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ABSTRACT

A simulation program developed at the University of Il1linois at Urbana-
Champaign was vrefined to match the performance of an experimental
refrigeration facility Jlocated in the 1laboratory 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 1in cycle efficiency over R-12. This change of temperature,
particularly when combined with desuperheating 1in 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 TJlow-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 I1linois 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 (l.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



Figure 1.1

Boiling temperature of puré B
Superheated vapor

Saturated vapor

Temperature

Boiling temperature
of pure A

Saturated liquid
Subcooled Liquid

0 % A —>» 100%
100% % B ~— 0

Temperature-concentration diagram of a nonazeotropic mixture



Temperature

3 : - 3
Chilled Fluid . Chilled Fluid
2 >
° 4
4 Refrigerant a
1 £ g , E . |
Q1 Refrigerant
~— — S/ N — =
—Heat Exchange Area —~
(a) Single Refrigerant (b) Refrigerant Mixture

Figure 1.2 Temperature profiles in a counterflow evaporator
for single and binary refrigerants



produced in the process. If area 1'-2'-3-4, representing entropy production
with a binary mixture, is 1less 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



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 Tower
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 1liquid 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 Tow-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 singie
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
I11inois 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 1liquid 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.






2.  TEST FACILITY

The system used in the initial phase of the work sponsored by ORNL at the
University of I1linois 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 Tlater 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 0il 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 o0il 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 0D of ID and 0D of Refrigerant-side

passes erant section of outer tube, inner tube, heat-trgnsfer area
each pass, m mm mm m
Low temperature 3 1: 3.683 ID = 31.75 10 = 19.05
evaporator 2: 3.683 0D = 34,93 0D = 22.23 0.5518
3: 1.854

High temperature 2 3.0734 ID = 31.75 ID = 19.05 0.3679

evaporator 0D = 34.93 0D = 22.23

Low temperature 3 3.1242 ID = 25.40 ID = 12.70 0.3739

condenser 0D = 28.58 0D = 15.88

High temperature 3 3.1242 ID = 25.40 ID = 12,70 0.3739

condenser 0D = 28.58 0D = 15.88

Low temperature 1 1.549 ID = 31.75 ID = 19.05 Inner: 0.0927

heat exchanger 0D = 34.93 0D = 22.22 Outer: 0.1082

High temperature 1 1.549 ID = 31.75 ID = 19.05 Inner: 0.0927

00 = 34.93 0D = 22.22 Quter: 0.1082

€l
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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 so1é1y with the
separating cycle were added, namely a liquid receiver, another refrigerant
meter, and another expansion valve.

2.3.1 Liquid Receiver

A 1iquid 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 Comporents and Imposed Parameters in Fig. 3.1

Component
Condensers

DSH

Col
co2
LTC1
LTCZ2
LTC3

Heat Exchangers
HX1
HX2

Evaporators
LTEL

LTE2

LTE3

EL

E2
SH

Imposed Parameter

Condensers
TCLI
TCHI=TCLO

WLTC
WHTC

Evaporators
TELI
TELO
WGEL
TEHI
TEHO
WGEH

Description

Desuperheating section of high
temperature condenser (HTC)

First condensing section, HTC

Second condensing section, HTC

First section of low temperature condenser (LTC)
Second section, LTC

Third section, LTC

High temperature heat exchanger
Low temperature heat exchanger

First section of low temperature evaporator (LTE)
Second section, LTE
Third section, LTE

First evaporating section of high temperature
evaporator (HTE)

Second evaporating section, HTE
Superheating section, HTE

Description

Temperature of water into LTC

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

Flow rate of water in LTC
Flow rate of water in HTC

Temperature of glycol into LTE
Temperature of glycol out of LTE
Flow rate of glycol through LTE
Temperature of glycol into HTE
Temperature of glycol out of HTE
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 expéri-
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
1og:n P = A+ 24 Clog,, T+0T+E(E2T) 109, (F - T)
10 T 10 T 10
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

2 3 4
b T cT dT f
H=aT + 7t~ vt -7+t JPV
+J [V—b + 3+ 3+ 4]
2(V-b) 3(V-b) 4(V-b)

-kT/T C C C

tde S (- D) [yt g+ ———] + X
c 2(V-b)" 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/1b) - 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/Tc

