21 -62.47 -59.45 -56.17 -52.63 -48.80 -44.75

20.0 -62.59 -53.66 -48.30 -44.45 -41.47 -39.09 -37.12 -35.49 -34.11 -32.95 -31.99
-62.59 -60.43 -58.08 -55.57 -52.06 -49.93 -46.78 -43.37 -39.75 -35.94 -31.99

30.0 -55.14 -46.26 -40.78 -36.82 -33.74 -31.26 -29.22 -27.51 -26.07 -24.85 -23.04
-55.14 -52.85 -50.41 -47.78 -44.95 -41.92 -30.b7 -35.21 -31.56 -27.74 -23.04

40.0 -49.53 -40.67 -35.12 -31.07 -27.92 -25.37 -23.26 -21,51 -20.02 -13.77 -17.72.
-49.53 -47.15 -44.62 -41.90 -39.00 -35.09 -32.58 -29.07 -25.39 -21.58 -17.72

50.0 -44.97 -36.14 -30.53 -26.42 -23.20 -20.60 -18.44 -16.64 -15.12 -13.84 -12.76
-44.97 -42.53 -39.92 -37.14 -34.17 -31.00 -27.64 -24.10 -20.40 -16.60 -12.76

60.0 -41.11 -32.29 -26.64 -22.47 -19.21 -16.56 -14.36 -12.53 -10.97 -9.67 -8.56
-41.11 -38.61 -35.94 -33.10 -30.07 -26.85 -23.45 -19.88 -16.17 -12.38 -0.56

70.0 -37.74 -23.94 -23.24 -19.03 -15.72 -13.04 -10.81 -9.94 -7.36 -6.03 -4.91
-37.74 -35.19 -32.47 -29.58 -26.50 -23.25 -19.81 -16.22 -12.50 -8.70 -4.91

80.0 -34.74 -25.95 -20.22 -15.97 -12.63 -9.91 -7.65 -5.75 -4.15 -2.00 -1.66
-34.74 -32.14 -29.38 -26.44 -23.33 -20.04 -16.57 -12.96 -9.23 -5.43 -1.66

90.0 -32.03 -23.26 -17.50 -13.21 -9.83 -7.08 -4.80 -2.88 -1.25 .12 1.27
-32.03 -29.39 -26.59 -23.61 -20.46 -17.14 -13.65 -10.02 -6.27 -2.49 1.27

100.0 -29.55 -20.79 -15.00 -10.69 -7.28 -4.50 -2.19 -.25 1.39 2.78 3.95
-29.55 -26.88 -24.03 -21.03 -17.84 -14.49 -10.98 -7.33 -3.58 .20 3.95

125.0 -24.13 -15.40 -9.56 -5.17 -1.70 1.14 3.50 5.49 7.17 8.60 9.80
-24.13 -21.38 -18.46 -15.37 -12.12 -0.71 -5.14 -1.46 2.30 6.08 9.79

150.0 -19.52 -10.81 -4.92 -.49 3.04 5.93 8.33 10.36 12.00 13.53 14.76
-19.52 -16.70 -13.72 -10.56 -7.25 -3.79 -.19 3.52 7.29 11.06 14.76

175.0 -15.49 -6.80 -.87 3.61 7.18 10.11 12.55 14.62 16.36 17.84 19.09
-15.49 -12.61 -9.57 -6.36 -3.00 .50 4.14 7.37 11.65 15.42 19.09

200.0 -11.89 -3.22 2.74 7.26 10.87 13.64 16.32 18.41 20.18 21.68 22.95
-11.89 -8.96 -5.87 -2.62 .79 4.33 0.00 11.75 15.53 19.29 22.95

225.0 -8.64 .03 6.01 10.57 14.21 17.21 19.72 21.84 23.63 25.16 26.44
-8.64 -5.65 -2.52 .78 4.22 7.80 11.49 15.25 19.04 22.80 26.44

250.0 -5.65 3.00 9.01 13.60 17.27 20.30 22.83 24.97 26.79 28.33 29.64
-5.65 -2.63 .55 3.08 7.36 10.97 14.68 16.46 22.25 26.01 29.63

275.0 -2.89 5.74 11.77 16.39 20.10 23.15 25.71 27.87 29.71 31.27 32.58
-2.89 .17 3.39 6.75 10.26 13.89 17.62 21.42 25.22 28.97 32.58

300.0 -.33 8.30 14.35 19.00 22.73 25.80 28.38 30.57 32.42 34.00 35.32
-. 33 2.77 6.03 9.42 12.96 16.62 20.36 24.17 27.97 31.72 35.32
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PRESS. WEIGHT FRACTION OF R114
(KPA) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

325.0 2.08 10.70 16,76 21,43 25.19 28.29 30.89 33.09 34.96 36.55 37.89
2.08 5.21 8.50 11.93 15.49 19.17 22.93 26,75 30.56 34.30 37.89

350.0 4.34 12.95 19.04 23.73 27.50 30.62 33.24 35.46 37.35 38.95 40.30
4.34. 7.51 10.83 14.28 17.87 21.57 25.35 29.17 32.98 36.72 40,30

375.0 6.49 15.08 21.19 25.89 29.69 32.83 35.47 37.71 39.61 41.22 42,59
6.49 9.68 13.03 16.51 20.12 23.83 27.63 31.46 35.28 39.01 42.59

400.0 8.52 17.11 23.22 27.95 31.77 34.93 37.58. 39.83 41.75 43.37 44.75
8.52 11.75 15.12 18.62 22.25 25.99 29.80 33.63 37.45 41.18 44.75

425.0 10.46 19.04 25.17 29.91 33.75 36.93 39.60 41.86 43.79 45.42 46.81
10.46 13.71 17.11 20.64 24.29 28.04 31.86 35.70 39.52 43.25 46.81

450.0 12.31 20,88 27.02 31.79 35.64 38.83 41.52 43.30 45.73 47.38 48.78
12.31 15.59 19.01 22.56 26.23 30.00 33.83 37.68 41.50 45.22 48.78

475.0 14.09 22.65 28.80 33,58 37.45 40.66 43.36 45.65 47.60 49.26 50.66
14.09 17.39 20.83 24.40 28.09 31.87 35.71 39.57 43.39 47.11 50,66

500.0 15.79 24.35 30.51 35.30 39.19 42.41 45.12 47.43 49.39 51.06 52.47
15.79 19.12 22.58 26.17 29.87 33.67 37.52 41.39 45.21 48.93 52.47

525.0 17.43 25.98 32.15 36.96 40.86 44.10 46.82 49.14 51.11 52.78 54.20
17.43 20.78 24.26 27.87 31.59 35.40 39.26 43.13 46.96 50.67 54.20

550.0 19.01 27.55 33,74 38.56 42.47 45.72 48.46 50,78 52,77 54.45 55.88
19.01 22.38 25.88 29.51 33.25 37.07 40.94 44.81 48.64 52.35 55.88

575.0 20.54 29.07 35.26 40.10 44.02 47.29' 50.04 52.37 54.37 56.06 57.49
20.54 23.93 27.45 31.09 34.85 38.68 42.56 46.44 50.27 53.97 57.49

600.0 22.02 30.54 36.74 41.59 45.53 48.80 51.57 53,91 55.91 57.61 59.06
22.02 25.42 28.96 32.63 36.39 40.24 44.12 48.01 51.84 55.54 59.06

625.0 23.45 31.97 38.18 43.03 46.98 50.27 53,04 55.40 57.41 59.12 60,57
23.45 26.87 30.43 34.11 37.89 41.74 45.64 49.53 53.35 57.06 60.57

650.0 24.83 33.35 39.56 44.43 48.40 51.69 54.48 56.84 58.86 60.58 62.03
24.83 28.28 31.85 35.55 39.34 43.20 47.11 51.00 54.83 58.53 62.03

675.0 26.18 34.69 40.91 45,79 49.77 53.08 55.87 58.24 60.27 62.00 63.46
26.18 29.64 33.23 36.94 40.75 44.62 48.53 52.43 56.26 59.96 63.46

700.0 27.49 35.99 42,22 47.11 51.10 54.42 57.22 59.61 61.64 63.37 64.84
27.49 30.97 34.58 38.30 42.12 46.00 49.92 53.82 57.65 61.35 64.84

725.0 28.77 37.26 43.50 48.40 52.40 55.73 58.54 60.93 62.97 64.71 66.18
28.77 32.26 35.88 39.62 43.45 47.34 51.27 55.17 59.00 62.69 66.18

750.0 30.01 38.50 44.74 49.65 53.66 57.00 59.82 62.22 64.27 66.01 67.49
30.01 33.52 37.16 40.91 44.75 48.65 52.58 56.49 60.32 64.01 67.49

775.0 31.22 39.71 45.95 50.87 54.89 58.24 61.07 63.48 65.53 67.28 68.77
31.22 34.75 38.40 42.16 46.01 49.92 53.86 57.77 61.60 65.29 68.77

800.0 32.40 40.88 47.14 52.07 56.09 59.45 62.29 64.70 66.77 68.52 70,01
32.40 35.94 39.61 43.38 47.24 51.17 55.11 59.02 62.85 66.54 70.01
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APPENDIX B

Sample Data Recording Sheet
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REFRIGEkfINT MIXTURE DATA SHEET

