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ABSTRACT

A simulation program developed at the University of Illinois at Urbana-

Champaign was refined to match the performance of an experimental

refrigeration facility located in the laboratory of the Department of

Mechanical and Industrial Engineering in which the working fluid was a

nonazeotropic mixture of two refrigerants, R-12/R-114. When simulating this

two-evaporator system the program provided insight on how to control the

physical system while independently regulating the refrigerating capacity and

temperature level of each evaporator. A further role of the simulation

program was to identify the extent to which the reduction in heat-transfer

coefficients affected the cycle efficiency. The reduction in compressor power

for given refrigeration loads and temperatures when using R-12/R-114 mixtures

was of the order of 2 percent in comparison to using R-12 alone. Were it

possible to maintain the same heat-transfer coefficients as with R-12 alone,

the simulation program predicted an energy saving of 3.5 percent.

Experiments with R-22/R-114 mixtures verified the capability of achieving

a 20°C temperature change during condensing or evaporation, but showed no

improvements in cycle efficiency over R-12. This change of temperature,

particularly when combined with desuperheating in the condenser and

superheating in the evaporator, may exceed the optimum change in refrigerant

temperature.

The experimental facility was revised for one series of tests so that the

refrigerant flow was changed from a once-through mode to parallel branches

through the two evaporators. This separating cycle performed a partial

condensation, with the R-114-rich condensate thus formed passing through an

expansion valve and then to the high-temperature evaporator. The vapor

remaining after the partial condensation was condensed at lower temperature

and directed to the low-temperature evaporator. Some of the practical

consideration arising when operating such a cycle were discovered, such as the

need for a low-temperature cooling sink in the after condenser. Extensions to

the separating cycle will offer some potential concepts for rapidly changing

the active concentration in capacity-modulating systems.



1. RESEARCH IN REFRIGERANT MIXTURES

Refrigerant mixtures have the potential to conserve energy in

refrigeration systems and heat pumps both by virtue of their thermodynamic

behavior and also through capacity modulation. The research work at the

University of Illinois at Urbana-Champaign (UIUC) sponsored by the Oak Ridge

National Laboratory (ORNL) through the Department of Energy (DOE) Office of

Buildings and Community Systems, has concentrated thus far on thermodynamic

cycles for energy conservation. Present emphasis is broadening to also

include capacity modulation cycles. A heat pump using refrigerant mixtures

could be more energy-effective than one using a single refrigerant if its heat

pumping capacity were increased at low outdoor temperatures. The separating

cycle discussed in Chapter 6 gives the flexibility to explore some capacity

modulation ideas.

1.1 Mixture Properties

1.1.1 Thermodynamics

The property that gives a nonazeotropic mixture a theoretical ad-

vantage over a single substance in a refrigeration system is that it changes

temperature as it passes at constant pressure through the two-phase region

(i.e. evaporating or condensing). Figure 1.1 shows a temperature-concentration

(T-x) diagram for a binary mixture at a given pressure.

The advantage occurs when the fluid being cooled drops in temperature in

a counterflow heat exchanger. Figure 1.2 shows temperature profiles of a

counterflow heat exchanger employing a single refrigerant (1.2a) and a binary

mixture (1.2b).

In order to make a fair comparison of a heat pump operating with a binary

mixture with that using a single refrigerant, the heat-transfer areas should

be the the same. Also, in order to maintain the same refrigeration duty, the

mean temperature difference must be constant, assuming that the heat-transfer

coefficients are the same. Therefore temperature 1' in Fig. 1.2b must

necessarily be lower than temperature 1.

The advantage of binary mixtures comes by virtue of reducing the entropy

production that occurs in the heat exchange processes. In Fig. 1.2 the area

between the curves, 1-2-3-4 or 1'-2'-3-4, is indicative of the entropy
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produced in the process. If area 1'-2'-3-4, representing entropy production

with a binary mixture, is less than area 1-2-3-4, representing entropy

production with a single refrigerant, the binary mixture has a thermodynamic

advantage over the single refrigerant. However, the assumption of constant

heat-transfer coefficients is an important one. If they are lower for a

mixture, then temperature curve 1'-2' will be lower, and some advantage will

be lost.

1.1.2 Heat-Transfer Coefficients

Aurora (1) has measured the convective heat-transfer coefficients

for mixtures of R-12/R-114 and found that the coefficients were lower than the

value predicted by weight averaging the two single refrigerant coefficients.

Indeed, the data from our experiments confirms his findings. About half way

through the condenser, the coefficients decrease 40 percent with mixtures

compared to R-12 alone. Section 3.4.3 gives more information on the actual

heat transfer coefficients.

1.2 Some Recent Work on Refrigerant Mixtures

Most of the current research on refrigerant mixtures concentrates on four

main topics: 1) experimental heat-transfer coefficients of mixtures, 2)

developing expressions for predicting the thermodynamic properties of mixtures

for use in computer simulation, 3) applying refrigerant mixtures to familiar

and new cycles (especially heat pump applications), and 4) using refrigerant

mixtures as a means of capacity modulation.

Aittomaki (2) investigated an exhaust-air heat pump using mixtures of R-

12/R-13B1 and R-22/R-114. The air streams undergo large temperature changes

(25°C) so this heat pump seemed well-suited for refrigerant mixtures with

gliding evaporation and condensation temperatures. Test results showed that

mixtures did not improve the coefficient of performance (COP). Aittomaki

states that part of the reason was the loss of temperature rise through the

evaporator because of flashing. This occurred because there was subcooling

with pure R-12 but none or very little with mixtures.

Jakobs and Kruse (3) tested a heat pump with mixtures of R-12/R-114.

Their results show a 16 percent improvement in heating COP using 60 percent R-

12 in an R-12/R-114 mixture in comparison to R-12 alone. The heat output of
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the heat pump varied as the mixture concentration changed. Also, the maximum

condensing temperature and the minimum evaporating temperature were held

constant. Therefore, the mean temperature of condensation was probably lower

with mixtures than with either pure refrigerant, and likewise the mean

evaporating temperature was higher with mixtures than with either pure

refrigerant.

Jakobs also tested a system for capacity control (Fig. 1.3) using a

rectifier to accomplish changes in the working concentration. The working

concentration of R-12 in R-114 changed from 50 percent to 90 percent. With

this change, a heating increase of 30 percent can be obtained.

Cooper and Borchardt (4) proposed an ingenious method for capacity

modulation in heat pumps by using refrigerant mixtures. In a heat pump with a

capillary tube or an orifice as the restrictor between the condenser and the

evaporator, there is a transfer of liquid from the high side to the low side

as the evaporating temperature drops. An accumulator placed between the

evaporator and condenser collects liquid during winter operation. If

refrigerant mixtures are used in such a system, the liquid that collects in

the accumulator contains a high concentration of the higher-boiling-point

refrigerant. Therefore, the circulating fraction of refrigerant will become

enriched in the low-boiling-point component which increases the compressor

mass flow rate. This shift to a more-dense refrigerant occurs when additional

heating capacity is needed. Tests were run with mixtures of R-13B1/R-152a and

showed a 60 percent increase in compressor capacity compared to using a single

refrigerant.

1.3 Previous Work on this Project

1.3.1 Two-Evaporator-System Studies

The two main thrusts of Stoecker and McCarthy's work (5) were: 1)

to experimentally verify the expected power saving potential of refrigerant

mixtures, and 2) to update the simulation program and demonstrate that it was

useful for predicting cycle performance with refrigerant mixtures. McCarthy

took data over the range of 0 percent to 70 mass percent R-114 in R-12 and

found at best a 2 percent power reduction using 15 percent R-114. He also

reported data on the heat-transfer coefficients as functions of refrigerant

concentration, showing the decreases mentioned previously.
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1.3.2 Condensing Heat-Transfer Coefficients

Kornota (6) investigated both qualitatively refrigerant mixture

condensation in a glass-tube condenser and quantitatively at the University of

Illinois at Urbana-Champaign. He measured temperature profiles along the

condenser length and temperature fluctuations which represent the temperature

gradient from liquid to vapor. Gas chromatography measurements showed that

the R-114 concentration in the liquid increased along the length as

condensation proceeds. He identified the flow regimes in condensing R-12/R-

114 mixtures and discussed reasons why the heat-transfer coefficients are

lower with mixtures. One of the factors is that with binary mixtures a

diffusion/counter-diffusion action must be set up near the wall which creates

a concentration boundary layer. This diffusion resistance contributes to the

heat-transfer degradation. Another factor is that slip occurs between the

vapor and liquid streams causing nonequilibrium liquid-vapor effects.

1.4 Objective of this Phase of the Project

The purpose of this phase of the project is to expand the knowledge base

of working with refrigerant mixtures, mainly from a system performance point

of view. Specifically the simulation of the two-evaporator, two-condenser,

two-heat exchanger cycle has been refined and the results compared with test

data from that cycle. Also, some mixtures in addition to R-12/R-114 have been

explored, namely R-22/R-114 and R-13B1/R-152a. Furthermore, a new separating

cycle has been tested in which there are two evaporators having different

mixture compositions.
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2. TEST FACILITY

The system used in the initial phase of the work sponsored by ORNL at the

University of Illinois was built by Launay (7) and McCarthy (5). Several

modifications were made to upgrade the accuracy and repeatability of

refrigerant flow rate measurements. Changes were also made which allow the

possibility of running either a once-through cycle or a separating cycle. In

the once-through cycle the refrigerant flows in a single continuous circuit,

whereas in the separating cycle two refrigerant streams diverge in the

condensation process and meet again at the compressor inlet. The once-through

cycle was used by Launay and McCarthy and during the portion of this current

report covered in Chapters 3, and 4. The separating cycle study began during

this phase of the project and is discussed in Chapter 5.

2.1 Description of System

A schematic flow diagram of the combined once-through and separating

cycles is shown in Fig. 2.1. The nine ball valves and one hand valve are used

to route the refrigerant for either the once-through or the separating

cycle. The liquid receiver is used only with the separating cycle and is

discussed later in this chapter. Since the receiver is used only with the

separating cycle, ball valves (BV) 2, 3, and 6 are closed during operation of

the once-through cycle. BV 1 is opened to permit straight-through condenser

flow. BV 5 and hand valve (HV) 7 are opened, and BVs 4 and 8 are closed to

allow liquid coming from the condensers to proceed in series through the two

refrigerant-to-refrigerant heat exchangers. After passing through the low-

temperature evaporator and heat exchanger, the low-pressure refrigerant flows

through BV 9 to the high-temperature evaporator and heat exchanger and then to

the compressor. BV 10 is closed for the once-through cycle. The system has

60 temperature measurement points using copper-constantan thermocouples and 12

pressure measurement points as shown in Fig. 2.2.

2.1.1 Compressor and Oil Separator

The compressor is an open type-three cylinder model that is belt

driven by a variable speed 7.5 hp dc dynamometer. The dynamometer is equipped

with a load scale and a tachometer to measure torque and speed. An oil

separator at the compressor discharge returns oil to the compressor

crankcase.
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2.1.2 Condensers

The two condensers are identical tube-in-tube counterflow heat

exchangers with water flowing in the annulus. Dimensions of the condensers,

evaporators, and heat exchangers are given in Table 2.1. The condensers are

constructed of hard copper tubing with thermocouples in the refrigerant and

water streams and also on the tube wall for heat-transfer-coefficient cal-

culations. The cooling water can be run in series or in parallel through the

condensers with the flow rate through each condenser measured by a rotameter

(see Fig. 2.3.). The inlet-water temperature is controlled by adjusting the

bypass control valve which regulates the flow of warm water passing through

the water heat exchanger.

2.1.3 Heat Exchangers

The two refrigerant-to-refrigerant heat exchangers are of counter-

flow tube-in-tube design. Liquid flows in the annulus and is subcooled by the

low pressure refrigerant. Thermocouples measure the inlet and outlet

temperatures of each stream.



Table 2.1 Specifications of Condensers, Evaporators, and Refrigerant-to-Refrigerant Heat Exchangers

Component Number of Length of refrig- ID and 00 of ID and OD of Refrigerant-side
passes erant section of outer tube, inner tube, heat-transfer area

each pass, m mm mm m

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

3: 1.854

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

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

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

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
OD = 34.93 OD = 22.22 Outer: 0.1082
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2.1.4 Evaporators

The high-temperature and low-temperature evaporators are also of

tube-in-tube counterflow construction. An ethylene-glycol/water solution is

circulated in the annulus by a 0.5 hp centrifugal pump and is heated by an

electric immersion heater. The heat input rate is controlled by a variable

transformer, and the glycol flow rate is measured by a rotameter.

2.2 Upgrading the System

2.2.1 Model 214 Positive Displacement Flow Meter

In order to improve the accuracy of measuring the refrigerant flow

rate, a four-piston positive-displacement meter was installed. Previously

only a liquid rotameter was available for direct measurement of refrigerant

flow. The rotameter was good for a quick flow-rate indication but lacked the

accuracy desired. The new flow transducer at the LTE inlet, designated Model

214 and manufactured by Fluidyne Instrumentation, has a range of 10 to 6000

cc/minute. The signal output comes from a photo-optic transmitter which gives

100 pulses/revolution. The meter was calibrated by the manufacturer at 9.2343

pulses/cc. A 10 micron filter protects the meter from solid materials. The

accuracy of the meter is 0.5 percent of the reading. The pulse rate was read

with a frequency counter which had a resolution of 0.1 Hz when using a 10

second gate time.

2.2.2 Expansion Valve

A new expansion valve was installed in order to have more precise

control over the refrigerant flow rate. The old valve was found to be

slightly oversized and had a two turn stem, so that a small adjustment of the

valve stem gave a large change in the flow rate. The new valve has a 10-turn

stem with a 0.062 in. (1.58 mm) port which allows precise and steady flow

regulation.

2.3 Changes to Allow Separating Cycle

In addition to the above changes, some modifications have been made which

allow the system to be run as a separating cycle. None of the basic compo-

nents such as the evaporators, condensers, and heat exchangers have been

changed, just the routing to them. Ball valves are used to route the
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refrigerant so that the system can operate as a once-through cycle or as a

separating cycle. Ball valves were used because they have both low pressure

drop and positive shut-off. Three new components used solely with the

separating cycle were added, namely a liquid receiver, another refrigerant

meter, and another expansion valve.

2.3.1 Liquid Receiver

A liquid receiver was added which is used only with the separating

cycle. The receiver is 125 mm in diameter and 400 mm tall and is located

between the HTC and the LTC, where separation of liquid and vapor occurs. The

receiver has fittings welded on for a liquid sight glass. The assembly is

rated from vacuum up to 3400 kPa (500 psi) working pressure.

2.3.2 Model 213 Positive Displacement Flow Meter

Another meter was installed at the inlet to the HTE and is used

only with the separating cycle. This is a smaller piston meter, designated

model 213 and manufactured by Fluidyne Instrumentation which has a range of 1

to 1,200 cc/minute. The output also comes from a photo-optic transmitter.

This meter was calibrated by the manufacturer at 118.70 pulses/cc and has the

same accuracy as the model 214 meter (0.5% of the reading).

2.3.3 Expansion Valve for Separating Cycle

An expansion valve identical to the one described in Sec. 2.2.2 was

installed to regulate the refrigerant flow rate to the HTE during the

separating cycle operation has been added.

2.4 Operating Procedure

The detailed operating procedure is listed in APPENDIX I.
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3. SIMULATION OF THE ONCE-THROUGH CYCLE

3.1 Comparison of Simulation and Experiments

In the initial report from the UIUC to ORNL in 1978, on refrigerant

mixtures, Stoecker (8) simulated some refrigeration cycles to explore the

possibility of saving energy by using refrigerant mixtures. A once-through,

two-evaporator system with two heat exchangers showed the most promising

results for saving energy giving a 12 percent power reduction at a 50 percent

mixture of R-114 and R-12 in comparison to R-12 alone. Launay (7) later

refined the simulation program and optimized the distribution of heat-transfer

area. Further simulation work by Stoecker and McCarthy (5) included heat-

transfer coefficients and pressure drop data based on tests. However, the

simulation results have not yet been compared directly with the experiments.

In this phase of the work several changes have been made to the simulation

program, all aimed at comparing the simulation conditions and results to the

experiments. The simulation results should then help explain why the full

extent of the reduction in power as predicted by the original simulation is

not being seen in the experimental results.

The changes made to the simulation program fall into four categories: 1)

matching the conditions that are specified for simulation to those specified

when running the system, 2) using the Downing equations (9) for refrigerant

property calculations, 3) sectioning the condensers and evaporators so that

each section uses its own heat transfer coefficient as measured from experi-

mental data, and 4) increasing the load in the LTE to better match what

actually occurred in the experimental studies.

3.2 Matching Test Parameters

In order to compare the experimental results with the simulation results,

the conditions that are specified for simulation, termed "imposed parameters,"

should be the same as the conditions that prevailed during the experiments.

Figure 3.1 is a diagram of the system showing some of the variables with the

imposed parameters enclosed in parentheses. Table 3.1 defines the

abbreviations for the components and imposed parameters used in Fig. 3.1.

Several changes had to be made to the list of imposed parameters used in the

simulation in order to match the experimental system.
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Table 3.1 Description of Components and Imposed Parameters in Fig. 3.1

Component Description

Condensers

DSH Desuperheating section of high
temperature condenser (HTC)

C01 First condensing section, HTC

C02 Second condensing section, HTC

LTC1 First section of low temperature condenser (LTC)

LTC2 Second section, LTC

LTC3 Third section, LTC

Heat Exchangers

HX1 High temperature heat exchanger

HX2 Low temperature heat exchanger

Evaporators

LTE1 First section of low temperature evaporator (LTE)

LTE2 Second section, LTE

LTE3 Third section, LTE

El First evaporating section of high temperature
evaporator (HTE)

E2 Second evaporating section, HTE

SH Superheating section, HTE

Imposed Parameter Description

Condensers

TCLI Temperature of water into LTC

TCHI=TCLO Temperature of water into HTC = temperature of
water out of LTC

WLTC Flow rate of water in LTC

WHTC Flow rate of water in HTC

Evaporators

TELI Temperature of glycol into LTE

TELO Temperature of glycol out of LTE

WGEL Flow rate of glycol through LTE

TEHI Temperature of glycol into HTE

TEHO Temperature of glycol out of HTE

WGEH Flow rate of glycol through HTE
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Figure 3.1 Simulation diagram with designations of components
and variables. Imposed parameters in parentheses.
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Several revisions were made to the simulation program for the purpose of

either correcting a previous error or providing imposed parameters in the same

form as experienced in the experimental tests. An error was discovered in the

results shown in Fig. 6.2 of the 1984 ORNL report (5). The simulation results

represented in that graph showed a drop in temperature of the superheated

vapor leaving the HTE. The error was that the heat-transfer rate equation for

the superheating portion of the HTE was omitted. In its place was a

specification of the amount of superheat which was converging to a negative

value. The correction made was to omit the superheat specification and to

introduce in its place a heat-transfer rate equation for the superheating

portion of the HTE.

In the second edition of the simulation program (Launay's work), the area

of the HTE (AHTE) was a variable. In the third edition (McCarthy's work), it

was left as a variable but an equation set AHTE to the area on the experi-

mental system. The equation which sets the area has been removed, and AHTE is

now an imposed parameter.

Another change was to specify the outlet temperatures of the chilled

fluid (glycol) in the HTE (TEHO) and LTE (TELO) instead of specifying the heat

input rates. The inlet temperatures of the glycol, TEHI and TELI, and the

glycol flow rates were already specified. Specifying either the heat transfer

rates or the glycol temperatures and flow rates determines the load on the

system, but this change simply brings the simulation into conformity with the

tests.

The final change was to remove the high temperature condenser (HTC) inlet

water temperature (TCHI) as an imposed parameter. Because the condenser

cooling water was run in series through the LTC and HTC, TCHI was equated to

the outlet water temperature from the LTC.

3.3 Downing Equations

The vapor pressure, vapor enthalpy, and vapor specific volume are now

calculated using the equations outlined in the Downing paper (9) instead of

the equations fit from tabular data. Each equation was written into a FORTRAN

function which was called every time that property was evaluated.
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3.3.1 Vapor Pressure

The Downing equation for vapor pressure was in the form

logO 1 P = A + + C log1 0 T + DT + E(F- -) log 10 (F - T)

where the constants A, B, C, D, E, and F are given for various refrigerants in

the computer program in APPENDIX A. The antilog of the equation was taken to

get P directly. Since the constants were given in customary U.S. units T must

be in degrees R and P in psia. The conversion into S.I. units is

P,kPa = (P,psia) * 6.894757

3.3.2 Vapor Enthalpy

The Downing equation for vapor enthalpy is given as

T2 3 T4cT dTH = aT + 4 2 _+ 3 + JPV

A2 A3 A4 A5+ 23 41
+ J --b 2(V-b)3 3(V-b)3 4(V-b)

-kT/Tc kT C 4 C5+ J e (1 - ) [V + + - 3 + ] + X
c 2(V-b)2 3(V-b) 4(V-b)

where the constants are given for various refrigerants in Ref. 9.

The conversion to S.I. units is

H(kJ/kg) = 2.326[H(Btu/lb) - Hf(32°F)] + 200

where Hf is the liquid enthalpy taken from refrigerant tables.

3.3.3 Specific Volume

The calculation of specific volume is obtained from the Downing

equation of state which is written in the form

-kT/T c -kT/T c
RT A2 + B2 T + C2 e A3 + B3 T + C3 e

P = v + - + + ^~V-D (V-b)2 (V-b)
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-kT/T -kT/T
A4 + B4 T + C4 e A5 + B5 T + C5 e

+ +

(V-b) (V-b)5

Multiplying the whole equation by (V-b)/P gives an implicit expression

for V
-kT/T c -kT/T,

V RT A 2 + B2 T + C2 e A3 + B3 T + C3 e

P P(V-b) + p(Vb) 2

A +B T+C-kT/T cA4 + B4 T + C4 e c A5 + B5 T + C5 e
+ + +b

P(VP(V-b)3 P(V-b)

Since the equation is implicit, an initial value of V is passed to the

function, along with T and P, and V is solved for iteratively. Specific

volume was left in U.S. units since it is only needed for the enthalpy

function which uses it in U.S. units.

3.4 Heat-Transfer Evaporators and Condensers

In order to better match the simulation with the experimental apparatus,

each pass of the evaporators and condensers was treated as a single unit.

Thus, each pass can assume its own overall heat transfer coefficient, U, as

determined from the experimental results, and temperatures in and out of each

pass can be compared with experimental data, rather than requiring some

average U-value for the entire heat exchanger.

Each condenser and evaporator pass was treated in an identical manner.

Five equations described each pass and were used to compute five variables.

The terms included in the simulation are shown in Fig. 3.2.

Variables determined from other equations:

Tl,i, T2,i, W1 , W2 , H1, i , H2,i

Given: UA

Variables to be determined:

T1l,o T2,o, q, Hl,o, H2,o
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Equations:

Energy balance fluid 1 q = w1(Hlo - H ,i)

Energy balance fluid 2 q = w2(H2, - H2,o)

Heat transfer rate q = UA.LMTD(T2,i, T2,o, Tl,i, T,o)

where LMTD is the log mean temperature difference given by

(T2,i - T1,) - (T 2, 0 1 ,i)
LMTD(T 2̂ , T2,o' Tli' Tlo) T '-T

n(T 2i T9o)

Enthalpy 1 out H1,o = H(T1,o, P1, V1, cocentration)

Enthalpy 2 out H2,o = H(T2,o, P2, V2, concentration)

In the cases where evaporation ends (in the HTE) or condensation begins

(in the HTC), the boundaries of the sections are determined by the location of

the superheat boundary. Thus, the first two sections of the HTC are described

as shown in Fig. 3.3.

3.5 Enthalpy Expressions

The expression for the enthalpy of a saturated or superheated vapor

composed of a mixture of R-12 and R-114, is

Hi = conc HR114V(Ti, PP4i, V4i) + (1 - conc) HR12V(Ti, PP2i, V2i )

where HR114V and HR12V are the function names for the Downing enthalpy

equations and

Ti = temperature, °C

PP4i,PP2i = partial pressures of R-114 and R-12 respectively, kPa

V4i,V2i = partial specific volume of R-114 and R-12, respectively,

ft3/lb

conc = R-114 concentration (mass fraction)

Similarly for a subcooled or saturated liquid, the expression for the

mixture enthalpy is

Hi = conc Hll4L(Ti) + (1 - conc) H12L(Ti)

where H114L and H12L are the names of functions in the program listed in

APPENDIX U that calculate liquid enthalpy based on a curve fit of tabular

data.
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H1,1 Hl,o

Tl, T1,o

Fluid 1
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Figure 3.2 Describing a pass
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Superheat Boundary

Figure 3.3 Condenser section boundaries
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In the two-phase region, the property equation is

Hi = FRL i HLi + (1 - FRLi) HVi
where HL is the enthalpy of the liquid in the mixture

HL = XL.Hl14L(Ti) + (1 - XL) H12L(Ti)

FRL = fraction of liquid

XL is the mole fraction of R-114 in liquid

HV is the enthalpy of the vapor in the mixture

HV = XV.HR114V(Ti, PPi, V4i) + (1 - XV) HR12V(Ti, PPi, V2)

XV is the mole fraction of R-114 in vapor

The enthalpy changes on the glycol or water side of the evaporators and

condensers were calculated using the specific heat of the glycol or water

multiplied by the temperature change.

3.6 Comparison of Simulated and Experimental Results

The simulations conducted in previous phases of the project were

performed using certain assumptions of component performance. Experimental

data were now available to tune the simulation program, and actual component

performance is used in the simulation. One of the objectives of the

comparison is to gain further insight into the influence of the nonazeotropic

mixtures on the energy characteristics of the two-evaporator system.

3.6.1 Heat-Transfer Coefficients

Previous simulations have assumed values for the heat-transfer

coefficients in the condensers, evaporators, and refrigerant-to-refrigerant

heat exchangers. Furthermore, the magnitude of the coefficients were assumed

constant, regardless of the refrigerant concentration, and an overall heat-

transfer coefficient was assumed for the entire heat exchanger. The overall

heat-transfer coefficients, the U-value, for each pass of the heat exchangers

were derived from experimental measurements and expressed as functions of the

refrigerant composition. The equations were derived from curve fits, and

sample graphical comparisons of the curves and the original data are shown in

Figs. 3.4 through 3.9. The abbreviations are those specified in Fig. 3.1 for

the components. The expressions fitted to each curve are as follows:
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High Temperature Condenser

UDSH= 0.480(kW/m2K)

UC01 = 1.225 - 1.41 conc + conc2 + 5.83 conc3

UC02 = 1.225 - 1.41 conc + conc 2 + 5.83 conc3

Low temperature condenser

ULTC1 = 1.20 - 0.920 conc

ULTC2 = 0.965 - 0.620 conc

ULTC3 = 0.765 - 0.380 conc

Low temperature evaporator

ULTE1 = 0.165

ULTE2 = 0.190

ULTE3 = 0.245

High temperature evaporator

UE1 = 0.236

UE2 = 0.245 + 0.325 conc - 0.75 conc2

Heat exchangers

UHX1 = 0.09

UHX2 = 0.225

3.6.2 Condensing Temperatures

Temperature profiles for the condensers are shown in Fig. 3.10.

The condenser inlet temperature, which is the discharge temperature of

compressor, is a function of the inlet pressure and temperature to the

compressor, the discharge pressure, and the compressor characteristics. A

simple model for the outlet enthalpy from the compressor is used, namely

Hout = Hin + 0.9 * isentropic work.

This equation proposes that in addition to 10 percent of the isentropic work,

all of the friction occurring during the compression is lost to the ambient.

The simple equation is satisfactory for R-12 alone, but with 20 percent R-114

the simulated value is lower than experimental. Addition of R-114 to R-12

would be expected to reduce the compressor discharge temperature, because

R-114 inherently has low discharge temperatures. The experimental tests
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showed little difference between the discharge temperatures of 0 percent and

20 percent R-114 mixtures, probably because of the additional friction in the

compressor because of the higher speed that was required.

The condensing temperatures match quite well but the simulated values are

about 3°C too low. The experiments also show a small amount of subcooling,

suggesting that even though it was attempted to operate with saturated liquid

leaving the condenser, the liquid had to be subcooled if vapor bubbles were to

be prevented from leaving the condenser.

3.6.3 Position at Which Condensation Begins

The simulation program should be able to predict the location in

the condenser where desuperheating ends. Temperature profiles of the

condensers show that the location of the start of condensation is between 1/6

and 1/3 of the length of the HTC. When the entering temperature to the

condenser predicted by the simulation is correct the desuperheating area is

also correct. At the 20 percent R-114 concentration when the simulation

predicts too low an entering temperature the predicted onset of condensation

is too early.

3.6.4 Evaporating Temperatures

Another parameter that the simulation should match is the

evaporating temperatures. The temperature profiles for the evaporators are

shown in Fig. 3.11. The simulation matches the evaporating temperature level

well but predicts too much superheat leaving the evaporator at lower R-114

concentrations.

3.6.5 Superheat Boundary in the High-Temperature Evaporator

Some attempts were made to restructure the simulation program so

that the point at which superheating began on the low-pressure side was in the

HTHX. The simulation program would not converge with such a structure. This

experience brought with it the realization that if superheating began in the

HTHX the system was overspecified. With the refrigeration loads and

temperature levels specified for both evaporators, each must be allowed a

degree of freedom to satisfy its own heat-transfer relations. This situation

was one where the simulation and the system experiments provided mutual
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insight. We found early in the testing that the capacity and temperature

level in the LTE was essentially controlled by the low-side pressure. The

capacity of the HTE was predominantly regulated by adjusting the position of

the point at which superheat began in that evaporator.