DATE _L-2-3---_-___-__ TIME __.-'_'--- 5, , t

REFRIGELRANT R-1L.-_, __- _; AND H-_(-_, _S.°_X , 7 - , '

drEcOkRriLh &kT±¢ 7 ;. r _i S er<ELC ORDErR -_Ei5 t S -- ------- ___--_--- -__I--- 7-- -
9 h - 45 *c

GAUGE FRESSURES: (BAROMETRIC = -L.SIjKPA) 5. - ,3 'c
52 - 5 .c

1. COMPRFSSOR DISCHARGE, LL5J__KPh 51 - l
- n - ',b

2. LEAVING HTC, -_LKPF 49 - ! . '.
hH - I f1 t

3. LEAVING LTC, L__KPA 4 I - ,'":

4. ENTEER:ING EXPANSION VALVE, aL__._KPA , ,- ,5 'c
4 /i - 1'*2 t

5. LEAVIN( EXPANSION VLLVE, - KI:. A z - '0r; t
42 - l1'l c

6. AFTER: 1,1S PASS LTE, lS__KPA l -11 ' c
,' - i-3s t

7. AFTER 2ND PASS LTE, 1'__KPA - 11,5 t
r - 1i, a

8. LEAVING LTE, I-.O_KPA 3s' - 2 '

9. ENTERING HTE, I ,_5 .- KPA 'h - 145 *
.1. - ? . c

10. MIDWAY IN HTE, LJ3,^ KFPA 1 - 21,7
*' - 2 %0 *t

11. LEAVING HTE, ._-_KPA 1 - 21,r7 c
I1 - ??'5t'

12. ENTERING VENTURI, -____KFA - 2s t

29 - 1,0 '

13. VEN'IIRI THROAT, _-_KPF 272'

14. COMPRESSOR SUCTION, 13P-KF-A 32 7
*'

1 R, 'c

FLOW RATES AT ROTAMETERS: '

2? 3%6 '1. REFRIU. -L 49 Sz (100% = 0.67 GFM) 21 6
'IA 'c

2. HTC WA'.Ii:iR ?300 =2.06 GPM) -4 1
, 

0

3. LTC WATElR X (100% = 2.06 GPM) 17 7
31 7. 4 t'?: 7 'CI

4. LTE GLYICOL l _-%, GRAV: LA-Q*t. @ 3-Cc ,4

(1 .96 GF'H) C
5. HTE GLYCOL -L73-.%, GRAV: L-3 ?3L 4,

LTE HEATER: VOLTS= _L3 AMPS= _3-5615 .C

HTE HEAlFR: VOLTS= LS_'.., AMPS= _6:_6 ., 4

DC MOTOR : SPEED= -5_gRM LOADL= U- _L A. 4 349

COMMENTS: Totfl cLh iye /v+. s6 ' - '
? 41,( t

n2 41, .
1 6 5 t

8 1,9 t

1 3 :4 2:09
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APPENDIX C

Sample Results of a Data Reduction

N
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bhf ' ; 3 t 4hSi I a 8 5 / 4 ca, 44CE 6 l / i8 11 n. 4'. 9
a44? i2,9 412, ; 4 /. ' tl a 11, 5 4' ' " . .b .41 /1 II I
36.4 3R B, .45.t - 1 3B,3 h 2 2I. ) 9 , 1 h 2? P p?? 2

--- 1 "1--7-- 22 ,.---'21,-?-- ?'-7--","7, 7 )- . . . n-/--n-3 - 5----
*.l0, -t li -tS, B I , t I 21 .1 ,trla r20 . o .19 n. ,
-"11 -A. .PR -hy4 "?. "h; ,,3 1 .1. .t .6
I89P. 8 0 ,88. R AA3,0 2h. , . 2 h.i 1 7 .5 2i ?3 ,q 2

.---- 2 -"5 -,;-- ---- .. ;------ .- 7 -5----...q-- ---q . .. --..- ....... . '_-
*49 M 7: i .7Cm ? ._ 6 /177 II. 26A.9 1 a. 2A.c
'J2?.5 3-2,5 1iav 1j.7

529.0 11.8

TEST# 4' nATE' 7- 77-8aP TIME'1.1.?5 MASS FRAC R714 TN R121 '._I0

TEMPERATtIIFS TI T RU T60, (ORRFCTEn TF, NFCESSARY ,
---- b 6 -. 4---.30 .a --- f,'-7- ---- 5 .J ;"--( * 0 (A---I- l -5 ----..(4 ¢ --- 41 7i- ?--4 --9l '-f'.--- -.

44a I if8.? 4.P ,B14 J3.R ,Ir;.1l a . la .I 2.3 .B4 ,
,3 7 8 2 .40 t6 38a? Phl. 29,8 tr2 *2p 1 P P.

W21 8 .2,2 21. t. 8 .."7.R - ,Ii . 9 11 iU 11 /I11 '.I1 b

".1.2 - -,-5 P2.9 -h. 5 4, lt l4 11 ./ 8a9.5

---- R DOF-A M fT PR-PLt-I W R-A-t ES-4-K V -)-' --- --- -- -- --------
REFRIGII.OIq HTr;.oalq LTCI.0T 9 LTEI.'.040 HTE;. 06I

HEAT TRANSFER RATES ,KW FROM ROTAMETER FLOPlRATES;- - ....--
OHTr,:. .829? . QLTCl,2.1718 QI.TF; 1.B-80 OHTFI 1.4M50
CnOLING CAPACTTY1 2,.l444
HEAT PUMP.CAPACTTYI,4.0i.1 - ..

~- --- T TOTA--n E'AA-T-13'AI-AlNCE =-fQ +'WD 'YNO-/' C';-- 9 05

REFRIGFRANT HEAT TRAMSFER rDFFFIIrFNTS, (W/M*2KI 1 - -
------ H TCt--8 - H T C 2 -- 23 -,--H T r-;-l ,----LT C21' 1-01-
LTfP3 90I0 LTEI: 27. LTFPI 233. HTEI1 2H.
HTE2: 317.

REFRIGFRANT.,STE AREA UIwVAI.UFS (W/M**?,*K).;
HTCIl 795 HTC; fl.TC HTr¶; 1289, LTYCr 1194.
LTr21 9q ,. LTC rA A 8b. ITFlt IS. LrE2? 16 P
L-TF3- -23, HTET-I--2P. i. - -HT 2 ? 8,- HTC V-279.-,
LTC I 12?7.. LTE : 1b9. HTF 31'4

--- eOMPRE-S-rt-wnRK-FRnM-D'YNn - - l- .ol- CKW-- -FROM-REF - ENTHAiLPYl-- 9?KW-----

HEAT RFJ FRnM REF iN HTC+LTC:I 3.565 __X_ DEV FRn_ WAlTEI-STiDE;.l ___

iLYCOL, FI.OWRATF EiOM HFAiTE LO]D. ANn i nEVIATTOI FRnM RnTAMFTFR HRTE;
LTE! .051q KG/S, X DFVI "3.9 HTE .5.4t2 K1(//5 nEvX I; ,q.

REF FLfWRATE..FROM CAPArITY AJD .EJTHALPY, X OEV FROM ROTAMETER;
.0?03 KG/S X DFV: -7.4

!

GLYCOL CnNCENTRATION; LTEl B'.89 HTE: 31.15

-- 'PR-NTfVrt-. - RFQtIEST 81E7-/ 7 9.- ~---l1''. 5 RJFM -- UN3-KURR B-- -
FII.£1- nUT /.Er
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APPENDIX D

Simulation Program Listing



FPRO FGRAM S I MU...7 ( TAPE: 1 UTP U'T' F' I) I :E: . T F
Cs )()!><5<^****)***!«****************

C LATEST REVISIONS MADE: 12-14 -2

C THIS : FO M S MULATES THIE :PER: RMANCE OF A 2-CONLDENSER
C 2-EVPOR:iATOR 2 -H PEAT Er AXCHANGE:R VAPOR COMPRESS:IO AN GREFR: IGERAIlON

SYSTE:M USI :NG MIXTU'REH S fOF R--:L1. 4 AND: R 1. IT IS BASED O N WORK
iC SDONE BY PHILIPPE . : LAUNAY rDURING COMPLETION IF HI MASTERi S THESIS
UC AT TIHE UNIVE.R:SITY OF IL.I. NO IS iLN .191(0., THIS VE:iRST:IO:N I NC..UDES
C VARIABLE. 1 HEAT TRAN SFER COEFFFICIENTS VARIABLE IF: RESSURE DROPO
C' VAR fi B .. E i: VAOLUMETRIC EFFICIENCY AND VAABLE iENTRO:Ei: I F I C ,ENCY.
C rTHE FRICTION L OAD I : I ON Tli TH COMRFRE SS:OR! AS c F' UNCTION O: F SPD IS ALSO
C INCLUDllED . FOR FL..OW :DIAG RAM OF SIMULATED SYSTfM INACL.)UD:ING VARIABLE::
C DEFE INI TI:ONS S EE: "PERFFORMANCE OF : N ON-AZEOTROP:IC M IX.TR.: OF
C D :I CH L R 0 D I F IR... ETHANE (R 12 AND . ID H I. C..LR E: 'T'T F TA FL HR ANE
Ci ( PR-114) IN A VAPOR COMPRESSION i:REFR IGERiAT:E:ION SYSTEM"
C C I: M(CCARTHYY MASTER S rTHESIS UNI VERSIY .OF ILLINOIS 1.198
C.,