As the concentration of R-114 was increased in the mixture the

refrigerant temperature level in the HTE progressively rose and to compensate

for the lower mean-temperature-difference between the glycol and refrigerant,

the point at which superheat began moved closer to the outlet of the

evaporator. The simulation runs showed this trend, but further indicated that

at a concentration of about 30% R-114 the superheat point was out of the HTE

and into an impossible physical case. However, we had conducted tests above

30% R-114 concentration which we thought were valid ones. A re-examination of

those tests, however, showed a slight drift in refrigeration capacity in the

HTE at R-114 concentrations greater than 30%.

Further experiments have verified this observation. A sight glass was

installed at the HTE outlet to allow a visual check of the refrigerant

quality. With a 30 percent R-114/70 percent R-12 mixture, the superheat

boundary was near the exit of the HTE, and the HTE target temperatures were

difficult to maintain. With higher concentrations of R-114, these target

conditions could not be met. At lower concentrations superheating began

further back in the HTE and the target conditions were easily maintained.

3.6.6 Refrigerant Flow Rate

The simulated flow rate matches the experimental flow rate very

well (Fig. 3.12). Both the simulated and experimentally measured flow rates

increase slightly as the concentration of R-114 in the mixture increases.

This trend is expected because the latent heat of R-114 is approximately 12-

15% less than that of R-12, so the flow rate must increase at higher R-114

concentration to maintain a given refrigeration capacity.

3.7 Energy Savings Using Refrigerant Mixtures

One of the main purposes served by the simulation program is to provide

greater insight into cycle performance. In particular, the 1978 simulation

[8] predicted that a 12 percent power reduction could be achieved using a 50

percent R-114/50 percent R-12 mixture in comparison to using R-12 alone. The
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experimental tests thus far have not attained that great a power reduction, so

one of the present goals of the simulation was to explain why. An even

greater benefit of the simulation program might be achieved if it could

indicate directions to improve the actual amount of energy conservation.

The explanations provided by the simulation program are:

1. The impossibility of obtaining saturated vapor of the low-pressure

refrigerant leaving the HTHX.

2. The reduction in heat-transfer coefficients as the concentration of

R-114 increases.

The latest version of the simulation program is expected to be more

accurate than previous versions because of improved refrigerant property

representation and because of the more-realistic treatment of the heat-

transfer performance of the condensers and evaporators. The heat transfer

equations are now expressed for each pass of the condensers and evaporators,

which provides a truer representation, especially for the portion of the

condenser where desuperheating occurs and in the HTE and HTHX where

superheating takes place. A further benefit of this partitioning is that a

different heat-transfer coefficient can be used for each pass of the condenser

and evaporator, substituting values derived from tests on the system.

A major reason for the reduction in the original energy savings

prediction of 12 percent is that the amount of superheat in the HTE must be

adjustable in order to achieve predetermined refrigeration capacities and

temperature levels in both evaporators. This point was emphasized in

Sec. 3.6.5. The simulation assumed saturated vapor leaving the HTHX, and the

validity of the simulation was maintained by not specifying the temperature

level (but only the heat-transfer rate) in the HTE. In refrigerant-mixture

systems the cycle performance is improved by the use of refrigerant-to-

refrigerant heat exchangers where boiling refrigerant on one side of the heat

exchanger subcools liquid on the other side. Indeed, there was some

subcooling of high-pressure refrigerant liquid in the experimental system

because of the transfer of heat to vapor being superheated. The magnitude of

subcooling was much less, however, than if the refrigerant were boiling on the

low-pressure side.

Another explanation for the reduced energy conservation is because of the

degradation of heat-transfer coefficients, the U-values, as the concentration
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of R-114 increased in R-12. In order to determine the change in performance

attributable to the reduction in heat-transfer coefficients, two simulations

were made--one with constant U-values and the other with the U-values changed

as a function of the refrigerant concentration. Those results are shown in

Fig. 3.13. With constant condensing U-values, a 3.5 percent reduction in

power is achieved at a 20 percent concentration of R-114 by mass in the R-

12/R-114 mixture. With the actual U values the power reduction is 1.6

percent. The reduction in power is therefore penalized by about 2 percent due

to the degredation in heat-transfer coefficients.

3.8 Summary of Equations Used in the Simulation Program

The simulation program is listed in APPENDIX II and below is a summary of

the residual equations used to model the system.

Equation number in simulation program

Fraction of liquid, FRLi 1-9

2 phase enthalpies 10-18

Vapor enthalpies 19-23

Saturation conditions 24-26

Liquid enthalpies 27-29

Heat exchanger rate equations 30-42

Refrigerant energy balances 43-56

Water or glycol energy balances 57-68

Compressor energy balance 69

Power, isentropic power 70,71

Calculation of U-value for superheating section of HTE 72

Volumetric efficiency 73

Vapor partial specific volumes 74-103

Rate equation on HTE, second pass 104

Refrigerant energy balance on HTE, second section 105

Glycol energy balance on HTE, second pass 106

Enthalpy at point 9A, in the HTE 107

Fraction of liquid at point 9A 108
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4. PERFORMANCE OF THE ONCE-THROUGH CYCLE USING
R-22/R-114 AND R-13B1/R-152a MIXTURES

4.1 Comparison of R-22/R-114 with R-12/R-114 Mixtures

In the initial phase of this project Stoecker (8) chose as working

substances a mixture of R-12 and R-114. Some of the reasons for this choice

were (1) the combination forms a nonazeotropic mixture, (2) the standard COP

of refrigerants R-12 and R-114 when used separately are about the same, (3)

there is a wide enough spread between the boiling temperatures of the two

refrigerants so that the temperature change of evaporation or condensation is

significant (order of magnitude of 10°C), and (4) the mixtures of R-12 and R-

114 behave nearly as ideal mixtures. Reason (4) facilitated computation of

mixture properties using only the properties of single substances as bases.

The standard COP of R-12 is 4.70 (page 16.9, ASHRAE Handbook of

Fundamentals, 1981) at the evaporating temperature of -15°C and condensing

temperature of 30°C, and R-22 and R-114 have COPs of 4.66 and 4.49, respec-

tively. In choosing mixtures it was sought to find a combination of

refrigerants with comparable COPs. Therefore, changes in concentration would

have an effect due to the change in temperature through the two-phase region,

and not because of the substitution of a higher COP refrigerant. The

concentration of an R-22/R-114 mixture can be chosen to have the same vapor

specific volume as R-12 alone, so a substitution can be made while keeping the

refrigeration capacity unchanged.

A mixture that has a wide temperature spread between the boiling

temperatures of the constituents at a given pressure may be advantageous.

Mixtures with a wider spread between their boiling temperatures typically have

a greater maximum temperature spread between the bubble point and the dew

point, and mixtures of R-22 and R-114 have a wider spread than do R-12 and R-

114. The temperature spread between the bubble point and dew point for a 40

percent R-22/60 percent R-114 at 500 kPa is 19°C, based on data provided by

Cannon (10). In comparison, a mixture of 40 percent R-12/60 percent R-114 at

the same pressure has a temperature spread is 8°C.
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4.2 R-22/R-114 Properties

The dew point and bubble point temperatures for a 40 percent R-22/60

percent R-114 mixture at 500 kPa were determined assuming ideal mixing and

also from Reference 10 which uses the Redlich-Kwong-Soave (RKS) equation of

state. Table 4.1 shows the comparison.

Table 4.1 Dew-Point and Bubble-Point Temperatures for a 40 Percent by Mass

R-22/60 percent R-114 mixture at 500 kPa using different

mixing rules.

Bubble Dew

point (°C) point (°C) AT = DP-BP (°C)

Ideal mixing 14.1 33.3 19.2

DuPont table 11.6 30.6 19.0

The assumption of ideal mixing gave temperatures about 2.5°C higher than

Reference 10 which is considered to be more accurate than the ideal mixture

calculation.

4.3 R-22/R-114 Test Conditions and Results

The following conditions were specified for all R-22/R-114 tests.

Low-Temperature Evaporator

T40 = temperature of glycol out of LTE = -20°C

T35 = temperature of glycol into LTE = -15°C

glycol flow rate = 0.0639 kg/s

High-Temperature Evaporator

T54 = temperature of glycol out of HTE = -5°C

T50 = temperature of glycol into HTE = 0°C

glycol flow rate = 0.0637 kg/s

These conditions gave a load of 1 kW on each evaporator.
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Condenser

Series flow of cooling water

T20 = temperature of inlet water = 30°C

cooling water flow rate = 0.0911 kg/s

To achieve these target conditions three parameters were varied: the

compressor speed, the hand expansion valve setting, and the refrigerant charge

to achieve saturated liquid at the outlet of the condenser.

4.4 Comparison of Temperature Profiles of R-22/R-114 and R-12/R-114 Mixtures

The maximum spread of temperatures between liquid and vapor at a given

pressure occurs at 50% concentrations for both of these mixtures. A com-

parison of the maximum calculated change of temperatures and the experi-

mentally measured changes in the LTE-LTHX-HTE are shown in Table 4.2.

Table 4.2 Maximum calculated and experimentally

measured changes in temperature of 50% mixtures.

R-12/R-114 R-22/R-114

Calculated 10 19

Experimentally measured 6 12

The rise in temperature from the inlet of the LTE to the estimated point where

superheating began in the HTE was for both the R-12/R-114 and the R-22/R-114

mixture approximately half of the maximum predicted from the property

equations. Two reasons for the lower temperature rise experimentally are

(1) the pressure drop through the evaporators and LTHX, and (2) the fact that

the liquid-vapor mixture was already partially vaporized after it left the

expansion valve and entered the LTE. The actual rise in temperature with the

R-22/R-114 mixture was almost twice that of the R-12/R-114 mixture, as the

property calculations predicted.

There are two positions in the experimental system where the temperatures

can be compared with calculated temperatures. The condition at the outlet of

the condenser is slightly subcooled liquid, so the temperature there should be

slightly below the bubble point temperature. Because of the nonequilibrium of
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vapor/liquid temperatures in the condenser, some subcooling is needed in order

to have a vapor-free liquid. The experimental temperature at the condenser

outlet during the R-22/R-114 tests averaged 34°C. The bubble point

temperature from the RKS equations was 36.1°C, indicating approximately 2°C of

subcooling which is reasonable.

The condition at the outlet of the expansion valve should be slightly

above the bubble point at the low-side pressure. The experimental temperature

there averaged -33°C. The calculated temperature was -33.8°C which provides a

good check.

4.5 Comparison of Compressor Power

The 50/50 mixture of R-22/R-114 was chosen for comparison with pure R-12

because the compressor speed was approximately the same for each case. With

nearly equal compressor speed in our test facility a comparison of measured

power is more meaningful because the power lost to mechanical friction is

nearly constant, so the power measured on the dynamometer in the two cases can

be compared directly. Table 4.3 shows the average speed, dynamometer load,

and actual compressor power for R-12 alone and for the 50/50 mixture of

R-22/R-114. The glycol temperatures and flow rates and condenser flow rates

and inlet temperature were the same in all tests.

Table 4.3 Comparison of Compressor Power

Dynamometer Dynamometer

Speed (RPM) load (lb) power (kW)

R-12 Alone 613 11.7 1.33

R-22/R-114 633 12.0 1.42

The power determined from dynamometer measurements with the R-22/R-114

mixture was 7 percent higher than with R-12 alone, and some explanation must

be sought for the lack of improvement when using the mixture. One of the

explanations is that the condensing and boiling heat-transfer coefficients

with the R-22/R-114 mixture are less than those of R-12 alone. The overall U-

values of the condenser when applying R-22/R-114 were approximately 65 percent

of those R-12 alone. The U-values of the mixture in the evaporators were from
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60 to 80 percent of the of R-12 values. A different optimum mass flux may be

warranted with R-22/R-114 compared to the system using R-12.

Another explanation may lie in the increased mixture temperature rise in

the evaporators (drop in the condenser) compared to R-12 alone. The change of

temperature in Table 4-2 which occurs during the phase change of R-22/R-114 in

the condensers and evaporators is rather close to the temperature change of

the external fluid--water for the condensers and glycol for the evaporators.

The classic objective is to match changes of temperature of the refrigerant

and the external fluid. When the superheating of refrigerant in the

evaporator and desuperheating in the condenser are considered, however, it may

be that there is increased irreversibility because the refrigerant temperature

is now changing more than the external fluid.

Some comparative performance parameters are shown in Table 4.4.

Table 4.4 Comparison of Parameters Affecting Compressor Performance

R-22/R-114 R-12 Alone

Suction pressure 104 kPa 105 kPa

Discharge pressure 1075 kPa 950 kPa

Pressure ratio 10.3 9.0

Mass flow rate of refrigerant 0.0177 kg/s 0.0177 kg/s

Specific volume 0.165 m3 /kg 0.152 m3 /kg

at suction pressure

Volumetric efficiency 47% 45%

The suction pressures were nearly identical but the R-22/R-114 mixture

had a higher head pressure so the pressure ratio was 14 percent higher with

the mixture.

The mass flow rate for the mixture was the same as for R-12. However,

the specific volume of the R-22/R-114 mixture was higher than that of R-12,

and the volumetric efficiencies were almost the same, so the compressor speed

with the mixture was 3 percent higher with the R-22/R-114 than with R-12.

4.6 Tests with R-13B1/R-152a Mixture

Cooper and Borchardt (4) chose a mixture of R-13B1 and R-152a as a

combination possessing favorable characteristics for air-to-air heat pumps. A

70 percent R-13B1/30 percent R-152a mixture closely approximates the
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refrigerating and heating capacity of R-22 and was therefore of particular

interest, although Cooper and Borchardt conducted tests with compositions

varying from 50/50 to 70/30 mass percent mixtures of R-13B1 and R-152a,

respectively.

We charged the experimental facility with a 70 percent/30 percent mixture

of R-13B1 and R-152a, respectively, and conducted several tests. The

compressor and variable-speed dynamometer had been selected for R-12 and for

the even-less-dense mixtures of R-12/R-114, so the torque with which the

compressor loaded the motor was quite high. The speed was reduced in order to

reduce the torque, but at too low a speed the motor would overheat. The

facility thus permitted only a narrow band in which the dynamometer could be

kept in operation. Any attempts to match refrigeration capacity and

temperatures of tests with other refrigerants was not successful.

Some experimentally-measured temperatures could, however, be compared

with property tables provided by the refrigerant manufacturer. Table 4.5

shows for the stated condensing and evaporating pressures the saturated vapor

and saturated liquid temperatures from the property tables. These values may

be compared with the measured temperatures into the LTE and at the estimated

point where superheat begins in the HTE. Also shown is the estimated

temperature where condensation begins and the temperature leaving the

condenser. Because the mixture entering the LTE already has begun to

vaporize, the measured temperature of -32°C is two degrees higher than that of

saturated liquid, -34°C. The temperature estimated from the measured

temperature profiles for the beginning of superheat checks with the tabular

value. The estimated temperature where condensation begins is 37°C, which is

close to the tabular value of 39°C. No doubt there was subcooling leaving the

condenser, because the measured temperature of 26°C is lower than the value

from the table for saturated liquid.