DIMENSIOIN V(45) X:IDES(45) R(45) FPD ( 45 .45) , VCR (:JF4'5 VDt(45) FRD(45)
* D:AT (17) LI ATNAME (17) '1 DlATJUN:T (I1.7) UJNIT')-V (45

:I NTEGE:R :lAMPI NG r FPFOPT : !N
CO:MMON DAT

NVARF=45.j
TLRNCEO:O. 001.
IT MAX = 15

C THESE NE:XT VARI::ABLE....S ARE RElQUITRE.: D BEY SlUBROUTI(.1:NE SIMUL..
DAMPING - 0
POPTI : ON O
ITER=O

CC REDI TRIA VAES SIN NPUT F (WEN UNN
CC ON C Y B ER /L G 0 I N P UT F L. EN A ENAME UTI.UTF I LEMANE
C



REWIND 1
READ (1,10)
READ (1,12) (DATNAME(I)IDAT(I),DATUNIT(I),I=li17)
READ (1,10)
READ (1l11) (DES(I)PV(I) UNITV(I)9I=1,NVAR)

C*****OPTIONAL PRINTOUT OF INPUT FILE INFORMATION
C PRINT 19<(KDATNAME(K)DATDA()ATUNIT(K),K=1,17)
C PRINT 17 (IDES(I),V(I),UNITV(I) I=1,NVAR)

CALL SIMUL(NVAR TLRNCE, ITMAX VDES r PD, VCORR pVD RD, DAMPING,
* POPTIONITER)
PRINT 20,ITER,(KDATNAME(K),DAT(K)rDlATUNIT(K),K=1l17)
PRINT 17 (IDES(I),V(I),UNITV(I),I=1,NVAR)

C
STOP

10 FORMAT (/)
11 FORMAT (9XA4y3XpF2:L.5p3XA5)
12 FORMAT(20XYA4,3XFSB443XA5)
17 FORMAT(45(1X"PV("yI2y') = "'A4,' = ,F21,5,3XA5,/)Y/)
19 FORMAT(10(/)' "1"4X "VALUES FROM INPUT FILE", /5Xy27( *'")

* /,17(10X,'DAT(",I2,') = "°A4y' = B F8.4y3XvA5,/))
20 FORMAT(10(/)1O0Xv'AFTER"PI3," ITERATIONS SOLUTION IS:"°/

* 10Xy32("*")/17(10X,'DAT('"I2,p) = "nA4," = ",F8,.43XAS/)/)
END

SUBROUTINE EQNS(NVARVi'R)

C THIS SUBROUTINE CONTAINS ALL OF THE EQUATIONS THAT DESCRIBE THE
C SYSTEM.



IMPLICIT REAL (A - Z)
INTEGER NVAR.I
DIMENSION V(NVAR),R(NVAR) ,DAT(17) A2(5) A4(5) B2(5) B4(5)

C C2(5),C4(5)
COMMON DAT

C THESE ARE CONSTANTS USED IN THE EQUATIONS WHICH CALCULATE THE
C SPECIFIC VOLUME OF THE TWO REFRIGERANTS IN THE MIXTURE (R12,R114).
C SOURCE: R.C. DOWN]:NG, ASHRAE TRANSACTIONS, VOL.. 80 FP:ART II 1974.

DATA A2/ 0 .0-3.40972713 0. 0602394465 -5.4873701 E -4 0.0/
DATA A4/0. O-2 .38567040 .034055687,-3.857481E--4 1.6017659E-6/
DATA B2/0.0, 1.59434848E-3 - 1.87961843E-5 0 0,3.468834E-9/
DATA D4/O.0 1.0801 207E --3 S5.333469E -6 O.0 6. 2.632341E-1 0/
DATA C2/0.0 -56.7627671?1.31139908, 0.0 -2.54390678E-5/
DATA C4/0.0,-6.5643648 0.16366057o0.0,-1i.0165314E-5/

C 00
CC DEFINING USE:FUL FUNCTIONS (SAT.PRESS.yENTHALFP.,ETC..... )
C PF. L.AUNAY 1980.
C;

F12S(T) ::EXF(14.861 - 2498.3/((T)+273.15))
P114S(T)=EXF(15.407 - 2993.2/((T)+273.15))
H12V(T) =351.48 + .42825*(T) - .00071*(T)**2 - .0000051*(T)**3
H114V(T)=337.41 4 .6234*(T ) + .000086*(T)**2 - .00000385*(T)**3
H12L(T) =200. + .9251*(T) + .00081*(T)**2 + .0000048*(T)**3
H114L(T)=200. + .9545*(T) + .00116*(T)**2 + .000003*(T)**3
MOL.FRAC(X)=(X)/(1.4135 - 0.4135*(X))
MASFRAC(X)=1.4135*X/( ..+0.4135*X)
XCL(PFT)=(F-P12S(T)) / (F114S(T)-PF12S(T))
XCV(P F'T rX)=F:114S (T *X/PF

C
C ----- WORK OF ISENTRFPIC COMPRESSION FOR R12 & R114
C P. LAUNAY 1980.



C2Nl(TF'P)=(T + 273.15)*((.6933E-1 + .232E-4*T) +
* (-.2019E-4 + .757E--7*T)*F')
C2N2(TF')=(T + 273.15)*((.414E-2 - .148E-4*T) +

* (-.876E-5 + .231E-6*T)*')
WIR12(TPF' 1"'2)=(C2N1(TYPI) + C2N2(TP P)*ALOG(P2/l/P1))*ALOG(P2/PF)
C4N1(TP)=(T + 273.15)*((.4949E-1 + .36E-5*T) +

* ((-.3024E-4 + .4083E-6*T)*P)
C4N2(TP)=(T + 273.15>*((.75E-3 -+ 285E-4*1) +

* (.428E-5 + .365E-6*T)*P)
WIR114(TPFl'P2)=(C4N1(TyP1) -t C4N2(TP1 )*ALOG(F'2/P1:'))*A[..OG(P2/P1)

C
C---- ENTHALPY OF SUPERHEATED VAPOR OF R12 R114l
C P. LAUNAY 1980.

PP4(P)=(P-251.66)/244.77
PP2 (P)=(P-609.81)/554.19
TP4(T)=(T-10 )/55.556 m
TP2(T)= (T-10.)/50. m
AA4(P) =341.528 - 4.400*PP4(P) -- 432*F'P4(F')**2
BB4(P) = 39.811 + 2.054*PP4(P) + .282*F'F'4(F')**2
CC4(F) = 1.475 - .535*PP4(F') + .012*PP4(P)**2
HR114SH(FYT)=AA4(P) + BB4(PF)*TF4(T) + CC4(P)*TP4(T)**2
AA2(P) =351.740 -- 12.954*PP2(P) -- 2.367*PP2(P)**2
BB2(FP) - 35.957 + 8.406*F:'P2(P) + 2.484*F'P2(P)**2
CC2(P) = -. 619 - 2.379*PP2(P) - .748*PP2(P)**2
HR12SH(PvT>)=AA2+(P) + BBE2(P)*T'P2('T) - CC2(F')*TP2(T)**2

C
CC REDEFINING V(I) TO MAKE EQUATIONS EASIER TO UNDERSTAND
C



W =V(1)
PHI =V(2)
PLO =V(3)
T1 =V(4)
T2 =V(5)
T2P ::V(6)
T3 =V(7)
T4 =V(8)
T5 =V(9)
T6 =V(10)
T7 =V(11)
T8 =V(12)
T9 =V(13)
T10 =V(14)
T1OP=V(15)
H1 =-V(16)
H2 =V(17)
H3 =V(18) m
H4 =V(19)
H5 =V(20)
H6 =V(21)
H7 =V(22)
H8 =V(23)
H9 =V(24)
H1O =V(25)
FRL7=V(26)
FRL8=V(27)
FRL.9=V(28)
FRL3=V(29)
FHIC -=V(30)
FHTE=V(31)
LTC=V( 32)

QHTC=V(33)
TCHP=V(34)
AHTE=V(35)
TELO=V(36)



TEHPF=V ( 37)
TEHO=V(38)
TCLO=V(39)
TCHO=V(40)
POWR=V(41)

C--- -.- THESE VARIABLES WERE ADDED 11-"18-82 BY CHRIS MCCARTTHY.
RPM =V(42)
ETAV=V(43)
VOL2=V (44)
VOL.4=V(45)

C
CC IMPOSED PARAMETERS
C

CONC=DAT(1)
ALTE =DA ( 2)
AHX =DAT(3)
AHX2=DIIAT (4)
ALTC=DAT (5)
AHT C:::IAT (6)
WGEL==DAT(7)
WGEH=DIAT(8)
WLTC=DAT(9)
WHTC=:DAT ( 10)
QLTE=DAT (:1 )
QHTE=DAT ( 12)
TCLI=DAT(13)
TCHI=TCLO
TELI=DAT(1.5)
TEHI=DAT(16)
SFHX=DAT ( 17)

C
i.' INCLUSION OF PRESSURE DROPS BASED ON TEST DATA° (MCCARTHY 9-16--82)
C



P2 = PHI - 1.0
P3 = PHI - 2.0
P4 = PHI - 5.0
P7 = PLO + 7.9 + 14.1*CONC + 1.4*CONC**2
P8 = PLO + 6.8 + 11.8*CONC + 1.4*CONC**2
P9 = PLO + 6.3 + 11.6*CONC + 1.4*CONC**2
P10 = PLO + 3.4 + 5.4*CONC + 0.3*CONC**2