The change in temperatures in the evaporators and condensers with the 70

percent R13B1/30 percent R-152a is of the order of 7 to 9°C which is

approximately the same as that experienced with the 50 percent R-12/50 percent

R-114 mixture.
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Table 4.5 Experimentally-Measured Temperatures and

Temperatures from Property Tables of R-13B1/R-152a at

the Evaporator and Condenser Pressures

Position Pressure Temperature, °C

kPa abs. Measured Tables

Entering LTE 223 -32 -34

Begin superheat in HTE 207 -23 -23

Begin condensation in HTC 1549 37 39

Leaving LTC 1519 26 32
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5. SEPARATING CYCLE

5.1 Description of Separating Cycle

A separating cycle is one in which the nonazeotropic working fluid is

separated into two branches that have different: refrigerant concentrations.

Because the two streams have different concentrations, they will evaporate at

different temperatures, given the same pressure. In a domestic refrigerator,

for example, the low temperature stream would feed the freezer compartment

evaporator and the high temperature stream would feed the fresh food

compartment evaporator. The separating cycle should be explored as a means of

accomplishing the refrigeration duty with less energy than by a standard once-

through cycle. The separating cycle is also a convenient cycle for exploring

capacity modulation. Liquid may be stored in vessels of one or the other of

the two branches to alter the concentration of the circulating mixture.

Changing the concentration will change the mass-flow capacity of the

compressor and thus change the system capacity.

The cycle used in the experiments is shown in Fig. 5.1 with the

corresponding points shown on a T-x diagram in Fig. 5.2. Starting with

superheated vapor at the compressor outlet, point 1, the HTC desuperheats the

vapor and performs partial condensation to point 2. The fluid at point 2 is

composed of a vapor, 2v, which is rich in R-12 and a liquid, 2L, which is rich

in R-114. At point 2 the mixture enters the liquid receiver where the vapor

and the liquid separate. The vapor stream condenses in the LTC to point 3

and then subcools in the LTHX to point 4. This liquid stream then passes

through the LTE expansion valve to point 5, partially evaporates in the LTE to

point 6, and completes its evaporation in the LTHX to point 7. The liquid

stream at point 2L is subcooled in the HTHX to point 8 and then drops in

pressure to point 9. Complete evaporation and some superheating occur in the

HTE to point 10. The vapor is superheated further in the HTHX to point 11.

The two vapor streams meet again at point 12 from which it is compressed to

point 1.

5.2 Operating The Test Facility on Separating Cycle

The test facility was originally built to operate on a once-through

cycle, but was modified during this phase of the project so that it would also

operate on the separating cycle shown in Fig. 5.1. There are a few important
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differences between operating the test facility on the separating cycle and

operating on the once-through cycle.

5.2.1 Specifying Saturated Vapor Point

There is an additional degree of freedom with the separating cycle

in comparison to the once-through cycle, because there are two expansion

valves instead of one. Each expansion valve controls the location of the

superheat boundary in the evaporator which it is feeding. In the once-through

cycle which has only one expansion valve, the LTE was always flooded and

superheating began somewhere in the HTE. The HTE glycol temperatures

constrained the location where superheating began. In the separating cycle,

the LTE and HTE refrigerant streams are controlled independently, so an

additional condition must be specified in order to have a unique operating

state. In the tests run so far we have specified the condition of saturated

vapor at the outlet of the LTHX, point 7 in Fig. 5.1. In order to be able to

specify the HTE glycol temperatures, specified superheating must begin in the

HTE, as it did with the once-through cycle.

5.2.2 Condenser Water Flow

A problem encountered with the separating cycle was that if the

temperature level of the water entering the LTC was not sufficiently lower

than the HTC water temperature level, there would not be complete condensation

in the LTC. As shown in Fig. 5.3, the refrigerant condensing temperature

drops lower after separation occurs (2'-3') than with the once-through cycle

where condensation proceeds straight through (2-3). In order to get complete

condensation in the LTC, the tests were run with a high water flow rate

through the LTC and a low flow rate through the HTC. In this manner the mean

temperature of the water was kept low in the LTC and permitted the temperature

of the water in the HTC to be higher.

There are other ways to meet the requirement of a wide range of

temperature of condenser cooling fluid. If a system were designed to be used

solely as a separating cycle, the LTC would have more area than the HTC, which

would allow series coolant flow. Shifting condenser area has the same affect

as having different flow rates. Another approach proposed by Kazacki (11) and

Labochnik and Ceonov (12) is to expand part of the liquid from the liquid
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receiver in the low temperature condenser which completes the condensation of

vapor coming off the top of the liquid receiver.

5.3 Test Data

The data from three tests using the separating cycle with refrigerant

mixtures are shown in APPENDIX III. Two of the tests were conducted with 50

percent R-114/50 percent R-12 and one with 25 percent R-114/75 percent R-12.

The target conditions for these three tests were:

Condensers

T20 = 25°C = inlet water temperature

Water flow rate, LTC = 0.0909 kg/s

Water flow rate, HTC = 0.0261 kg/s

T7 = inlet to HTC = T23 = outlet of LTC

Water flow rate drained after passing through LTC = 0.0648 kg/s

Evaporators

LTE

T35 = -15°C = glycol temperature in

T40 = -20°C = glycol temperature out

Glycol flow rate = 0.0640 kg/s

HTE

T50 = 0°C = glycol temperature in

T54 = -5°C = glycol temperature out

Glycol flow rate = 0.0640 kg/s

Refrigerant-to-refrigerant heat exchanger

Small amount of suction gas superheat after LTHX, (T27 = T34 + 5°C)

These target conditions result in the same refrigeration duty (heat-

transfer rate and temperatures) as for one series of once-through cycle

tests. The condenser water flow rates are different, however, for the

separating and once-through cycles. In the separating cycle 0.0909 kg/s is

passed through the LTC, but only 0.0261 kg/s continues through the HTC.

Furthermore, in the separating cycle tests the entering condenser-water

temperature was 25°C rather than 30°C, in order to achieve full condensation

in the LTC.
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5.4 Temperature Profiles

For convenience, the temperatures measured in one of the tests (Test 97)

are displayed on the cycle diagram, Fig. 5.4. For the temperatures and

pressures measured in the test, the R-114 concentration in the vapor leaving

the liquid receiver was computed to be 33 percent. The liquid had an R-114

concentration of 58 percent. These conditions are shown in Fig. 5.5.

Evaporator temperatures, plotted in Fig. 5.6, cover a range of -35.0°C to

-29.1°C in the LTE and -27.6°C to -7.7°C in the HTE with superheating

beginning at approximately -20°C. Because of the characteristics of the

separating cycle, there is a greater temperature rise from the inlet of the

LTE to the saturated vapor point in the HTE than there is in the once-through

cycle. In Test 97 there was a 15°C rise while the rise in the typical once-

through cycle with 50 percent R-114 was 8°C. The condensing temperatures are

plotted in Fig. 5.7. The profile shows that there is an 18°C drop through the

condensing region, whereas a typical 50/50 percent mixture in the once-through

cycle shows a 10°C drop.

The temperatures of the 50/50 percent mixture in Table 5.1 may be

compared with those of the 25/75 percent mixture. The refrigerant temperature

levels in the LTE are comparable with both mixtures as are the temperatures in

the HTE. This situation is expected, because the same rate of heat transfer

to glycol at identical temperatures is required. It is observed, however,

that the rise in refrigerant temperature in the LTE is less with the 25/75

percent mixture than with the 50/50 percent mixture. The reason is because of

the overall concentration shift as shown in Fig. 5.1. As the concentration

shifts to the right the vapor, which is the source of the LTE refrigerant,

will have a low concentration of R-114. Having a high concentration of R-12

results in a small temperature change between the bubble-point and dew-point

lines.

The 25/75 percent mixture experiences higher superheat leaving the

compressor, which is probably attributable to two causes. One is that the

essential characteristic of R-114 is that its lines of constant entropy do not

bend as far into the superheat region as R-12. Another observation is that

the compression ratio is less with the 50/50 mixture--11.6 vs. 13.1 for the

25/75 percent mixture. The significance of this observation is that the

separating cycle can achieve a given refrigeration duty with a lower
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compression ratio than a nonseparating cycle. This property may be important

for systems using reciprocating compressors.

5.5 Compressor Power Comparisons

The greater temperature rise in the evaporator is advantageous

thermodynamically, but this cycle has not proven that it will save energy over

a once-through cycle using R-12. The isentropic power for the separating

cycle using 50 percent R-12/50 percent R-114 was 3 percent higher than for the

once-through cycle with pure R-12. The isentropic power for the once-through

cycle tests was 0.73 kW compared to 0.75 kW for the 50/50 separating cycle

tests. The refrigerant mass rate of flow through the compressor was 8 percent

higher in the separating cycle but the enthalpy rise across the compressor was

lower. However, caution is urged when comparing this set of separating cycle

tests with the once-through cycle tests. Even though the duty was identical,

the condenser water flow was different. The inlet water was 5°C cooler for

the separating cycle but the full flow was used only in the LTC.
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6. CONCLUSIONS

6.1 Scope of this Study

The research covered in this report addresses three main topics: (1)

refinement of a simulation program to match the experimentally-measured

behavior of a once-through, two-evaporator refrigeration system, (2)

exploration of two additional refrigerant pairs, R-22/R-114 and R-13B1/R-152a,

and (3) experimental study of the operation of nonazeotropic mixtures in a

separating cycle. The underlying theme of the entire project is the

achievement of energy-savings by using refrigerant mixtures in refrigeration

systems. The experimental results thus far have not demonstrated substantial

savings that could be attributed to the thermodynamics of nonazeotropic

mixtures. The most attractive energy-conserving potential provided by

refrigerant mixtures continues to be enhancing heating capacity in a heat pump

at low ambient temperatures. The work described on the separating cycle in

this report is a contribution to that continuing development.

6.2 Comparison of Experimental and Simulated Results with a
Once-Through, Two-Evaporator System

Simulation is the prediction of the operating variables of a system

(temperatures, pressures, mass and energy flow rates, etc.) when the component

performance, properties of working substances, and values of the imposed

parameters are known. Simulation is often used in the design stage when not

all of the above conditions are accurately known. In this study, however, the

experimental system was in place and measurements of the operating variables

are available. With such an advantage the component performance can be

refined until the simulated results match the experimental behavior. Further

insight was obtained about this particular cycle during the comparison.

Deciding which variables can be specified in the simulation and which should

be free to float has its counterpart in operating the system. Specifically,

the fact was reinforced that the refrigeration capacity and the temperature

levels of the fluid being chilled in both evaporators could be controlled only

if there was some superheating in the HTE. The failure of the simulation

program when superheat did not exist led to a re-examination of experimental

data, which confirmed this observation.
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The need for a certain amount of superheating in the HTE has further

significance in explaining why the energy savings are in the range of 2-to-4

percent rather than the 12 percent predicted in the initial phase of this

project. With some superheat required in the HTE, the HTHX could only provide

superheating of the refrigerant on the low-pressure side. The early

simulation postulated saturated vapor at the outlet of the low-pressure side

of the HTHX.

Because of the different regimes of boiling in the evaporator and

condensation in the condenser, it was necessary to simulate these two heat

exchangers as a series of heat exchangers, each with its own heat-transfer

coefficient. Having refined the simulation program to incorporate partitioned

heat exchangers, it was then possible to introduce the experimentally-measured

heat-transfer coefficients, which are a function of the refrigerant

concentration. The simulation program is then able to identify the magnitude

of the cycle efficiency reduction due to the degradation of heat-transfer

coefficients with mixtures in comparison to single refrigerants. Were it

possible to maintain constant heat-transfer coefficients in the condensers and

evaporators, there would be a 3.5 percent energy saving using an R-12/R-114

mixture in comparison to R-12 alone. Because of the reduction in heat-

transfer coefficients when shifting to a mixture, the energy saving realized

is of 2 percent.

6.3 Other Combinations of Refrigerants

Two other combinations of refrigerants in addition to the R-12/R-114

mixture were explored in this phase, R-22/R-114 and R-13B1/R-152a. Because

R-22 and R-114 have a wide spread of boiling temperatures at a given pressure,

they can form mixtures with changes of temperature during boiling or

condensation as large as 19-20°C. R-22 is a polar and R-114 a nonpolar

refrigerant, so equations of state using ideal mixing are not adequate to

describe their behavior. While the test system was not designed to make or

confirm property measurements, there was a closer agreement between

experimentally measured T-x-p points and properties computed from the Redlich-

Kwong-Soave equation than to properties determined from ideal relations.

The rise in temperature of the boiling refrigerant in the evaporators

closely matched the drop in temperatures of the glycol being chilled. This
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condition is favorable, because it should result in the minimum thermodynamic

irreversibility. Experimental power measurements, however, showed no

efficiency improvement of the R-22/R-114 mixture over R-12 alone. Two reasons

are advanced -- one is that the heat-transfer coefficients measured with the

R-22/R-114 mixture were less than those using either R-12 alone or the

R-12/R-114 mixture. A second possibility is that when the superheating in the

HTE and HTHX are considered, the rise in temperature of the refrigerant was

much greater than the drop in the glycol temperature. The matching of

temperature changes of refrigerant and glycol, then, may not have occurred at

all.

6.4 Separating Cycle

The experimental facility was revised to convert the once-through cycle

to a separating cycle with two branches, each operating with a different

mixture concentration. One characteristic of the separating cycle feeding two

evaporators is that there is a large temperature spread between the

refrigerant temperatures in the two evaporators. There may be application for

this wide spread of temperature. Another inherent characteristic of the

separating cycle is that the temperature between the dew-point in the HTC and

the bubble point in the LTC is so great that complete condensation in the LTC

may be difficult. This problem can be solved by permitting the entire high-

side pressure to rise, but with the attendant energy penalty. The problem can

possibly be solved by proper design of condensers for the separating cycle, or

by performing the final stage of condensation in a heat exchanger with

evaporating refrigerant on the other side.

6.5 Capacity Modulation Using the Separating Cycle

The study of the separating cycle was preliminary and may offer energy

advantages attributable to the thermodynamics of the cycle. An extension of

the separating cycle may suggest another concept for changing the refrigerant

concentration to adjust capacity. Figure 6.1 shows a reservoir installed on

the low-pressure side, and the active mixture concentration could be changed

by shifting would be to shift liquid from the separator to the reservoir or

vice versa. Liquid collected in the separator is rich in R-114, while liquid

collected in the reservoir is richer in R-12 than the liquid in the
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separator. Shifting liquid to the separator increases the refrigeration

capacity, because the mixture circulating through the compressor is richer in

R-12 than before. Shifting liquid to the reservoir decreases capacity.

Figure 6.1 is a two-evaporator system, while the capacity-modulating method

might be possible for a single-evaporator system, such as a heat pump, by

using a cycle similar to that shown in Fig. 6.2. The final condensation in

this cycle is performed by an evaporator that boils a mixture of high R-114

concentration. The concept of shifting liquid between the separator and

reservoir can provide a rapid means of adjusting the capacity.
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APPENDIX 1. OPERATING PROCEDURE

The following operating procedure was used to conduct the tests on the

two system:

Startup

1. Draw brine sample from each evaporator and record specific gravity and

temperature.

2. Connect the six isothermal input cards to the datalogger.

3. Check that all ball valves are in the proper position for either the

separating cycle or the once-through cycle, see check list.

4. Close both compressor bypass hand valves.

5. Open condenser water inlet valve.

6. For separating cycle, open HTE flow meter bypass valve and close the valve

in series with the flow meter.

7. For separating cycle, open LTC water flow valve and set flow rate. Open

preheater bypass completely. Leave HTC water flow valve closed for now.

8. For once-through cycle, open just HTC water flow valve for series

condenser flow and set to target value.

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

10. Close both expansion valves.

11. Start dc generator set and compressor. Set speed to approximately

500 rpm.

12. Weigh out R-114 on scale.

13. Set scale to level after correct amount has been added.

14. Open charging valve and add refrigerant until balance levels.

15. Repeat steps 12 through 14 for R-12 or R-22.

Running

16. Prepare ice bath for T-24.

17. Connect frequency counter and power supplies to flow meters.

Separating Cycle

(This section pertains only to running the separating cycle. See next section

for once-through cycle.)

18. Open HTE expansion valve enough to flood HTE but not compressor.

19. Initially open the LTE expansion valve two or three turns.
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20. When liquid to LTE is subcooled, slowly open HTC water valve to desired

flow rate.

21. After HTC has water flow, close the water preheater bypass part way to

raise the inlet water to target temperature.

22. When liquid to HTE is subcooled, first open the valve in series with the

HTE flow meter and then slowly close the flow meter bypass valve. (The

213 meter should not be operated with a two-phase flow, especially in the

plug flow regime. The meter may be damaged if the liquid contains vapor.)

23. When glycol temperatures are near target values, turn on the heater and

adjust the variable transforms so the desired temperature spread is

maintained.

24. Adjust LTE expansion valve so that LTHX is almost flooded (i.e. T27 = T34

+ 5°C.)

25. Adjust compressor speed to achieve LTE glycol target temperatures.

26. Adjust HTE expansion valve to achieve HTE glycol target temperatures. The

action taken in one of the three previous steps will influence the
conditions in the other two so all three must be worked together to

achieve all target conditions.

27. Monitor condenser conditions and keep at target values.

Once-Through Cycle

(Skip this section if running the separating cycle.)

28. Open the expansion valve to get the flow rate near the expected value. It

will take time for the liquid to flood through the LTE and into the HTE.

29. When glycol temperatures get near target values, turn on the heater and

adjust the variable transformer so the desired temperature spread is

maintained.

30. When LTE is flooded, adjust compressor speed to bring down LTE glycol

temperatures to target values.

31. When HTE glycol temperatures pull down near target values, adjust

expansion valve to attain HTE glycol target temperatures. (Superheating

should begin in the HTE.) The action taken in one of the two previous

steps will influence the conditions in the other so both steps must be

worked together to achieve all target conditions.

32. Monitor condenser conditions and keep at target values.
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Shutdown

33. Close expansion valve(s).

34. Reduce compressor speed to minimum and then stop. Turn off dc generator

set.

35. Keep glycol pumps running and heaters on until glycol warms above 0°C to

prevent local freezing.

36. Shut off condenser water inlet valve.

37. Shut off condenser water flow valve(s).

38. Turn variable transformer on heater down to minimum, then shut off power

to the variable transformer.

39. Turn off glycol pumps. Disconnect datalogger, frequency counter, and

power supply.

Valve Positions

Separating Cycle Single-Train Cycle

BV1 closed open

BV2 open closed

BV3 open closed

BV4 open closed

BV5 closed open

BV6 open closed

HV7 closed open

BV8 open closed

BV9 closed open

BV10 open closed
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APPENDIX II.

LISTING OF SIMULATION PROGRAM



EBCGBA, OAKH4 -- EXIENSICN OF SIMUL7

tFOGFAi 5SIMUL7 IAPEI CUTFI' IAPEt6=OUTPUT)
**«****e*«««4e»««»«»»«¢*»*++******e**«

LATEST REVISIONS MADE: FEB,84

THIS PROGRAM SIMULATFS THE PERFORMANCE OF A 2-CCNDENSER
2-EVtChATC(R 2-HEAT EXCHANGER VAFOR COMPRESSION hEFRIGERATION
SYSTEM USING MIXTURES OF R-114 AND R-12. IT IS EASED ON WORK
DONE BY PHILIPPE LAUNAY DURING COMPLETION OP HIS MASTERS THESIS
AT IHF UNIVERSITY CP ILLINOIS IN 1980. THIS VERSION INCLUDES
VARIABLE HEAT TRANSFER CCEFFICIENTS VARIABLE PRESSURE DROP,
ANC THE HEAT EXCHAN GERS HAVE BEEN BFROKEN INTO PASSES.

FCE FLOW DIAGRAM OF SIMULATED SYSTEM INCLUDING VARIABLE
DEFINITIONS SEE "PERFOCRANCE OF NCN-AZEOTROPIC MIXTURES OF
DICHLOBODIFLUCRCME¶HANIR R-12) ANC DICHLOROTETRAFLUOROETHANE
(R-114 IN A VAPCH COBESSION REIGRAIION SYSTEM"

C( .IhCCARIHY, MASTERS THESIS, UNIVERSITY OF IILINOIS 1983

GLCSSARY OF TIRMS USED IN SIMUL7
C

V )=SYSTFP VARIABLE
SlE() =DESIGNATICN CF VARIABLE _r.

RB)= ESICUAL ECUATION
PD XY =PARTIAL DERIVATIVE OF X WRT Y 0O
VCOPRj = CCRRECIICN IN TIH VARIABLE DURING THIS ITERATION 3 O
VD(I=V +CELTA V - '
RD )=R EVALUATED AT VD -1 

z

DAT )=DATA PARAMHEER (IHPOSEC TEST CCNCITION) 0 .O
EATNAME ()=NAMn OF DATA PAEAMETREB c X
CATOIIT() UNITS " " "
UNITV() UNIS CF VARIAELE
NVAf= NUMBER OF VARIABLES
TLRNCE=LIMII OF THE MAX CHANGE IN A VARIABLE BETWEEN

IlERATIGNS TO TEST FCP CCNVERGENCE r

ITrAX=MAX NUMBEE OF ITERATIONS
r1

DIE NSION V (11 , DS 11 10)R (1i)0PD 110 1 10)).CORRll ),VD(110),
* R1O110),DAT(18) :EATNAME (1i8A).ca NIT (8a,UNITV(110)

INTEGER DAlPING,FOPTIGN
CCBMCN CAT

NVAE=108
TIR CE=0.001
ITMAX =10

IHESF NEXT VALIABLFS ARE REQUIRED BY SUBROUTINE SIMUL.
DAMFING - 0
PCFICN=O
liF=u

C hEIDINUL IH T1hIAL VAIUIS S'CFED IN INPUT FILE (WillN RUNNING
C CN CYE'dt "/LGOINFrJTFILENAME,OUTPUIFILEtANE")



RSNIKC 1
EALrI(PEAE (1,10)

REAr (1,12) (CAINAMH(FI),DA1(1I),DATUNIT(I),1=1,16)

ErAr (1,11 (CES (I) ,V(I) ,UNITV[I), I=1, NVAR)

*****OPTIONAL EhINIOUI OF INPUT FILE INPOBDATION
PRINT 19 IK, EATNAIE(K) DATIK),DAIUNITRK).K=1,18)
PRINT 17, (IDES(I),V(iUNIT V(I) ,I1lVAB)

LOOP BEBUNS SIMULAIICN STEPPING UP CONCENTRATION (DATl(1) 5%
EACH TIME. TRIAL VALUES FOR THE NEXT RUN ARE TNH CONVERGED
VALUES FCR THE FEEVICUS FUN.

DO 30 L=1 11
CALL SINU£LNVARTIBNCEIIHAXV.DFS,R.PDVCOBBRVERDDABPING,
* PClOjITIEB)
PRINT 20,lIER,(KeDATNARE(EK) .AT(K. DATUNIT (K)K=1,16)
PRINT 17.1 DESAI )VII ).IN(V (I) , =1,NVAR)
I 7;TER.E.iO) GC NV7AR) 116)
DAI41)=DAl({1)+.050

0 CONTIIUE

77 STCE
10 FCIIAT
11 PCRIAT (4XA5,2XF21.5 3XA5)
12 FOrNAlI 2X,A5;2XF8.4#3XA5)
17 PCBMAT 108 3XV= V.A5."= .1F21.5. 3X ,/
19 FORMHATI /"I 4X.VALUES RFBO INPOI FILE" ,/ S27( ,) I

„* /16 i6X, "AT" 12." = IAiT" = ".N 3X, l5/5 )
20 POAT /.16X."AlTIE"" I:ARInONS SOLOIOT ISt:',/

* 10X,32(*")/16{12XDAT(".I2,") = ",A5," = ",P8. 4,X,A5/)/)ENr

SUBRCOTINE ENS (NVA .V. )
*S***e** **«*{*******sl*

THIS SOBROUIINE CONTAINS ALL OF THE EQUATIONS THAT DESCBIBE THE
SYSTEM.

GLOSSARY OF TERMS USED IN SUBROUTINE EQUATIONS

HIE= HIGH IEMP EVAPORATOR
1lE= LOC TEMF EVAECFAIOB
BIC= HIGH IERP CCCNDNSCB
lTC= LCH TIHP CONDENSOE
HX1= EEFRIGERANT IC REFEIGERANI HEAT EXCHANGER NO 1
BX2= "" " " NO 2

W= BEFRIGERANT PEICW ATE (KG/S
PHI=EBESSORE AT CCMPRESSCR DISCHABGE (KPA)
FLC= ' " " SUCTION [KPA)
I1=IEMP AI ECIN 1 (C)12= .. 2(
12P= " " 2P (SUFBRHEAT BCUNCARY IN IIIC) (C)
HN=EHALPY A PC NHN=ElfHALPY Al PCINI N } KJ/KG)



FRLN=fRACTION OF I.IoQIL AI PCINT N

QLTC= HEAI BRANSF.FR RA1F IN lTC (Ki
RHIC= " o " " HIC [K

ICHP= TEMP OF NAIFF OPFOSITF POINT 2F (C)

AH'I= HEAT ITANSFBR AFEA OF EIF (M**2)

IELO= TEMP OF GLYCOL LEAVING LTE (C
TIE1l= I' o " CPFCSITE 10 (C)
TEHO= " " LEAVING HTE C
TCLC= " " WATER " LTC C
ICHC= " " " " HTC (C

EOWE= POWER REQUIRED BY COMPFESSOR (KW)

V2N= PABIIAL VOLUME Of R-12 AT PCINT N (m**3/KG)
V4N= " " R-114" " N (t**3/KG)

ETAV= V" OIUETRIC EFFIENCY

E12= WCRK OF ISENIROPIC COMPRESSION FOR R-12 (K
E114= " " " " R-114 \Ki

TELAVG= AVERAGE TEP 1N ITE (C)
TEHAVG= " " " I cTE

CPGL= SPECIFIC HEAT OF GlYCOl IN 1TE KJ/KG-C)
CPGH= " n " " HITE KJ/KG-C "
CPWA= " " ATER KJ/KG-C

ACC= AREA OF HTC TIAI IS CONrENSING (M**2)
ADSH= " " " " DE-SUPEBHEATING (M**2)

U--- = OVERALL HEAT TRANSFER COEFFICIENT FOR --- (KW/M**2-K)
UA--- = PRODUCT OF U AND A FCR --- (KW/K)

AEHTf= AREA OF BTE THAT IS EVAPORATING (M**2)
ASH= " " " " SUPERHEATING H**2)

IMPOSED PARAHEERBS

CONC= CONCENTRAIION OF B-114 IN R-12 (MASS FRACTION)

AIE= HEAT TRANSFER AREA OF LIE *IE2
AHX1= " " " EX1 MH**2
AHX2= " " " HX2 M**2
ALIC= " " ITC M**2
AHIC= " " " RHC (M**2
AHTE= " * " BIE (Me2)
bGEL= ELCW RATE OF GLYCOI IN LIE KG/S
WiGE.= " " " " " HTF K(;/S
hlIC= '" WAltR IN i 'C [ KCG/S

h= IC " " " " " I'iC t;G/5



ICLI TnMP OF IN1FT WATUf 1o LIC (C»
lI1l= I' " GL CCL *qC LLY £CI
TIHI= " " E C)
IEHC= " OUTLET " HT (C
IELC= " " ' OUIET " " LTI (Cj

4* ******4********** 4**********e*******************

VARIABLES

PN= IRESSURB AT POINT N (KPA)

X= DUMMY-VARIABLE ({OLE FRACTION OR BASS FRACTION)

XCLB= ROLE CONCENlBATICN OF IIQUID R-114 AT POINT N

XLN= HASS FRACTION OP LICUID B-114 AI POINT N
XVN= n " n VAEOR N " 1

XCV10P= HOLE CCNCENTRATlON OF VAPCR AT POINT lOP
XCV2P= " 2P

HLI= ENTHALPY OF LIUOID AT POINT (IN 2 PHASE PFGIONI (KJ/KG)
BVN= " " VAPCRB " N (IN 2 EHASE BEGION) KJ/KG)

FP4H= PARTIAL PRESSURE OF B-114 ON HIGH SIDE KPA
PP2B= " " n 8-12 " S" KPA
PP4L= " " R-114 " lOU SIDE KPA
EP2L= n " B -12 " n RPA
PP4L10= " " B-14 AT POINT 10 KPA
PP2L10= " N RB-12 n " 10 KPA

ELC2PSI= " R" -12 ENTERING COMPRESSOR (PSI)
ELC4ESI= " " B- 14 " n (PSI)

INLINE FUNCTIONS

H12I(T)= n" E-12 LIQUID (KJ/KG
H114L()= " " B-114 (KJ/KG)

rOLPFAC(X)= MOLE FRACTION OF X
HASPriAC(X)= ASS FBACTION OF I

XCLI(PT)= MOLE FRACTION CF LIQUIE B-114 IN 2 PHASE REGION
XCV IP,)= " " " VAPCR -114 "

C2N1(T,P) , C2N2(T,P) FUNCTIONS OSEC TO CALCULATE ISENTROPIC
ICRK IOB B-12- DEBIVED FROM TABLES

iN112= ISENTROPIC WCRK CF CORPBESSICN FOR R-12

C4N1I(TP) , C4N2 (,P) FUNCTIONS USE 10O CALCULATE ISENTROPIC
WCRK FOE E-114 - DERIVED FROM TABLES

iIR114= ISESN1OPIC WCBK CF CCFPRESSICN FCR R-114

E**** *** * * CP* GLOSSARY****
ERN CF GLOSSARY



IMELlCII REAL (A-2)
INI!CGR NVA,1
DIBENSICN V(NVAi),R(NVAL),DAI(1e)

CCMBCN CAT

.-. --- NIl PFUNCIIONS

C LICOID ENTHALPIES
E. LAUKAY 1980.