C
CC PRELIMINARY COMPUTATIONS
C,
C-----MASS CONCENTRATION OF R114 IN LIQ. & VAP. AT 3y7y8,9

XCL7=XCL(P7PT7)
XCL8=XCL8(P8, T8)
XCL9=XCL(P9yT9)
XCL3=XCL(P3,T3)
XL7 =MASFRAC(XCL7) co
XL8 =MASFRAC(XCL8)
XL9 =MASFRAC(XCL9)
XL3 =MASFRAC(XCL3)
XV7 =MASFRAC(XCV(P7sT7,XCL7))
XV8 =MASFRAC(XCV(P8 T8 XCL8))
XV9 =MASFRAC(XCV(P9yT9YXCL9))
XV3 =MASFRAC(XCV(F'3,T3yXCL3))

C
C-----MOLE CONCENTRATION OF R114 IN VAP. AT 10P,2P 8 LIQ. AT 4

XCVIOP=XCV(PFlOT10PXCL (F'10T1TP) )
XCL4 =XCL(P4sT4)
XCV2P=XCV(F'P2 T2P F XCL (P2 T2P) )

C
C------ENTHALPIES OF LIQ. & VAFP AT 3~,78,9 (2-PHASE REGION)

HL7 =XL7*H114L(T7) + (1.-XL.7)*H12L(T7)
HL8 =XL8*H114L(T8) + (1.-XLS)*H12L(T8)
HL9 =XL9*H114L(T9) + (1.-XL9)*H12L(T9)
HL3 =XL3*H114L(T3) + (1 .- XL3)*H12L(T3)
HV7 -XV7*H114V(T7) + (1.-XV7)*H12V(T7)
HV8 =XV8*H114V(T8) + (1.+-XV8)5*H12V(T8)
HV9 =XV9*H114V(T9) + (1.-XV9)*H12V(T9)
HV3 =XV3*H114V(T3) + (1.--XV3)*H12V(T3)



C
C------PARTIAL. PRESSURES OF: R12 & R114 IN SUPERHEATED REGION

PP4H = MOLFRAC(CONC)*PHI
F'F2H = PHI -- PF'4H
PP4L = MOLFRAC(CONC)*PLO
PP2L = PLO - PP4L
PP4L1O = MOLFRAC(CONC)*P10
PP2L10 =- P10 -- FPP4L10

C
C SPECIFIC VOLUME OF SUPERHEATED VAPOR,
C SOURCE: R.C. DOWNING, ASHRAE TRANSACTIONS, *2313, VOL. 80,
C PART II, 1974.
C MIXTURE VOLUME APPROXIMATED BY AMAGAT'S MODEL FOR IDEAL.. GASSES

C EQUATIONS ARE IN ENGLISH UNITS, SO SOME CONVERSION OF UNITS
C TAKES PLACE, C.I. MCCARTHY 11-17-82 oo

ko

PL02PSI = PLO / 6,894757
PL04PSI = PLO / 6.894757
T1R2 := Tl*1.8 + 32. + 459.7
T1R4 = Tl*1.8 + 32. + 459.69
FACTOR = 0,062427961
TC2 = 693.3

C4 =. 753.95
1(2 -- -5 475
K4 - --3,0
SB2 '0.0065093886
SB4 = 0.005914907
R2 = 0,0'88734
R4 = 0,062780807

CONST2 = 0.0
CONST4 = 0,0



DO 50 I=2,5
CO NS T 2 = C ONST2 + (A2( I ) + B2 ( I) *T 1 R2+f;C 2 (I ) *E XP ( 2 * T 1 R2/,TC2) ) /

C ( PLO2PS' I ( VC) 2--SB2 ) ** ( : - ) )
CONST T4= CONST4 4- ( ( A4 ( 1) +B4( I ) *TIR4 C4( I )*EXPF (K 4*T R4/TC4) )/

C (:'PL04FPS* ( VOL4-SB4)** ( I-1. ) )
50 C(O:)NT : NUE:

C THE: RES:T OF THE TERMS ARE: IN E:4UATIONS R(44) & R(45)

C -. ..... COMFPR EISSORC) CHARIACTE RISTICS (MCCARTHY NOV 82)
C ISE:NTFtROP:IC EF EIENCY (ETAS) IS NOT ANALYTICAL BUT r THIS TYPE OF:
C: FlUNCTION IS EXPECTED AND IT HELPS MATCH TEST DATA MORE ACCURATEI...Y.
C F-RLOAD RELATION IS BASED ON ACTUAL DYNOMOMETE:R R:ESULJTS.

DISPL.. = 1. . 3254E--3
ETAS - 0.72 - 1 RPM/13000.
SPEED = 2.25*RPM
FRLOADI = 2.07E--4 * SPEED + 5.63E-8 * SPE:E:D**2

C -.-.... WCORK OF11 ISENTROPIC COMPFRE:3SS:IO[N (PF..AUNAY)
E: 12 = WIR12 (T, PPF2LP I::' 2H
E:l1.4 = WIFR114(T1,F'PP4L.,PP4H)

C,
C------CF''S OF LIQUIDS KJ/KG K (LTE 40% GLYCOLI HTE 30% GLYC...OL)
C THESE .GLYCOL EQUATIONS WERE OBTAINED BY F:-ITTING A LE ...E.AST SQUARE S
C CURVE TO GRAPHICAL DATA. (MCCARTHY NOV 82)
C

TELAVG = (TEL.I+TEL.O)/2.
TEHAVG = (TEHI+TEHO)/2.
CPG - :3. 397 + .0 045*TEL.AVG - 2.0 3E 5*TELAVG(**2
C'PGH - 3.703 + ,00234*TELAVG + 4.05E--5*TELAV(G**2
CPWA = 4.19

C--- VLIJE W/K) SE ON ACUA TE F:TS (MCCY NVC---.-UA VALUES (KW/IK) BASED ON ACTUAL TEST RESULTS° (MCCARTHY NOV 82)



ACO = FHTC * AHTC
ADSH = (1.0 - FHTC) * AHTC
UHTC = 1.22 - 0.71*CONC
ULTC = 1.15 - 0.78*CONC
UDSH - 0.5
ULTE = 0.17
UHTrE = 0.327 - ,324*CONC + .40*CONC**2
UACO = UHTC * ACO
UADSH = UDSH * ADSH
AEHTE = FHTE * AHTE
UAHTE = UHTE t AEHTE
ASH = (1.0 - FHTE) * AHTE.
UHX1 = 0.09
UHX2 - 0.20
USH = 0.09
UAHX.1. UHX1 * AHX1
UASH - USH * ASH
UALTE = ULTE t ALTE-
IAL.TC = ULTC * ALTC
UAHX2 = UHX2 * AHX2

CC COMPUTING RESIDUALS

C THESE EQUATIONS HAVE BEEN REVISED BY C. MCCARTHY TO MOVE THE
C SUFERHEAT FOINT FROM INSIDE HX1 TO INSIDE THE HIGH TEMF EVAPORATOR
C WHICH MODELS MORE CLOSELY THE PHYSICAL APPARATUS.
C EQUATIONS R(42) THRU R(45) ARE A FART OF THE COMPRESSOR MODEL.

C
C------~-FRACTION OF LIQ. PHASE AT 3p7,8,9

R(1) = -CONC + FRL7*XL7 + (1.-FRI.7)*XV7
C

R(2) = - CONC + FRL..8*XL8 + (1.'-FRLB)*XVS
C

R(3) = -CONC + FRL9*XL9 t (1.-FRL..9)*XV9
C

R(4) = -CONC + FRL.3*XL.3 t (:L.,-FRL3):XV3



c
C-----ENTHALFIES AT 3»7p8,9y10O

R(5) = -H7 + F'RL..7*HL7 + (1.--FRL7)*HV7
C

R(6) = -H8 I-FRL8*HL8 + (1.-FRL.8)*HV8
C

R(7) = -1-19 + FRL9*HL9 + (1.--FRL9)*HV9
C

R(8) --H10 + CONC*HR114SH(F'P410.rT10r) +
* (1 .-CONC)*HR12SH(PF'2L10 T10)

C
R(9) = -H3 + FRL3*HL3 + (1.-FRL3)*FHV3

C-- --- ENTHALFPIES AT 4,5,6
R(10)= -H5 + CONC*H114L(T5) + (1.-CONC)*H12L(T5)

C
R(11)= -H6 + CONC*H114L(T6) + (1.-CONC)*H12L(T6)

C I

R(12)= -H4 + CONC*H114L(T4) + (1.-CONC)*H12L(T4)
C
C-----.-HEAT EXCHANGER EQUATIONS

R(:L3)= --QLTC + UALTC:*I.M(T'i(T3i1T4,TCLITCLO)
C

R(14)= --QHTC* (TCHO-TCHF) / ( TCHO-TCHI) +UAEDSH*LMTI ( T2 T2FP CHTCHP CHO)
C

R(I.5)= --QHTC*(TCHF-TCHI)/(TCHO-TCHI) +t lJACO*L..MTDl(T2P T3Y TCHIY TCHPF)

R(16)= -QLTE + UALTE*LMTrD( TELI. TELO T7Y T8)
C

R(17)= -QHTE + UAHTE*LMTl ( TEHP Y TEHO T9 T1PF')
* + IJASH*L MTD ('T E:H :: TE:HF' T10F' T1. 0)

C
R(18)= -W*(H1-H10) + UAHX1 L..MTlD(T4yT5pT10T1 )

C
R(19)=- -AHTE + 0.3679

C
R(20)= -(T15-T9) 4

* (T6-'T8 ) *EX:' ( ULJAHX2* ( ( T5-T9) - ( T-T8)) / ( W*(H9-8) ) )



C'----SATURATION CONDITIONS
R(21)= -MO)LFRAC(CONC> + XCV10P

C
R(22)= -MOLFRAC(CONC) + XCL4

C'
R(23) = -MOLF'RAC(CONC) + XCV2P

C
C-----HEAT BALANCES

R(24)= -'QLTE + W*(H8-H7)
C

R(25)= -H6 4 H7
C

R(26)= -QHTC + W*(H2-H3)
C

R(27)= -QLTC + W*(H3-H4)
C

R(28)= -QLTC - OHTC + (ETAS*POWR - FRLOAD) + QLTE + QHTE

C
R(29)= -(H1-H10) + (H4-H5)

C
R(30)= -QHTE + W*(H10--I?)