H12L(T) =200. * .9251* 11 + .00081*(T)**2 + .0000048 (T1 *3
H114(T)=200. + .9545* 1 + .00116* 1 *2 + .000003*(T)**3

C MASS FRACTICN AND BOLE FPACTION

COIFEAC Xj =X)/(1.4135 - 0.4135*(X))
ASFIAC (X)= .1 5*X/(1.+0.4135,X)

C CONICPNIATION IN IIQUIC AND VAPOR PHASES

XCI (P,T)=(P-PSA112T)) / (PSAT114(I)-PSAT12(T))
XCV (.E,X)=PSAT114 (TIX/P

---- WORK CF ISLNIROFIC CCGPRESSICN FOR B12 & R114
P. lPUNAY 1980.

C2N1fT,F)= T * 273.15)* {.6933E-1 + .232E-4*T) *
s (-.20191-4 * .757E-7*T)*P)
C2N2(1,P)= 1 * 273.15)* (1.41IE-2 - .148E-4T) +~* (-.876f-5 * .231E-t*T) P)
WIr12(T ,P1P2)=(C2N1lT(P1) * C2N2(TP1)»ALOG(P2/P1))*ALOG(P2/P1)
C4N1(IF»)= T I 273.15)*((.4949E-1 * .36E-5*1) ·

*»EI (I.P -. 3024E-4 + .4083E-6*T)*P)
C4N2(I,P)= 'I + 273.15)*1(.75E-3 + .2B5E-4*T)

* .428E1-5 .365E-6*T *PE
WIB114(TP ,P2)=(C4N1 (T,E1) * C4N(T,P1) ALOG(P2/P1))ALOG(P2/P1)

C BIEEFINING V(I) TO 1AKE EQUATIONS EASIER TO UBCEESTAND

w =V 1
BI =V 2)

ELO = 3)
CEil\c= I)
CC:C= {5)
8CC2=V 61
CLIC 1= 7
CLICi=V 8
CLIC3=V 9
CLIF1=S 1 )
IIE2=¥V 1)CElz1=V 10)

Cni2=v ICS=V( 13)
ACC1=V[ l)
AE2=V (15)



IAV= V126
B.ii2- 1»(

R13E=V (23)
8137=VIZ14FBI7=(V2 4 1

PRfi7=V 251
EB17E= 126)
PBe=V (27)

RB19=V 28)
11=V 29)
12=V 309

12E=J 32)
13=V (3)

13A= 341)
13E=1 35)
14V (36
I5=V 137
16=V 38
17=1 39
'7A=«4D)
17=1 I)
18=V ( 12)
19=J1;3 '4.I
'10 =-4I 0

1CBPE=V 46
'CHF=V 47
ICRC=V 48

CILE=V 49
TC1A=V 50
1CIC=V 51
IEI1=V 52
IBLI=V 53
!1!=-V 54
iEBE= 55

H-=V 56
H2=V 58
H2P= 1(59)
B2B=1 60)
H3=J1 61
EH32=V(62
B3E=1J63)
H4=V(64
H5=V 65
16=1 66
B7=V 67
87A= 6)
8H7E=v9)
H8=V17)
H9=V 71

H10E=(71j)
V21=V1)
141=VT75)



V22=V(76)
v :V17 7
¥22F= 7
V42F=V 79
V22B=V 80

42e=V 081
V23=V 102)
V43= 83{
V23A=V 84
V43A=V 85
V23E=V 86
V43E=V 87
V27=V 8)
V471=(899
V27=V 19b
V47A=V 91
V27E=V 92
V47E=V 93)
¥28=V 194
V4e= (95
V29= (96
V49= (97
V210=V (9
V410=V 99)
V210E=V 100)
V41CE=V 101)
V29A=V 102
V49A=V 103
19A= 04¶I91=Hl)
89A= V(105)
IEHA=V (105)
FEI9A=V[107)
CE2=V (1U8)

C IlPCSED PARAIETIES

CCNC=DAI 1
ALIl=rAl 2
ABX1=IA"l 3
AHX2=CAT 4
ALIC=CAT 5
AH1C=DAI 6
AHIE=CAI 7
iGEI=CAI 8
WGEH=DAI 9
141IC=DAI 1
WHIC=CAI 11
IEHC=DAI 12
TELC=EAT 13
IClI=EAI 14
ICbI=ICL
IELI=rAT 15)
YE1I=DA1 (16)

INCLUSICN CF PrfiSSOUE CROPS BASFE ON IESI DATA. (MCCAR'HY 9-1h-82)

E2 = Fill - 1.0
P3 = PHI - 2.0
F4 = PHI - 5.0
P7 = PLO * 7.9 + 14.1*CCNC 4 1.4*CONC**2



P8 = PLC * 6.8 n.8*CCNC 1.4*CONC*2
g = PLO + b3 * 1 16CCNC 1.4*CONC»*2
P10 = PLC + 3 4 4 5.4*CCNC 4 0.3*CCNC**2

C PRELIfEIAPY CGNFUIATICNS -THESE ARE USED FOR THE RESIDUAL EQUATIONS
B01 ABE KEPI CUI OF 1HE FESICUALS PCR CLARITY.

--- MASS CONCENTBATION OP 6114 IN LIC. & VAP.
XC17=XCI F7. 17
XCL7A=XCL (P7l7
XCL7E=XCL (P7 1T7E
XCL8ICL t la
XCl9=XCL IP9T91
XCt9A=XCL(P§ 9 A)
XCL3=XCLffP3l 3

iCL3A=XCL(P3 ,3A)
XCI3E=XCL I(3i3E
XCL2E=XCLJP2.T2!
XL7 =HASF AC( XCL7

Xl7?A= ASFPACXl7 A)
XL7e=HASFRAC XCI7 )
XL8 =HASFRAC XCiLB
XL9 =BASPBAC .XC19
IL9A-BASIPBAC XCL9 )

XL3 =HASPBAC XCL3)
IL3A=nASPBAC XC13
I3E=B=ASFBAC XCI3 o
IL2B1-ASPFAC XCL2 1
XV7 =BASPBAC XCV Pi17XCI7)
XV7A=HASPRAC XCV P7,T71 XCL7)l}
XV7B=HASFBAC XCV P717E XCL7E))
XV8 =SASFBAC XCV Pe,18,IXC8)
XV9 =HASFRAC XCV P9,T19XCL9)
XV9A=asPFRAC XCV P9tl9AXCL9 ))
XV3 =MASFRAC XCV P313 ICC13
XV3A=BASPRAC XCV P313A XCL3l))
X13e =HASPRA (XC IP3.13b XCL3B))
XV2B=BASPBAC(XCV (P3,2E.,CL2B))

---- OL CONCENTRATION OFP 114 IN VAP. AT 10P,2P S L1Q. AT'4
XCVIOP=XCV(E1 T 10P,XCI(PU10,10E))
XCL4 =XCI P4 14 1
XCV2=XCV (P2.'T2P,XCL (2,12P))

---- EABIIAL PRESSURES OP B12 & R114 IN SOPERHEATED BEGION
PP4B = HOLPBAC(CONC)* EB
EE2H = EHI - EE4B
PP4L = nOLPRAC(CONC) PIO
PP2L = ELC - PE4L
EP410 = MOLPBAC$CONC)*E1O
EP2I10 = P10 - E4LI10
EP4BH=HOLFBAC COC) *E2
EP2H2=P2-PP4H2
PP4H3=HCLFPAC CONC) *E3
EE2B3=F3-PF4H3
FE4L7=BOLPFACICCNC)*P7
EP217=P7-FE4L7
EP4ILe=1BCrFAC CONC) *P8
EP2L8=P8-PP4l8
PPF4I9=OLFBAC (CONC) *P9



EP2L9=P9-PF4L5

----- ENIIIALIES OF LIC. VAP. IN 2-PHASF RFGION
HL7 =XL7*H114LT7J) * (1.-XL7 *H12L (T7)
HL7A=XI7A*B114L17A *1 .- X 7A *H 2L T7A
HL7E=XL7E*H114L(7B) * (1.-XI7I)*H 12L(T7B)
HL8 =XI8*H114L (l) * (1 .- XL) *LH121 I18
BL9 =X L9H114 .19' 1 .-SLit12L ,.;
HL9AI-X9A*H114l'(19A) * (1.-Xi9A)*H 2L(TIA)
HL3 =XL3*H114LtI3) * (1.-XL31*Hl 2L 3)
HL3A=XL3A*H114£(13A) * 11.-XI3A)*H12L(13A)
HL3B =XL3B*H114L(T3B) *+ I.-XL3B)H 12LJT3B)
HL2B=XL2B8114L 2B) * (1.-XL2)*lHl12(T2B)
HV7 =XV7*HR114V T7 FP4I 7V47).(1 -XV7)*HR12V(T7 PP2L7 V27)
HV7A=IV7A*HR114V 1CA FP417 V47A)*(1.-XV7A)*HR12'(T7A PP2L7 V27A)
HVB-= XV7B*1HR114V(17 PP4L V47B) (1.-XV7Bl*HR12V(T76,PP2L7,V27B)
HVe =XV8*HR114V (TIPP4L8eV4)* (-XV8 1*HR12V(T8,PP2LH,V28)
UV9 =XV9*HR114V (19 PP4LS V49) tj1.-XV9) *HR12V T9PP2L9V29q)
HV9A=IV9A*HR114VT4A,EP4f9 ,V9A) (1 .- XV9A)*H 12V T9A ,PP2L, V29A)
1V3 =XV3*HR114V11'3 P4H3,V13)· (.-X 3 *HR12V(T3 PP2H3 V23)
HV3A=IV3A*HRRl1144llJAPP433f Vi3A + ( I.-X V3A OHR12( [ T3A PP2HJV2 ] A)
HV3B =XV3B*lHR114VT3B,PP4H3 V,4B)+ 1.-XV3B) HR12V(T3BPP2H3,V23 )
HV2B=XV2B*HB114V('2BPP4B2 t42B)* ({.-XV2B) R12V(T2B, PP2H2,V22B)

.---- SAIURAIION ENIBAIPIES

HB4V10P=HR114V(I10P PP4L10 V410P)
HB210P=HBR12V (IlOPE,P2LlO,V210P)

HR4V2P=RR114 l T2F PP4B2,V42P) -
Bi2V2P=HB12V (2P,EP2H2,V22P)

----- …OBK OF ISENTROPIC COHPRESSICN (P.LAUNAT)
E12 = yIB12(11 EP2L PF2H)
E114 = 18R114(T1iPP4L,PP4H)

----- CP S OF LIQUIDS KJ/KG K (LTE 40% GLYCOL, HTE 301 GLYCOL)
IHESE GLIC L ECUATIONS bEPE CBTAINID B! FIITING A LEASI SQUARES

CORBVtI G6APHICAI CAIA. (UCCABIHY NOV 82)

TELIAV = (TELOTEIA /2.
IEL2AI = 'IELA'IEI) /2-
TEL3AV = l'ELE 1f1I /2.
1EH1 = (TEHA:T-HC) /.
TIE2 = (IEBA4TfH1P 1/2.
IEH3= (TE fIITEHP)/2.
CPGL1 = 3.397 e .0045*IEL1AV - 2.03E-5*IEL1AV**2
CPGL2 = 3.397 * .0045*TEL2AV - 2.03E-5*IEL2AV**2
CPGL3 = 3.397 + .0045*IEI3AV - 2.03B-5*IEL3AV**2
CPGH1 = 3.703 * .00234*IEH1 * 4.05E-5*TEH1**2
CPCH2 = 3.703 * .00234*IEH2 *4 .05E-5*1EH2**2
CPGH3 = 3.703 + .00234*IEH3 + 4.05E-5*T'H3**2
CPWA = 4.19

----- UA VALUES (KW/K) BASFE CN ACIUAL TEST RESULTS. (CCARTHY NOV 82)
UPCALED JAN. 84

i'IC
ADSH =2./3.*AilTC-ACC1
ACC2=AB BC3.
GCOC = 1 22- 1.410*CCiC + CCNC**2 + 5.63»CONC**3



UC02o- 1.225- 1.410*CCNC + CCNC**2 + 5.83*CONC**3

UCC2=1.2 5
UCSH = 0.4H
DACC1 = DCO1 * ACOI
UACO = UCO2 * ACC2
UAC£S = UDSH * ACSH

ITC
DLIC1 = 1.20 - 0.92*CONC
ULIC2 = 0.965-0.62*CONC
ULIC3 = 0.765 - .38*CONC
OLIC2=.965
ULIC3=.765
ULIC 1=1.20
UALIC1= ULICl (AllC/3.)

AITIC2= OLTC2* AIC/3.)
UAlIC3=ULTC3* (ALIC/3.)

HEAT EXCHANGERS
OH 1 = 0.09
DHX2 = 0.225
UAHX1 = UHX1 * ARYX
UAHX2 = 0HX2 * ABX2

LIE
ULIE1 = 0.165
ULIE2 = 0.190
OLIE3 = 0.245 0
DALIE1= ULE1* (AllE*2./5.1
UA1IE2= OLTE2* AlIE*2./5.)
UAL]E3= ULT13* ALIE/5.)

HI!
A 1=.5*AH'IE
ASE=.5*AHTE - AF2
DE1 = 0.245
OAE1 = OE1 * AE1
UB2 = 0.245 + .325*CCNC - .75*CONC**2
CE2=0.245 + .325*CCNC
0SB=0.220
CAE2 = AE2 * UE2
DASH = OSH * ASH

L-----CEINING L1E3C IN TERPS CP VARIABLES QLTE1 AND QLTE2
(L[ 3=L '1E- I!I-CLI12

C COREOTING RESIDUALS

THESE EQUAIIONS HAVE BEIK REVISEE TO MOVE THE
SUPERHEAT POINT FBOM INSIDE HX1 10 INSIDE THE HIGH TEHP EVAPORATOR
(H'I) WBICH HCDEIS THE PHYSICAL APPARATUS.