C
R(31)= -(H5-H6) + (H9-H8)

C
C-----MISCELLANEOUS

R(32)=- -H2 + CONC*HR114SH(PF'4HT2) + (1.-CONC)*HR12SH(PF'2H T2)
C

R(33)= -POWR + W*(CONC*E114 + (1. -CONC)*.E12)/ETAS + FRLOAD
C

R(34)= -H1 + CONC*HR114SH(FP41.'T1) 4 (1.-CONC)*HR12SH(PF'2L .ll)
C

R(35)= --W*(1-110-H9t*(TEHF'-TEHO)/(TEHI -TEHO) +
* W*(CONCfHl114V(I'OF') + (1.-CONC)*H12V(T1.0PF) - H9)
R(36)= --QHTC*(TTCH)/(HO-T( /(C TCHI) +

* W*(H2-CONC*H114V(T2F') - (l.-CONC)*H12V('T2P ))
R(37)-= --QLTE + WGEL*CPGLt*(TELI-TELO)



C
R(38)= -. 1HTE 4- WG1.EH*CF:GH* ( TEHI --TE:HO )

C
R(39 )=- -SPHX::'lX + (T1 - '10FP)

R: (40 )= 4QL.TC( + WLTC*CFWA*(TCLO--TCLI)
C

( 41 ) -QHITC. 4 WHTC*CFWA*(TCHO-TC IHI)

R (42 ) -RPFM t4 (MOL .FRAC ( CON:C) *VOL.44 ( 1. --MOLF'I:AC ( CC)NC )) *VOL2 )
* , FIAC(TOR * W * 60,0 / (DISFPL*ETAV)

C
C THE VOLUMETRIC EFFICIENCY IS BASEID ON TEST DATA, (MCCARTHY NOV 82)
C

R ( 43)= -ETAV + 0.72 *3. e 5E-4*SPEEDI:' 1 . 1E- 7*kSFPEE:D:*2
C

RI:(44)= -VO...2 + C(:NST2 + SBF2 + R2*T1R2/PLO.2FSI
C

R(45)= --VOL4 + CONST4 + SBE4 4- R4*T1R4/PF:I. ()41::SI
C

RETURN
END

SUBROUTINE SIMU(.. (NVARh T...RNCE I7'MAX? V, DESY Ry PDF VCORR VDI RD
* DAMPIN F:'C)F:'TION ITE:R)

C
C THIS IS THE NEWTON- 1RAF:'HSCN SUBROUTINE WHICH I:S COMBINI:ED WITH
C THE PARDIF AND GALUSSY SUBROUTINES

:C USER MUST FPRO')VI ]DE THE MAI::N I::ROGRAM AND THE EQ.UATION N Sl.UBRO1UTI NE
C
C (GLOSSARY OF TERMS USED
C



C ITER = NUMBER OF ITERATIONS
C ITMAX = MAXIMUM NUMBER OF ITERATIONS TO BE PERMITTED
C NVAR = NUMBER OF UNKNOWNS = NUMBER OF EQUATIONS
C PDd(IJ) = PARTIAL DERIVATIVE OF FUNCTION I WITH RESP TO VARIABLE J
C R(, ) = RESIDUAL OF EQUATION
C TLRNCE = MAXIMUM FRACTION OF VALUE OF VARIABLES PERMITTED BEFORE
C ITERATION COMPLETE. THUS TLRNCE = 0.01 REQUIRES CHANGE OF
C ALL VARIABLES TO BE LESS THAN 1 PERCENT FOR CONVERGENCE
C V( ) = VALUE OF THE VARIABLE
C VCORR( ) = CORRECTION IN THE VARIABLE DURING THIS ITERATION
C DES( ) = DESIGNATION OF VARIABLE IN A4 FIELDS
C DAMPING IS THE FACTOR BY WHICH ITERATIONS ARE DAMPED IN STATEMENT
C NUMBER 43 (SET DAMPING=O IF NO DAMPING IS DESIRED)
C POPTION IS A NUMBER REPRESENTING THE FOLLOWING PRINTING OPTIONS
C CORRESPONDING TO THE VALUE OF POPTION:
C 0 = NO PRINTING DESIRED FROM THIS SUBROUTINE
C 1 = PRINT LAST ITERATION ONLY
C 2 = PRINT ALL. ITERATIONS
C 3 = PRINT PARTIAL DERIVATIVES ONLY
C 4 = PRINT LAST ITERATION PLUS PARTIALS
C 5 = PRINT ALL ITERATIONS PLUS PARTIALS
C

DIMENSION VD(NVAR)r RD(NVAR)
DIMENSION V(NVAR)sR(NVAR)P'PD(NVARNVAR)sVCORR(NVAR)p DES(NVAR)
INTEGER DAMPING,POPTION

C
C WRITING OUTI THE INPUT DATA

IF (POPTION.EQ.O) GO TO 24
WRITE(6,20) NVAR

20 FORMAT'(1H1v///,' NUMBER OF' VARIABLES = ' 14)
WRITE(6,21) TLRNCE

21 FORMAT(" MAXIMUM FRACTION CHANGE FOR CONVERGENCE =', F10.4, //)
WRITE(6,22)

22 FORMAT("OVARIABLE NUMBER AND ITS TRIAL VALUE")
WRITE (6,23) (JY DES(J), V(J)Y J = 1s NVAR)

23 FORMAT (' V("' 12, ") = ' A4 '" = " F15.5)
C



C INITIALIZING THE ITERATION COUNTER
24 I:TER = 1

C CALLING SUBROUTINES TO CALCULATE VALUES OF' RESIDUALS, FARTIAL
C DERIVATIVES AND CHANGES IN VALUES OF VARIABLES
C

30 CALL. EQNS(NVAR, V, R)
IF (POF'TION.NE.2.AND.F'OF'TION.NE.5) GO TO 25
WRITE (6,33)

33 FORMAT('OEQUATION NUMBER RESIDUAL")

WRITE (6,35) (I , R(I) I -- 1,NVAR)
35 FORMAT (110, F20.5)
25 CALL PARDIF(NVAR, V, R, FD, VD, RD)

C
C F:'RINTING OUT NON-ZERO VALUES OF: PARTIAL. DERIVATIVES
C

IF: (OF:'TION.LT.3) GO TO 55
DO 54 I = 1, NVAR
DO 53 J = 1, NVAR
Z = ABS(FPI(IJ))
IF(Z - 0.00000001) 53, 53, 51

51 WRITE(6,52) I, J, F:':P(I,J)
52 FORMAT( PFD( ',I2 ',",12', ) =', F20.10)
53 CONTINUE
54 CONTINUE
55 CALL GAUSSY(PD, R, VCORR, NVAR)

C CORRECTING THE VALUES OF THE VARIABLES
I:O 44 L.. =- ,NVAR
IF (DAMFING.EQ.O) GO TO 44

43 VCORR(L) = VCORR(L)/(1.0+FLOAT(DAMF'ING-1)/(FI...OAT(ITER)**2))
44 V(L.) = V(L) - VCORR(L)

C,
C WRITING OUT RESULTS OF: THIS ITERATION
C



IF (POPTIION.NE.2.AND.POPTION.NE.5) GO TO 37
WRITE (6y32) ITER

32 FORMAT()ORESULTS AFTER', I4Y ' ITERATIONS')
WRITE(6,34)

34 FORMAT('"0"4X,'VARIABLIE'l16XJVALIJE' 9X,'CHANGE FROM PREVIOUS")
WRITE (6Y36) (Iy DES(I)P V(I)Y VCORR(I), I = 1,NVAR)

36 FORMAT (" V('" I2 ') =- "' A4,' = 2F21.5)
C
C TERMINATING IF MAXIMUM NUMBER OF ITERATIONS REACHED OR OTHERWISE
C INCREMENTING THE ITERATION COUNTER

37 IF(ITER - ITMAX) 38, 99Y 99
38 ITER = ITER + 1

C
C CHECK TO SEE IF CHANGE OF VARIABLE IS LESS THAN SPECIFIED TOLERANCE
C

K = 1
40 VAL = ABS(VCORR(K)) - ABS(TLRNCE*V(K))

IF(VAL) 41, 30, 30 -
41 IF(K - NVAR) 42, 99, 99
42 K = K + 1

GO TO 40
99 IF (POPTION#NE.1.AND.POPTION.NE.4) RETURN

WRITE (6,32) ITER
WRITE (6,34)
WRITE (6P36) (I,DES(II) V(I),VCORR(I),I=1,NVAR)
RETURN
END

SUBROUTINE PARDIF (NVAR, Vi Ry PDFl VD RD)
DIMENSION VD(NVAR), RD(NVAR)
DIMENSION V(NVAR)p R(NVAR), PDE(NVARNVAR)

C
C GLOSSARY FOR SUBROUTINE PARDIF
C Dv = FRACTION OF VARIABLE CHANGE USED IN TAKING PARTIAL
C VD = V + DELTA V = V + V*DV
C RD = R EVAL..ATED AT VD
C THE PARTIAL DERIVATIVE IS (RD - R)/(V*DV)
C



DIV =:: 0 001
C SETTING( ALL VD ::: V

:DO 550 K =: 1 NVAR
550) VD(K) ::. V(K)

DC) 5 60 J :: 1. NVAR
C ADDING DE:LTA TO VD( J)
C CIRCUJMVENT CASE OF- V(J ) = 0

IF(ABS(V(J)) - 10,**(--30)) 551, 5551. 552
551 VL(J) = V(J) + 0.001

GO TO 553
552 VD(J) -:(1. + DV)*V(J)
55,3 CALL EQNS(NVARv VDl RFD)

[DO 5583 I : - 1 , NVAR
IF(ADS(V(J) ) - 10.*( 30) ) 5-555, 555v 556

555 PD( I ,,J) = (RD( I) -- R( I ) )/O.001
GO TO 558

556 FI:l(IyJ) = (RD(I) f' R(I) )/(V(J)*I:V)
558 CO:NTINUE o

C: RETURNING VD(J) TO V(J) VALUE
VD(J) - V(,J)

560 CONTINUE
RETUIJRN

SUBROUTINE GAUSSY (A, B, X, N)

C SOLUTION OF SIMULTANEOUS EQUATIONS BY GAUSS ELIMINATION

Ei: N I:

SUil BEW OUlJTINE. GAhUlS,; SY (A? By X'Y N?

DIMENSION A(NNN), X(N), B(N)
C BEG:INNING NOF EL.IMINATION PROCESS

IIO :23 K =- vN
C MOVING I.F ARCGES :T COFFIC: :1: I:NT INTO DI AGONAL. POSITI: ON

AMAX - 0.
DO1 4 -: = K N
IF(ABS(A(IYK)) - ABS(AMAX)) 4, 4, 2



2 AMAX = A(IYK)
IMAX = I

4 CONTINUE
C TESTING FOR INDEPENDENCE OF EQUATIONS

IF(ABS(AMAX) - 0.1E-15) 10, 10, 14
10 WRITE (6,12)
12 FORMAT (0O EQUATIONS ARE NOT INDEPENDENT')

RETURN
C EXCHANGING ROW IMAX AND ROW K

14 BTEMP = B(K)
B(K) = B(IMAX)
B(IMAX) = BTEMP
DO 18 J = K,N
ATEMP = A(KJ)
A(KJ) = A(IMAX, J)

18 A(IMAXJ) = ATEMP
C SUBTRACTING A(IK)/A(KK) TIMES TERM IN FIRST EQ FROM OTHERS

KPLUS = K + 1
IF(K - N) 22Y 28, 28

22 DO 24 I = KPLUS N
B(I) = B(I) - B(K)*A(IPK)/A(KK)
ACON = A(IK)
DO 24 J = K,N

24 A(IJ) = A(IJ) - A(KYJ)*ACON/A(KK)
28 CONTINUE

C BACK SUBSTITUTION
L. = N

32 SUM = 0.0
IF(L.. - N) 34, 38, 38

34 LF'LUS = L + 1
DO 36 J = LPLUS, N

36 SUM = SUM + A(LFJ)*X(J)
38 CONTINUE

X(L) = (B(L.) - SUM)/A(L L)
IF(L - 1) 42 42 40

40 L - L - 1



GO TO 32
42 RETURN

END

C THIS FUNCTION SAFELY CALCULATES LOG MEAN TEMPERATURE DIFFERENCE
C MCCARTHY NOV 82.

REAL.. FUNCTION I.MTD(TlI T10,T2I,T20)
Dl'1 =I TI - T20
DT2 = T10 - T2I
IF(ABS(DT1-DfT2).LE.O.1) GO TO 2
IF((DT1/DrT2).LE.O.O) GO TO 2
LMTD = (DT1-DT2)/ALOG(DT1Lr/DT2)
RETURN

2 LMTD = 0.5(lDTI.+DT'2)
RET JIIRN
EN D
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APPENDIX E

Simulation Results for R-114 Concentrations from 0 to 0.6
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AFTER 5 ITERATIONS SOLUTION IS:

DAT( 1) = CONCA ~= .5-500 1
DAT( 2) = ALTE = .551 1 M**2
DAT; 3) = AlX 1 = 0927 M**2

- _ AT f. _- .. 1= ... U927 M**2
DAT( 5) = AIIC = .3739 M *
DAT( 6) = AHTC = .3739 M**2
DAT( 7) = WGEL = .530 KG/S

... ATI.. 8) .--. GEH.. *.6 U_ . _ /S _....
DAT( 9) = 'LTC = .910 KG/S
DAT(l) = WHTC .= 910 KG/S
DAT (11) = OLTF = 1.u30 KW

..._ _. ... 1..2_.. . ,_, _.AI2_- =___ 3 H KT _ _.3_
DAT(13) = TCLI - 34.30') DEG C
DAT'141 = TCHI = 34.3000 DEG C
DAT(15) = TELI = -8.UOUU DEG C
DA T-161..-._ l -...... . ...- D .. _C.
DAT (17) = SPHX 24.UU U DEG C

_31_] =l W - .... -*2098 KG/S
VI 2) = PHI 1U-39.3253 K PA
Vt 3) = PLO = 127.91531 KPA
V 41 = T1 = 1.10119 DE; C
V 51 = T2 = 79.84129 DFG C
Vt 6) = T2P = 42.47086 DFG C
V 7) = T3 =42.431U5 DEG C
V( 8) = T4 = 2.31383 DES C
Y ' .91 -...-- ..=-- -. _ .B-9 --- -Z- r-__
V (10) = T6 = -4.38627 DEG C
V'11) = T7 =-22.05538 DEG C
V12) = T8 =-22.25999 DEG C
rt 131 :-= T-q = -?? 122. nFC. C
V 14) = T1 = -30.44587 DEG C
V(-15) = T10P = -22.89881 DFG C
V16) = H1 = 355.80808 KJ/KG
V- 1 _- 2-. - ...._ - ... ll71._ K.K...,
V818) = H3 = 340.40131 KJ/KG
V(19) = H14 =240.95862 KJ/KG
V 20) = H5 = 222.17001 KJ/KG
_Vl_) = 1 A 14- l5 - 9q7 4 K.1/Kf,
V 22) = H7 195.95743 KJ/KG
V (23) = H8 = 245.04247 KJ/KG
Vf24) = [9 = 271.255U5 KJ/KG
VY425). H(U- - _ _ 337. 1947 __KJ __
V 26) = FRL7 = .9010
V (27) = FRL8 = .59673
V(281 = FRL9 = .43445
V rq) = R .= .21734
V 30) = FHTC = .69760
V'311 FHTE = .34371
V(32) = OLTC = 2.08670 KW
_V_ f - BT -__O _TC___-- 1. 16684 KW
V[34) = TCHP = 41.29142 DEG C
V(35) = AHTE = .36790 M**2
V 36) = TELC = -13.80896 DEG C
YV ft7) = TFHP = .31232 DEG C
V 38) = TEHO = -6.3461U DEG C
V(39) = TCLO = 39.77275 DEG C
V 140 = TCHO = 42.83299 DEG C
../_lUL =_- POW _ .. ____1.38518 KW ___
VY42 = RPM = 240.02372 BPM
V 143) = TAV = .56306
V (44 = VOL2 = 2.279u3 CF/I B
V(I45 l VL4 =- 1.58298 CF/LB
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AFTER 5 ITERATIONS SOLlTION IS:
~_______ ***»»**+****** * * ** **** *** **