-.---ERACTION OF LIC. IN 2 FHASE EEGIONS

R(1)= -CONC + FBL2B*Xl2B + (1.-FI2)*2B)V2B

B(2) = -CONC *+ F13*XL3 + (1.-FRL3)*XV3



B(3)= -CONC + PFL3A*XL3A * (1.-PRI3A)*XV3A

R(4)= -CCNC 4 FBL3B*XL3B P (1.-FFL3B)*XV3B

BR5) = -CONC * FHL7*XI7 + (1.-FRL7)*XV7

B(6)= -CCNC +FRL7A*XL7A * (1.-FBL7A)*XV7A

B(7)= -CONC * FBI7B*XI7B (1.-FR17B)*XV7B

B(8) = -CONC * FBI8*XI8 * (1.-FRL8)*XV8

B(9) = -CONC * FBl4*XL9 (1 .- FRL9)*XV9

---- EN'IHALPIES IN 2 PHASE REGION

R(10}= -H2B + FI12B*HL2B e (1.-FRL2E)*HV2B

BR11) = -H3 + PB13*IH3 * (1.-FRL3)*HY3

R(12)= -H3A + FbL3A*HL3A + (1.-FBL3A)*HV3A

R(13)= -H38 * FRL3B*HL3 * (1.-PBL3B)*HV3B

B(14) = -B7 PFRI7*HL7 * (1.-PRL7)*H'7

B(15)= -H7A * FBR7A*HL7A * (1.-FBL7A)*HV7A

B(16)= - H7B + FE17B*HL7E * (1.-FRL7B)*HV7B

F(17) = -H8 PFRI84*L8 * (1.-FRLU)*HV8

B(18) = -H9 + FBI9*HL9 * (1.-FPL9)*HV9

---- SAOlUBAIE VAPOB ENIHALPY

B(19)= -H2P + CONC*HBR4V2P *(1.-CCNC)*BH2V2P

B(20)= -H10P + CONCHRB4V10P 4 (1.-CONC)*HB2V10P

----- VAEOB ENIHALPY

R(21)=-H1 *CCNC*BHf 14V(T 1PP4L, V4 1)+1.-CONC)4H 12V(T1,PP2L,V21)

RB22)= -H2 *CONC*H111LI4V 2PP4H2,,422)
c+ *(1.-CCNC)*BHB12V T2PP2H2V22

B(23) = -H10 CCNC*HB114V(110 FP4t10,V410) 
+

(1.-CONC)*HE12V 110,PI2L10,V216)

----- SAIU1ATICI CCNDIIICNS

R(24)= -MOLPBAC(CONC) + XCV10P

R(25)= -(;LLFRAC(CCNC) + XCL4

R(26)= --CLH1AC(CONC) + XCV2F

----- ENIHALPIES AT 4,5,6



B(27)= -H5 * CONC*H114L([5) + (1.-CCNC)*H12L(T5)
Bl28)= -H6 + CONC*H114L(T6) * (1.-CONC)*H12L(lb)

R(29)= -H4 * CONC*l114L(I4) * (1.-CONC) *H12L (T4)

----- HEAl EXCHANGER RAIE ECUAIIONS

-----HtC

hB(30)= -lT2-TCHO)/ (12P-CHP) + EXP(UADSIr((T2-TCHO)
* -(12P-IC P))/CCH1C)

R(31)= -QCC1 + UACO1*LHLC(12F,T2B.TCHBTCHP)

R(32)= -QCC2 * UACO2*LMIC(12E,13,TCHI,TCHB)

----- ITC

B(33)= -QLIC1+ OALTC*IRTD(T3,T3A,TCLA,,ICLO)

B(34)= -CLIC2 * OALTC2*LNITD(13A.3BTCLB,TCLA)

B(35)= -CLIC3 * UAlTC3*LHTD(13B,I4,TCLITCLB)

----- BX1 6 BX2

R(36)= -i*(H1-H10) * UAHXI*LHTD(T4,15,,10 ,T1)

B(37)= -W*(R9-H8) + UAHI2*LHID(TS,T6,TS,19)

-----1IE

B(38)= -QLIE1* UALTEI*LTD(TELO,IELAT7AT7)

B(39)= - CLIE2 * UALIE2*IRTD(TELATELB,,T7B.T7A)

R(40)= -QLTE3 * OALTE3*LlBTD(IELBTBEL,8,,7B)

R(41)= -QE1 + UAE1*LBI(lIEHATIEHO,9,T9.A)

B(42)= -QSB * DASH*LBTD(IEHITEBF,T10P,T10)

…-----EEFpIGElAI ENEBGY BAIANCES

----- BIC

6g(3)= -CCDIC *+ *(B2-B2P)

S(44)= -QCO1 * H*(2P-B2E)

B(45)= -OCO2 + W*(H2B-B3)

----- lIC

B(46)= -QL'CI1* 1i (t3-HJA)

B(47)= -CLTC2 * N*(13A-H3B)



P(4e)= -CLIC3 + k*tl3D - H4)

-----lX1 & EX2

6(49)= -(H1-B10) + (H4-HS)

i(50)= -(Hb-H6) * (H9-H8)

----- VAILE

9(51)= -H6 4 H7

---- lTE

R152)= -QLIE1 + k*(l7A-H7)

8(53)= - (IIE2 * fi(H7B-H7A)

B(54)= -QLIE3 * i*(H8-H7B)

----- HIE

F(55)= -CE1 + l*(H9A-H9)

Rt56)= -QSB + I*(BH1-OBlOP)

------ WATER OR GLYCOl ENEFGY EALANCES

-- b___„,,lic~~~~~~~~~~~~~~ ~03----- mre (j

R(57)= -QDHTC * WTC*CPFWA*(ICHO-TCBP)

Rl(Se) -QC01 + WHIC*CPIA*(ICHP-TCHB)

Bi(59)= -QC02 * iB'IC*CPWA*(ICHB-TCHI)

----- lie

B(60)= -QL'IC1+ WITC*CPEA*(ICLO-TCLA)

R(61)= -CLTC2 * WL'C*CPiA* (lCLA-TCLB)

R(62)= -QLTC3 +* WHC*CPWA*(TCLB - TCII)

----- LIE

R(63)= -QLTIE+ iGEL*CFGL14(TELA-IELC)

R(64)= - CLTE2 * WGEL*CPGL2*(TEIB-TEIA)

R(65)= -QLIT3 * WGIL*CPGL3* (IEII-ILE)

----- HE -

5(66)= -CE1 * WGIHf*CPGH1*(TEEA-TEHO)

R(67)= -QSH+WGEH*CPGH3* lEHI-TEHP)

R(6e)= -QCHiE * QG1 QSH + CE2

---- COEBEFSSOR ENERGY BALANCE (A COMPRESSION EPFICIENC! OF .9 IS USFD)



B(69)= - H2 * 111 · (IPOWH/W)I*.9

----- POVEF (ISENIROPIC EFFICIENCY = .75)

B870)= -FOWR · IECWR/.75

-- ISENIBOEIC POWEF

B(71)= -IPOVB * I*(COiC*F114 * (1.-CONC)*E12)

----- COHPRESSOR - THESE ECUAIIONS ABE NOT USED

B(72)= -RPIB 5.0

B(73)= -ETAV *.5

----- SPECIFIC VOlOBES-VCL2 ANC VOL4 ABE IHE FUNCTIONS vHICR CALCULATE
SPECIFIC VOLUHE FCO B-12 AND B-114 PFBO IRE DO#NING EQUATIONS

B(74)= -V21+VOL2(Il,PP2LV21)

B(75)= -V41+VOL4qI1,PP4lV41)

R(76)= -V22+VOL2 (2,PP2H2,V22)

B(77)= -V42+VOL4(12,PP4B2,V42)

B (7)- -V22P+VOL2 (2P,PE2H2,V22P) 0

B(79)= -V42P+VOL4(T2PPP4H2,V42P)

R(80)= -V22e * V012(T2B,PP2B2,V22B)

S(81)= -V42B + VOL4(T2B.PP4H2.V42B)

B e2)=-V23+VOL2 (3,PP2H3,V23)

E (3)=-V43+VOL4 (3,PP4H3,V43)

E(84)= -V23A * VOI2(T3APP2H3,V23A)

B(85)= -V43A * VO14(13A,PP4H3,V43A)

R(86)= -V23B * VOL2(T3EPP2B3,V23E)

1[87)= -V43E + VOL4I(3BE,P4H3,V43B)

B(e8)=-v27*VOL2 (T7.PP2L7,V27)

R(e9)=-V47VO14 (T7,PP4L7,V47)

8(90)= -V27A * V012(t7A,PP2L7,727A)

B(91)= -V47A * VOL4(T7A,EP4L7,V47A)

R(92)= -V27E+VO12(T17B,PP217,V27B)

E(93)= -V47BV1014(I7E,PF4L7,V47B)

B(94)=-V28*VOL2 (8,PP2L8,V28)



f (S5)=-V4e+VO1 (18,PP418,V48)

B(96)=-V2'+VO0L2(I9,PP2L9.V29)

R(97)=-V49+V014 (19,PFPI,4V49)

R(98)= -V210+VCL2(llO,PP2L10,V210)

B(99)= -V410+VCL4 (T10.PP4L10,V410)

BN100)= -V2lO0EVOL2(T10P,PP2L10,V210P)

R(101)= -V410E+VCL4(T10P,P PP4L10,V1OP)

R(102)= -V29A *+ OL2 |TSA,PP219,V29A)

RB103)= -V49A * 1014 (19A,PE4I9,V49A)

-----BAIE EQUATICN FOR BTE SECTICN 2

B(104)= -QE2 * UOE2*IHTC(TEHf,TfBA,I9AT10P)

---- EEBIGERANI ENERGI BAIANCE ON BTE SECTICN 2

B(10 )= -QE2 * B+(BIOP-H9A)

-----GLYCCL ENERGY BAIANCE ON HTI SECTION 2 0c

B(106)= -QE2 * BGEHBCPGH2 (TEHP-IEHA)

----- EliBALEY Al 9A

RB107)= -H9A + FBL9A*HL9A * (1.-EBL9A)*HV9A

---- PEiACIION CF LIQUID Al 9A

Bt108)= -CONC + FBL9A*XL9A * (1.-FBL9A)*XV9A

ENE

SUBROUTINE SIBUL NVARBILLNCE,ITBAX,V,DES,R,PD,VCOBRRVDRD,
* ECHPING,POETIlN, IER)

THIS IS THE NEITCN-BAEHSON SUPBOB INE WHICH IS CCHBINED WITH
THE PARDIE AND GAUSSY SUBBCUTINES

USER OUS PREOVIDE THE MAIN PBOGBAM AND THE EQUATION SUBROUTINE

GLOSSABY OF TEB S OSED

ITBR = NUMBER OF IEEhATICNS
ITnAX = MAXIMUM NUrBEF. CF ITERATICNS TO BE PERMITTED
NVAR = NUMLEE OF UNKNOWNS = NUMBEB OF EQUATIONS
FD(I,J) = PAfiTlA DFRIVAIIVE OP FUNCTICN I WiTH hESP 10 VARIABLE J
FI ) h= RhSICUAL CF ECUAlION
1RI CE = MAXIBUM FBACllON CF VALUE OF VARIABLES PERMITTED BEFORE

IIERATICN CCMELEIE. THUS TLRNCE = 0.01 REQUIRES CHANGE OF
ALL VARIABLES TO E LESS 1HAN 1 PERCENT FOR CONVERGENCE



V0I) VALUE OF TH. VARIABLE
VCO R( ) CORECT ICN IN THE VARIABLE CURING THIS ITERATION
CESI ) = EESIGNATICN OF VAFIARLE IN A4 FIELDS
DAMPING IS THE FACICE BY VHICH ITERATIONS ARE DAMPED IN STATEMENT

NOMEER 43 (SET DAMPING=O IP NO DAMPING IS DESIRED)
PCPTION IS A NUMBER REPRESENTING THE FOLLOWING PRINTING OPTIONS

CORRESECNDING 1O THE VALUE CP POPTION:
0 = NO PRINTING DESIRED FROM THIS SUBROUTINE
1 = PRINT LAST I11BATION ONLY
2 = PRINT ALL ITERATICNS
3 = PRINT PARTIAL DERIVATIVES ONLY
4 = PRINT LAST IlERATION PLOS PARTIALS
5 = PRINT ALL ITERATICNS PLOS PARTIALS

LIMEfSION VCINVAR) URDINVAR1
DIEFlSICO VI(IVAN)B (NVA.PD NVARNVAR),VCORR(NVAR). DES(NVAB)
INTEGER CARPINGw,PPTION

BRITING OUT THE INFUO CATA

IF (FOPIIOb.EC.O) GO TO 24
NRIT (6 20) NVAR

20 FORBAll HI//i," OUEIBR CF VABIABLES = ", 14)
iRItE{61211 TX1 NCE

21 FOBRAT { hAXIO1U FRACTION CBANGE FOR CONVERGENCE =", F10.4, //)
UBNITN(6 22)

22 FORMAT4 OVARIABlE NUMBER AND ITS TRIAL VALUE") 0
WHNI! (6 23) (J DES(J), V(J), 3 = 1 BVAR)

23 FOEPIA ( V2(", I2, ") = ', A4, "= ". P15.5)

INITIALIZING THE ITERATION COOUTER
24 ITR = 1

CALLING SUBBOUTINES TO CALCULAIT VALUES OF RESIDUALS. PARTIAL
DERIVATIVES AND CHANGES IN VALUES OF VARIABLES

30 CALL ENS INVAB, V R)
IF FEOPTION.NE.2.AND.FCPTION.NE.5) GO 0O 25
ED E (6.33)

33 FOBATlI6ECOUATIOR NOMBER RESIDOAL")
BWITE (635) (I = (I), I = 1.NVAB)

35 FCFfAI {ill. P20.5)
25 CALL FA lIfINVAR, ., R, ED, VD, ED)

PRINTING OUT NON-ZERO VALOES CF PARTIAL DERIVATIVES

IF IPOPIICN.LI.31 GO TC 55
DO 54 I =1, NVB
DO 53 J = 1, NVAR
Z = ABSIEE IoJ)
IF(Z - .OdOC0015) 53. 53, 51

51 RBITTI[.52) I. . P(CI.J)
52 FORMAT1J PDn("I2".#".2,") =". P20.10)
53 CONTINUE
54 CONIINUE
55 CALL GAUSSYitD, B VCCRBB NVAR)

COBRRCTING THE VAUES CPF THE VARIABLES
DO 44 L = 1R VAE
IF ([AMPING. C.O) GO 1O 44

43 VCORS(L) = VCORBRL)/(1.04PLOAT(DAMPING-1)/(FLOAI(ITER)**2))



44 VfI) = V(1) - VCOFR(I)

WRITING OU1 RESULIS CF IHIS IITEAIION

IF JFCPTION.NE.2.AND.PCPlION.NE.5) GC TC 37
WsI 'Ib 32) IEfi

32 FCRBAT'"OB6 SUL1S AFPEB", 14, " ITBATIGNS")
WRIIIE6,34)

34 FCRMAi (O" 4X,"VARIABLE".16X .VALUe£ 9X "CHANGR FROM PREVIOUS")
RIT (6,,3) (I. CES(I), V(i)g, VCOB(1)6 I 5= 1.NVAR)

36 FCB.A1 ("' V (", I2, ") = , A ," =4 ", F21.5)

TERMBlkAING IF MAXIBUP NOUPER CF IlERAIICNS REACHEC OR OTHERWISE
INCREMENIING THE IIERATICb COUNIEB

37 IF{IIEB - IRIAX) 38, 99, 99
38 IlEB = IIEB * 1

CHECF 10 SEE IF CHANGE OF VARIABLE IS LESS THAN SPECIFIED TOLERANCE

K = 1
40 VAL = ABS{VCOiB (K)) - ABS{ILBLCE*V(K))

IF (VAI) 41, 30. 3
41 IPFK - NVAt) 42. 99, 99
42 N = * 1

-GO IC-40
99 IF (ECPTICN.NE.1.AND.ECPIION.NE.4) BETURN

liBilI (6.32) ITEB

SOERCUIINE PARDIP (NVAR V F, Pt, VD, BD)
CIMENSION VDN(VAB), BRCDVAi)
DIMBIESICN V(NVAB), BR(NAB), ED(NVAR,NVAR)

GLCSSAFY EOE SUB5CUTINE EAECIF
CV = FRACtION OF VABIABlE CHANGE USED IN IAKING PARTIAL
IC = V + DELTA V = V * V*rv
FD = B EVAlUAIE£ Al ID
THE EABRIAL DEBIVAIIVE IS (ED - B)/(V*DV)

EV = 0_001
SEllING Al VIC = V
CO 550 K = 1,iVAR

550 VY{(K) = V(K)
DO Cf0 J = 1, NVAB
ACECIG DEIIA 40 VIEJ)

CIECUEVENI CASE OF V(J) = 0
IF(AES(TiJ)) - 10.* (-30)) 551, 551, 552

551 VD J= () 0 .C01
GO It 553

552 VD(J) =(1. * £V)*V(J)
553 CAll C1NS(NVAE VC, ED)

c0 5 I = 1, NVAR
IF (AES(V (1)) - 10.* (-30)) 555, 555, 556

555 PC (I,J) = hc() - (I l))/0.001
GC IC 558

55b PD(I J) = (BiS(1) - B(I))/(V(J)*DV)
558 COhNI NE



U560 1J ING V (J) IC V(J) VALUE

BEIOEM
IRE U

SOBRCUTINE GAUSSY (A , I , I)

SOLUTION OF SIMULANEOUS EQUATIONS BY GAUSS ELIMINATION

EIBESION A(B ,N), XI1N ENAS
BEGINNING OF LIIIIlATICB RBOCESS
CC 28 K = 1.
ROVING LABGEST COIPPICIiET INTO DIAGCNAL POSITION
A5AX = 0.
CO 4 I = RN
IPIAESIA(AI ) - ABS(ABAX)) 4, 4, 2

2 AAX = AI (,)
IBAX = I

4 CONTINUE
TESTING FOR INDEPENDENCE CF ECOATIONS

IPFAESIABAX) - 0.1E-15) 10, 10, 14
10 IIBIl (t612
12 FPCIAT (O 0 QIIAICNS AB! NOT INDEPENDENT")

EXCHANGING BON IBAX ANC RON K t0
14 BTEIE = BIK) 0

Bi = B(IhAX)
E(I AX) = BHEIP
Ed 1e J = .N
ATEfB = A(K,)
A rJ1l = A(IBAX J)

18 A56A AJ) = ATEAF
SUETIACTING A(,K ( )/A(K,K) TIsES TERM IN FIRST EC FROM OTHERS
KP10S = K 4 1
IFrK - R) 22 28. 28

22 EO 24 I = IPLOS N

ACO = A(1, )
CO 24 J = K's

24 A(J.J A(IJ) - a(K,J)*ACON/A(K,K)
28 CO&'XIIUE

BACK SOBSTITUTION
1 =

32 SUN = 0.0
IF IL- B) 34 38, 38

34 IPOS = * i
DO 36 J = LPLUS N

36 SON = SUB * A(I,J)*1XJ)
38 CONT INUOE

XJlI ° 1(11- SOM4/A(lI)
40 1= I-1L 42, '10

GO IC 32
42 E1TUFN

ENt



THIS FUNCTIUN SAFELY CALCULAIES LOG MEAN IEMPERA1URE DIFFERENCE
MCCAF1HY NCV 82.

FEAL FDNCIION IMID(11.1110,1T21T20)
ET1 = 11I - 120
T2 = T10 - 12I

IF IAES(CI1-CT2).LE.O.1) GC IC 2
IF1i l/E'12) .L.O.0) GC 10 2
/1Bm = (DT1-DT2)/AIOG (E1l/DG2)
fiElUFN

2 LNTD = 0.5*(E{I1+E2)

END

CALCULATE SAtUBRAION PPESSORE OF B-12 PROM DOWNING EQNS

FUNCIION PSAI12(T
DAIA A12/39.88381727/
DATA B12/-3436.632228/
EATA C12/-12.47152228/
DATA D12/4.73044244E-3/
DATA PCONYV 6.894757/
PS12EC)-- 1O *A12 * B12/TR12() + C12*ALOG10(TR12(T})

* E12*1B112(T))
PSA112 = PS12E(T) * CCNV
REIUEN
ENLE

CALCULATE SAIURATION PRESSURE OF B-114 FROM DOWNING EQNS

FUNCIICN PSAT11411)
DATA A114/27.071306/
DATA B114/ -5113.7021/
DATA C114/ -6.30t6761/
DATA D114/ 6.913003E-4/
EAIA E114/ .78142111/
CATA F114/ 768.35/
DATA PCONV/ 6.894757/
PS114E I1= 10** A114 + E114/TR114(I) + C114*

* AIOGlbll14 1)) + D114*T114(T) *4 E14* ( (F14-TR114(T))/
TR114(GT)) 4 ALCG10(114 - TEl 114())

PSA1114 = PSl14E(I) * PCCRV
fiElUEN
ENE

CONVEhl TEMPERATURE DEGREES C INTO DEGREES B FOR USE IN DOWNING EQNS

PUNCTIC8 TIi12'
IR12 = 1*1.8 32. +459.7
RFEURN
ENE

FUNC1IGN B1114('I)
TE1i14= 1*1.8 *32. *459.E9
fiETURN
ENE



f-12 VAPCR ENTHALEY FUNCTION (DOiNING EQUATICNS)

POBCIICN HB12V(1, PV2)
CIHENSION A2(5),C2(5)
BEAL . K2
DAIA AV2/8.09451-3/
DAIA BV2/3.32662E-4/
EA1A Cv2/-2.413896F-7/
DATA DV2/6.72363E-11/
£ATA J1.185053/
DATA A2/0.0,-3.40972713,0.0602394465,-5.4873701E-4 0 O/
DATA C2/O 0 -56.7627671,1.31139908.0.0-2.54390t78E-5/
DA1A X2/39.556551/
CAIA TC22693.3/
CAIA K2/5.475/
CEIA SB2/.00650938866/
PUNCA(T)= AV2 TR1211) * EV2/2.0*TB12(T)**2 CV2/3.0*IB12(T)**3

* +*DV2/4.0*TB1211) *4
POCE (E V2)=4P/6.894757) 2+A2 (2)/V2-SB2*)A2(3)/

·* 2.* IV2-SB2 *·2)+A2141l 3.* V2-SB2 **3)
PUNCC(1= BIP -K2*IR12j1 /TC2*l1. K2* R12lT)/TC2)
P01CC(V 2)= C2(2)/(V2-SE2) + c2(3)/(2.0 *V2-SB2)

· * *·2) C2(5)/(q4.o0* (V2-SB2)**4)
BE12(IP.V2)= PFBCAlT)+ 4 J lCB(P.V2)+ FNCC(1)

* · ]PUllCD(¥2)) · 12
NIED TO CONVERT 10 SI UNITS

HR121=(q.1868/1.8)*(BB12(T,P,V2)-15.500) + 200.

ENE

R-114 VAFOR ENIHALPY PUNCIION (DOWRING EQUATIONS)

PUNCIICN B114VI F V4)
rlIEKSICl A4(5),C4t5)
BEAL J3K4
DAIA AV4/.0175/
DAIA EV'4/3.490001-4
DA1A CV4/-1.670000-7/
CAIA CV4/0.0/
CAIA J/. 185053/
CAiA A4/.0,-2.3856704, 0.034055687 -3.857481E-4 1.6017659E-6/
EATA C4/0.0 -6.5(43648,0.16366C57,0.0,-1.0165314E-5/
LATA X4/25.3396621/
CAIA TC-/753.95/
EATA K4/3.0/
DATA SBl4/.005914907/
FUNCA(T)= AV4*IE114() * EV4/2.0TB114(T)* 2 + CV4/3.0*

* ITB114(lllJ*3+DV4/4.CTHB114(I)) *4
PUNCE(PV4j=(P/6. 94757)*V4 A412)/(V4-SB41+A4(3)/

*12. 1 4-58B4) 21+A4(4)/ 3. (V4-SB4) *3)
FONCCT)= EXP{-K4!R B11 I)/TC4)*(1.0 + K41R 114 (T)/TC4)
PFNCE l()= C41q 2)/4-sB4)+C13)/( 2.0(V4-sB4)

4 * * 2 »)· jC4t5SI(4.0( Vt4-SE41**4)
HB114(TIPV4)= PUNCIIAT I J* PUNCB(tV4) FUNCC(T)

* *PFUhCD (V)) 1+ 4
NEEC SO CCNVERT 10 SI UlIS

HB114V=(4.1868/1.8)( HBR114l,P.V4)-15.541) + 200.
EUlB0iN



EhD

THESE FUNCTIONS CAICULATI 1HP
SPECIFIC VOIUE OP 1HE IWC EEPBIGERANIS IN THE MIXTURE {H12,R114).
SOURCE: B.C. DCONING. ASURAE TRANSACTIONS, VOL. 80, PART II, 1974.

CONS12= THE SUn OF TERMS IN DONNING SPECIFIC VOLUME EON
COSI14= l *i * to1
NOTE: EQUATION EAS BEEN BEABRANGEE PFRC

P=RT/(V-SB) + P (T)/(V-SB) *2 * P2(T)/ (V-SB)j*3 ..
IC
V-SB = RI/P * F1(T)/P(V-SB) f2 (I)/P V-SP)*2 * ...
AND DENCTES
CONST(I2,4)= PFII)/P(V-SB) * ... + F4(T)/P(V-SB)**4

B-12 SPECIFIC VCIDME PUNCTION

FUNCIION V012 1,PV2)
EIMEESION A2(5),E2(5) C2(5)

DATA A2/0.0,-3.40972713,0.0602394465 -5.4873701E-4 0.0/
LATA B2/0.0,1.59434e4eE-3.-1.8796184]E-5 0.0 3.468B34E-9/
DATA C2/0.0 -56.7627671,1.31139908,0.0,-2.54139078E-5/
EATA K2/5.475/
CATA IC2/693.3/
DATA SE2/.00650S38866/
DAIA E2/.088734/

TE=TE12 (T)
EE=EXP(-K2*TE12(T)/TC2)
PE=W/6.892757
vE=V2-SE2

CONST2= A2 2*+B2 2) T4+C2 2 *EE / EPE*e
* 4 A 2 3 3e2 3 -E+C2 3 *EE/ PE*VE**2

'* +* A E2 4+E2 4TE+C2 4 eEE / PE*VE**3
»*1 * A B2 5 EB 2 5I *C2 5 EE/ PE*VE**4)

V012=CONTS245B2+ 2*TE/PE
BEIOEN
ENE

8-114 SPECIFIC VCIUEE FUNCIION

FUNCTICN VC14T.F ,V4)
EIMlISICN A4( ),B4(),C4(5)
EEAI K4
DATA A4/0.0,-2.3856704,0.034055687,-3.857481E-4 1.6017659E-6/
DAIA E4/0.0 1.08012C71-3,5.333469E-6 0.0,6.2632341E-10/
DATA C4/.0,--6.5e43648,0.16366057,0.6.-1.0165314E-5/
DAIA R4/3.0/
DATA TC4/753.95/
DCAA SB4/.005;91'907/
DATA F4/.062780eU7/

EF=EX1P 1-4*l 114l [I)/1C4)
P=P/U6.894757
VF=V4-Se4
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APPENDIX III.

EXPERIMENTAL DATA ON TESTS OF THE SEPARATING CYCLE

Test number 95 97 99

Percent R-114 by mass 50 50 25

Pressure, kPa abs.

compressure discharge 650 652 944

compressor suction 56 56 72

Refrigerant flow rates, kg/s

through LTE 0.0106 0.0107 0.0112

through HTE 0.0081 0.0090 0.0080

Temperature at positions

indicated by Fig. 5.4, °C

0 78.5 81.7 87.4

1 60.7 63.3 70.0

2 42.7 44.7 53.9

3 43.0 44.8 50.9

4 39.9 42.7 47.9

5 40.1 41.8 47.3

6 38.5 40.1 45.9

7 27.9 28.6 30.7

8 34.1 34.7 41.1

9 37.7 39.3 46.1

10 43.1 44.7 53.6

11 42.3 43.0 51.4

12 39.0 40.9 46.7

13 36.3 38.0 43.4

14 36.5 38.0 44.4

15 33.9 35.1 40.2

16 32.4 33.6 34.3

17 30.9 31.8 27.5

18 28.2 28.6 25.5

19 27.8 27.0 25.3

20 24.4 25.1 24.8

21 25.0 25.6 24.9

22 26.1 26.8 26.5

23 28.4 29.2 31.0
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24 0.2 0.2 0.2

25 26.1 26.8 25.9

26 24.8 25.4 24.9

27 -17.2 -15.7 -14.1

28 -8.7 -8.0 -7.4

29 -35.3 -35.0 -34.0

30 -34.6 -34.4 -33.6

31 -33.4 -33.2 -32.9

32 -29.2 -29.6 -31.4

33 -30.0 -30.2 -29.4

34 -29.6 -29.1 -31.0

35 -14.5 -14.6 -14.9

36 -15.5 -15.2 -16.1

37 -15.1 -15.1 -15.8

38 -19.3 -18.8 -19.5

39 -17.6 -17.6 -18.5

40 -20.5 -19.8 -20.4

41 -17.8 -17.4 -17.9

42 21.3 22.0 27.5

43 -21.7 -21.9 -23.0

44 -21.1 -20.9 -22.0

45 -28.0 -27.6 -29.9

46 -20.6 -21.3 -22.9

47 -17.3 -20.4 -21.0

48 -12.5 -14.0 -13.9

49 -6.1 -7.7 -5.8

50 0.1 0.2 -0.1

51 -0.3 -0.2 -0.4

52 -1.9 -2.1 -2.1

53 -1.8 -1.8 -1.9

54 -4.6 -4.7 -5.2

55 -2.1 -2.1 -2.5

56 -0.1 0.8 3.5

57 -4.4 -5.0 -5.6

58 -1.6 -2.7 -1.5

59 14.8 13.9 18.9
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