DAT( 1) = CONC = .1000
DAT( 2) = ALTE = .5518 M**2
DAT 3) = AHX1 = .0927 M**2
__DAT 4) = AHX2 = .0927 M**2
DAT( 5) = ALTC = .3739 M*2
DAT 6) = AHTC = 3739 M**2
DAT 7) = WGEL = 0530 KG/S
_DAT 8 = WGEH = .0600 KG/S
DAT 9) = WLTC .0910 KG/S
DAT 10) = WHTC = 0910 KG/S
DAT 11) = OLTF = 1.0300 KW
DAT 12) = OtTE = 1.3800 KW
DAT 13) = TCLI = 34.3000 DEG C
DAT (14) = TCHI = 34.3000 DEG C
DAT 15) = TELI = -8.00UO DEG C
D__T 16) = TFHT = - 1000 DEG C
DAT ;17} = SPHX = 24.0000 LEG C

v( 1, = W '= .u2U59 KG/S
V 2) = PHI = 947.60405 KPA
V( 3 = PLO =117.34771 KPA
V 4) = T1 = 4.22644 DEG C
Vf 5, = T2 = _77.38789 DEG C
V 6) = T2P = 43.60270 DEG C
V 7 = T3 = 42.05132 DEG C
V 8) = T4 = 40.53678 DEG C
v I q9 = T5 = 23.62445 DEG C
V 10) = T6 -4.28976 DEG C
V11) = T7 = -22.25457 DEG C
V 12) = T8 = -21.97708 DEG C
wV 1L = T9 = -21.62593 DEG C
V 14l = T10 = -23.76438 DEG C
V 15) = T10P = -19.77356 DEG C
V 16) = H1 =356.37182 KJ/KG
V 171 = =t2 = 2395.89013 KJ/KG
V18) = H3 = 326.18267 KJ/KG
V 19) = H4 = 239.31603 KJ/KG
V 20) = H5 = 222.45696 KJ/KG
V 21) = H6 = 196. 03412 KJ/KG
V 22) = 117 = 196.03412 KJ/KG
V 23) = H8 = 246.06211 KJ/KG
V 24) = H9 = 272.48495 KJ/KG
V 25 = H10 = 339.51275 KJ/KG
V 26) = FRL7 = .8888
V 27) = FRL8 = .58969
V 28) = FRL9 = .42653

.__ 29) = FRL3 = .32688
V 30) = FHTC = 74406
V 31) = PHTE = .55225
V 32) = OLTC = 1.78845 KW
V '3'l = OHTC = 1. 4 3 517 KW
V 341 = TCHP = 41.24777 DEG C
V 35) = AHTE = .36790 M**2
V 36) = TELO = -13.80896 DEG C

37) = TEHP= .03962 DEG C
V 38) = TEHO = -6.34610 DEG C
V 39) = TCLO = 38.99053 DEG C
V 40) = TCHO = 42.75451 DEG C
V l41) = POWQ = 1.36243 KW
V 42) = RPM = 259.60889 RPM
V 43) = ETAV = .55309
V 441 = VOL2 = 2.52369 CF/LB
V (451 = VOL4 = 1.75662 CF/LB
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AF1FP 5 ITFRATIONS SOLUTION IS:
**** *** t* **** **** ** ******* *
DAT( 1) = CONC = .2000
DAT5 2) = ALT = .5518 M**2
DAT 3) = AHX1 = .0927 1M**2
DAT- -- -U - A X2 _ 9 7 ....... 92_M*
DAT' 5) = ALTC = .3739 M**2
DAT( 6) = AHTC = .3739 M**2
DAT' 7) = WGEL = .0530 KG/S

.......L .AT [ _«) _-__C FiH ___._hQL-K El-/S,
DAT' 9) = wLTC = 0910 KG/S
DAT 10) = WHTC .0910 KG/S
DAT 11) = OLTF = 1.0300 KW

.DATI121 . QOHTL. _. 1.380 __K ... .____...
DAT(13) = TCLI = 34.30UO DEG C
DAT 14) = TCHI = 34.3uU0 DTG C
DAT 15) = TFLI = -3.0000 DEG C
_D.AT4--fi = TEHT- ... 1 0.H I nC_,. f
DAT(17) = SPHX = 24.000U DG C

V ---- . - . ..._............ ._ .
VY 2) = PIi = 872.98916 KPA
Vt 3) = LC = 106. 13258 KPA
VI 4)= T = 6.28544 DEG C
vt 1 = T2 = 77- 13415 DFG; C
V 61 =T2P= 44.81681 DEG C
V 71 = T3 = 41.82175 DEG C
Vi 8) = T4 39.42032 DFG C
=y .9= T.5_.. .. ._ _ )3.97?12 DEG_7._

V(10) = T6 = -3.89289 DEG C
V 11i =T7 = -22.49366 DEG C
V 12) = T8 -21.64820 DEG C
vJL 1 3 = T9 = ____ -20.820f68 DFG C
V(14) -T1 = -19.06969 DFG C
V 15) = T1 = -17.71456 DEG C
V(16) H1 = 356.21523 KJ/KG
V 417 2 = . _....__ .312_ 39 l-3.....G__XJK
Vf18) =H .3 = 314.89313 KJ/KG
V 19 = H4 238.33900 KJ/KG
V'20) = H5 = 222.88443 KJ/KG
v l?)1) = H64 = 196q.38887 KJ/KG
V f22) = H7 = 196.38887 KJ/KG
V 23) = H8 = 246.76750 KJ/KG
V 24) = H9 = 273.26307 KJ/KG
_ 5_ - H1- _= _ -...... 4U .760 66__ KJ/ KG
V 26) - RL7 = .89475
V(27 = FRL8 = .58434
VJ28) = FRL9 = .4296
V _?q) = RII = .41433
V(30) = FHTC = .77319
Vi31) = FHTE = .75282
V(32) = OLTC = 1.56516 KW
It3i = QT_C = ___1.64 118__ KW___
V 134) = TCHP = 41.25605 DEG C
V 35) = AHTE = .36790 M**2
V 36) = TELO = -13.80896 DEG C
V f 7) = TFqP = -. 14795 DEG C
V (38) = TEHC = -6.34610 DEG C
V 39) = TCLO = 38.40491 DEG C
V 4U) = TCHO = 42.70920 DEG C
Y 4i1L - PQR = 1. 36 799 KW _
V 42) = RPM 288.71561 RPM
V[43) = ETAV = .53906
V 44) = VOL2 = 2.82191 CF/LB
v 4IL5 = VOL 4 = 1.968u2 CF/LB
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AFTER 5 ITERATIONS SOLUTION IS:
___ _ ********************************

DAT( 1 = CONC = .3000
DDAT 2 = ALTE = .5518 M**2
DAT 3) = AHX1 = .0927 M**2
nAT L) = AHX2 = .0927 M**2
DAT( 5 = ALTC = .3739 **2
DATt 6) = AHTC = .3739 M**2
DAT 7) = WGEL = .0530 KG/S
DAT 81 = GEH = .9600 KG/S
DATt 9) = WLTC = .0910 KG/S
DAT 10) = WHTC = .0910 KG/S
DAT 11) = OLTE = 1.0300 KW
DAT 121 = OHTE = 1.3800 KM
DAT 13 = TCII = 34.3000 DEG C
DAT(14) =TCHI - 34.3000 DEG C
DAT 15) = TELI = -8.0000 DEG C
DAT 161 = TEHI = -. 1000 DEG C
DAT 17) = SPHX = 24.0000 DEG C

V f 1 = W = .02048 KG/S
V| 2) = PHI = 807.72411 KPA
Vf 3) = PLO = 94.33161 KPA
V 4) = T1 = 7.48707 DEG C

V = T2 = 72.90672 DEG C
v 6) = T2P = 45.93973 DEG C
V 7) = T3 = 41.81572 DEG C
V 8) = T4 = 38.75144 DEG C

v9 = T5 = 24.31538 DEG C
V I = T6 =-3.33/33 DEG C
V 11) = T7 - -22.76004 DEG C
V 12 = T8 = -21.29479 DEG C
V 13 = T9 = -20.02612 DEG C
V 14) = T10= -16U1792 DEG C-
V 15) = T1OP = -16.51293 DEG C

16) = H1 = 355.46150 KJ/KG
V I = H2 - 393.88454 KJ/KG
V 18) = i3 =306.lbJb- KJ/K(
V 19) = H4 = 237.81268 KJ/KG
V 20) = H5 = 223.31085 KJ/KG
V 21 = H6 = 196.89323 KJ/KG
V 22) H= 7196. 932 KJ/KG
V 3) = H8 = 247.17468 KJ/KG
v 24) = H9 = 273.59230 KJ/KG
V 251 = H10 = 340.95967 KJ/KG
V 26) = FRL7 = .0942
V 27) = FL8 = .58042
V 28) = FBL9 = .41733
v 29) = FRL3 = .47827
V 360 = FHTC = .9355
V 31) = FHTE .91434
Vf32} = OLTC = 1.41223 KW
V l33} = OHTC = 1.78485 KW
7V 3) = TCHP = 41.JUJ39 Vl.G F -
35) = AHTE = .36790 M**2

V36) = TELO = -13.80896 DEG C
V37) = TEHP = -. 27118 DEG C
V 39) = TEHO = -6.34610 DEG C
V139) = TCLO = 38.00383 DEG C
V 40) = TCHO = 42.68491 DEG C
v al) = POWR = 1.40023 KW
V 42) = RPM = 331.04726 RPM
V 431 = ETAV = .52033
Vt44) = VOL2 = 3.19977 CF/LB
v Ucl = vnT4 = 2.23568 CF/LB
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AFTER 5 ITERATIONS SOLUTION IS:
»*»** 4***44$*t*»» +»+*»* »»*$*4+
DAT 1) = CONC = 47O-
DAT ( 2) = ALTE = ,5518 M**2
DAT: 3) = AHX1 = 0927 M**2
DAI 4I._-LAH2 AP. ....- 27 *2.
DAT' 5) = ALTC = .3739 M**2
DAT 6) = AI'IC = 3739 M**2
DAT' 7) = WGEL = .9530 KG/S

.__ .__.. i) 8 -_. =. _G .060( KG/S__._
DAT '9) = iLTC = .u91) KG/S
DAT(1U) = WHTC = u91u KG/S
DAT (11) = OLT = 1.J330 Kh
.DA.TIl 2 ) -. L= HT I.._.1 ,3 8.) .. K...
DAT (13) = TCLI = 34.3Ui); DEL; '
DAT'14) = TCHI 3 34.3u0u DFG C
DAT15) = TELT = --8, 0U DEG, C

__ ...._.. T . BTL -__ _-S__-.__ Q _. C _.
DAT t17) = SPHX = 24.JuUO DRG C

.. 1.1 W 2ij8 KG/S
V 2) PHI 747.73109 KPA

3) = PLO 82.05986 KPA
V 4 =4 T1 = 7.91884 DEG C

Y I 5_= -- 2 = __-.__.7 . 51.5_ _ ... D.C - ...
V t 6} T2P = 46.88345 D? G C
V 7 = T3 42. 6497 DFG C
V( Q ) T4 =38.43121 DtG C
VY 9. = T5 = . ... .2k..Q .D. C.. .
V 1101 = T6 = -2.70563 DEc C
V¥11) = T7 = -23.02813 3iG C
V 12 = T8 = -20 .95216 DC: C
iYJ1 _..~ t = . . - 9. 3 2 5 357 DEG C
V 114) 2=10 = -14.l432. DEG C
V(15) = Tlu1 = -16.08116 DEC C
V 16 = H1 = 354.16u37 KJ/KG
V1? = ) 2 .. .... .... 392.0423.. K./K(.
V118 = H3 =3u1.49995 KJ/KG
V(19 H4 = 237.63936 KJ/KG
Vi20) = H5 = 223,68324 KJ/FG
YI21L = :_ . 197 472U 8 KJ/KG
V ',221- H7 T-- . 47208- KJ/KG
V (23) = H8 = 247.27151 KJ/-G
V 124) = 19 =273.48268 KJ/KG
V 25 = 10 = 34. 20426 KJ/KG
V 261 = PRL7 = .88344
V 127) = FRL3 = .57775
V(28) = FRL9 = 41515

- V-.-29l -E- RL3 = _- _.- -52ua-.--
V (30) FHTC = .80925
V(31) = FHTE = 1.00212
V(321 = OLTC = 1.32083 KW

--V13 _ 4U---_3.T = -. 1 871q)- [ K W
Vf34) = TCHP = 41.38519 DEG C
Vr35) A iTE = .36790 it*i'2
V (36) = TFLC = -13.80896 DEG C

._371 -... TElE.. ... . -3..119_ .G C
V 38) = TEHO = -6.3461l DEG C
VY391 TCLO = 37.7641U DEF C
V 40) = TCHO = 42.67348 D'G C
V-U .J---- - _. 1- _4647 _- - .......
V f42) RPM = 393.36971 RPI'
V 43) = FTAV = .4'639
V 44) = VOL2 = 3.69 60 6 CF/IB
V. i4 ... = OL4.- 5... . ..2,517 ...... _C.F./ L....
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AFTER 4 ITEfATIONS SOLUTION IS:
__ *************************»*»*_*

DAT( 1) = CONC = .5000
DAT 2)i = ALT = .5518 a**2
DAT 3) = AHX1 = .0927 M**2
DAT 4) = AHX2 = .Q927 M**2
DAT 5) = AITC - .3739 M**2
DAT 6) = AHTC = .3739 M**2
DAT 7) = WGEL = .053,0 KG/S
DAT 8A = WGE=i .0600 KG/S
DAT 9) = WLTC = .0910 KG/S
DAT 10) = WIITC = .0910 KG/S
DAT 11) = OLTE = 1.U300 KW
DAT 12 = OHITE= 1.3800 KW
DAT (13) = TCLI = 34.300U DEG C
DAT(14) = TCHI = 34.3000 DEG C
DAT(15) = TELI = -8.U00U DEG C
_DAT 16 = TEHI = -. 1000 DEG C
DAT 17) = SPHX = 24.0000 DEG C

Vr 11 = W = _.02104 KG/S
V 2) = PHI 69).91124 KPA
V 3) = PLO =69.49880 KPA
V 4) = T1 7.60525 DEG C
V 5 = T2 67.70846 DEG C

V 6 = T2P= 47.b043 DEG C
71 = T3 = 42.59200 DEG C

V 8) = T4 = 38.43766 DEG C
Y 9\ = T5 =24.83574 DEG C
V 10) = T6 -2.04426 DEG C
V(11) = T7 = -23.25324 DEG C
Vt12) = T8 -20.67404 DEG C
Vf13) = T9 -18.91923 DEG C
V14) = T10 =-14.23486 DEG C

15) = TO1P =-16.39475 DEG C
V 16) = H1 = 352.32448 KJ/KG
V 171 = H = 389 39668 KJ/KG

181 = H3 =298.82806 KJ/KG
V 19) = H4 = 237.80049 KJ/KG
V 20) = H5 = 224.00793 KJ/KG
V 1I = H6 198.08288 KJ/KG
V (22) = H7 198.08288 KJ/KG
V 123) = H8 247.02882 KJ/KG
V 241 = H9 = 272.95387 KJ/KG
V 27 = FH1 = 338.53192 KJ/KG

V 26) = FRL7 = .87725
V 27) = FRL8 = .57620
V 281 = FRL9 = .41384
v 3-2q = RT -3 =-54494
V 301 = FHTC .82287
V 31 = FHTE = .99153
V 32) = OLTC = 1.28424 KW
V 331 = OHTC = 1.90589 KW

V 341 = TCHP = 41.5U161 DEG C
V 35) = AHTE = 36790 M**2
V 36) = TELO = -13.80896 DEG C
v '71 = TRHP = -. 3§601 DEG C
V 381 = TEHO = -6.3461U DEG C
V 391 - TCLO = 37.66815 DEG C
V 40J = TCHO = 42.66669 DEG C
v41l = 'POR = 1.57314 KW

V 42 -= RPM = 486.04739 RP
V 431 ETAV = .46879
V 44 = VOL2 = 4.37286 CF/LB
V(45 VO = V4 =3.06605 CF/LB
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AFTER 5 ITERATIONS SOLUTION IS:
___+_t**$************+*************
DAT: 1) = CONC = .6000
DAT( 2) = ALTE = .5518 M**2
DAT: 3) = AHX1 = .0927 t* 2

......_.AI..A ..... = _JAZ 41 AHX2 _ .0927 M**2
DAT' 5) = ALTC = .T7T3 -w2~
DATf 6) = AHTC = 3739 M**2
DAT' 7) =WCEL = .0530 KG/S
DAT f 8) =WGEH .= 600 KG/S
DAT' 9) = WLTC = 910 KG/S
DAT(10) = WHC = U910 KG/S
DAT 11) = OLE = 1.0300 KW
DATI12) _=--QHTE = 1.380U K4
DAT(13) = TCLI = 34.30u DEG C
DAT'14) = TCHI = 34.3000 DrG C
DA 15) = TFLI = -8.0000 DEG C
DAT16) = TEHI = -. 1000 DEG C
DAT (17) = SPHX = 24.UUOU DE, C

Vf 1) = W = .0216U KG/S
V: 2) = PHI = 636.46763 KPA
VY 3) = PLC = 56.87837 KPA
V' 4) = T1 = 6.52703 DEc C
Y -._54_--3 = 2 __-__ _ _ 2i) IS 2 DFG C
Vt 6) = T2P 48.09509 DEG C
V 7) = T3 43.41148 DEG C
V( 8) = T4 38.82224 DEG C
Yv qI = T5 = 25.38894 DEG C
V 10) = T6 = -1.35784 DEG C
V(11) = T7 -23.36880 DEG C
V(12) = T8 -20.53452 DEG C
v11) =- T9_= _ _-18.82980 DEG C
V[14) = T10 -15.41498 DEG C
V(15) = T10P -17.47297 DFG C
V(16) = H1 = 349.94085 KJ/KG
V 17) = H = 3185-89293 KJ/KG
V18) = H3 = 298.46783 KJ/KG

(19) = H4 238.35425 KJ/KG
V:20) = H5 =224.35314 KJ/KG
V ,921 = 6 =198.72179 KJ/KG

V 22) = H7 = 198.2179 KJ/KG
V 23) = H8 = 246.41233 KJ/KG
V 24) = H9 =272.04367 KJ/KG
v2?5) = H10 1335.93974 KJ/KG
V(26) = FRL7 =.87110
V 271 = FRL8 = .57560
Vt28) = FRL9 .41272
vt ?9)_= FRT.L3 =___55223
V(30 = FHTC = .83701
V 31) = FHTF = .88061
V 32) = OLTC =1.29831 KW
V - = OHTC =1 88817 KW
V(34) = TCHP = 41674 DEG C
V 35) = AHTE = .36790 M**2
Vt36) = TELO = -13.80896 DEG C
V . -37 T. = - _-.34225 DEG C
V 38) = TSHC = -6.34610 DEG C
V:39) TCLO = 37.70504 DEG C
V(40) = TCHO = 42.65710 DEG C
V411 = POWR = 74560 KW
V (42) = PM = 61 .71425 RP
V(43) = ETAV = .44594
V144) VOL2 = 5.33858 CF/LB

.A.. _45=L =.__tL4__= 3.74940 C /LB