~KT/T,
Ay +B, T+C,e

_RT L3t By T+Ce

Vb (v-b)2 (V-b)>

P
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—kT/TC
4 T+ C4 e . A5 + 85 T+ C5 e

(v-b)* (V-b)°

-kT/Tc

A, + B

4

+

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

—kT/Tc -kT/TC
_RT A2 + B2 T+ C2 e A3 + B3 T+ C3 e
V=5 + —p(V-b) + ;
P(V-b)
-kT/Tc -kT/TC
. A4 + B4 T+ C4 e . A5 + 85 T+ C5 e .
3 4
P(V-b) 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:

T1,i» T2,40 W1» Wps Hy 45 Hp 4

Given: UA
Variables to be determined:

T1,00 T2,00 95 H1 05 Hz 0
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Equations:

Energy balance fluid 1 q = wi(Hy 4 - Hy ;)

Energy balance filuid 2 g = w2(H2,i - HZ,o)

Heat transfer rate q = UA'LMTD(TZ,i’ TZ,o’ Tl,i’ Tl,o)

where LMTD is the log mean temperature difference given by

(Tp 5 - T1,0) - (Tp 0 - Tq,5)

2,0° Tl,i’ Tl,o) = T, -1
]n(T_Jl___T"LQ)
Enthalpy 1 out  Hj o = H(Ty o, Py, V1, coRtBntrattdn)

T

LMTD(T, 5,

Enthalpy 2 out H2,o = H(Tz,o, Po, Vo, 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

H'I = concC HR]]4V(T1', PP41, V4.|) + (] - COHC) HR]ZV(T.', PP21, V21)
where HR114V and HR12V are the function names for the Downing enthalpy
equations and

T; = temperature, °C

PPajsPPr; = partial pressures of R-114 and R-12 respectively, kPa

VgisV23 = partial specific volume of R-114 and R-12, respectively,
£t3/1b

conc = R-114 concentration (mass fraction)

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

mixture enthalpy is
H; = conc H114L(T;) + (1 - conc) H12L(T;)
where H114L and H12L are the names of functions in the program listed in

APPENDIX 1¥ that calculate 1liquid enthalpy based on a curve fit of tabular
data.
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In the two-phase region, the property equation is

H; = FRL; HL; + (1 - FRLy) HV;

where HL is the enthalpy of the 1iquid in the mixture
HL = XL-H114L(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(T1, PPi, V41) + (1 - XV) HR12V(T1, PP

XV is the mole fraction of R-114 in vapor

)

is Va3

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, regard]eSs 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:



U-value, W/(m3k)

600

i 1
0
0 D
SO0 0 n j
) = o )
0 i
(
400} O Data Points N
— Curve Fit
3 | 1 i
| OOO 10 20 30
R-114 Concentration, by Mass, %
Figure 3.4

U-value of desuperheating section of condenser, UDSH

9¢



U-value, W(m?2K)

1300

1200\

{ I

O Data Points
— Curve Fit

1100 .
D - g
T
1000} d i
900 | *
0 10 20 30

Figure 3.5

R-114 Concentration, by Mass, %

U-value of first condensing section of condenser, UCO1

L2



U-value, W/(m?2K)

1300

1200

=
Q
o

] I

0O Data Points
— Curve Fit

1000 L
900 1 .
O 10 20 30
R-114 Concentration, by Mass, %
Figure 3.6 U-value of second condensing section of condenser, UC02

8¢



U-value, W/ (m?K)

1400

] |
O Data Points
— Curve Fit
1200
1000
800 ' '
O 10 20

Figure 3.7

R-114 Concentration, by Mass, %

U-value of first pass of low temperature condenser, ULTCl

30

6¢



].O(X)F T
-
. 79501 T
X
ch, H
=500} -
) H
=
g 0O Data Points
- 250 — Curve Fit -
0O : 1 ' |
O 10 20 30
| R-114 Concentration, by Mass, %
Figure 3.8 U-value of second pass of low temperature condenser, ULTC2

o€



1000

| !
8
L D
< S570F |
N
£ D
R
g O Data Points H
S — Curve Fit
>
- 2501 -
| ]
OO 10 20 30

Figure 3.9

R-114 Concentration, by Mass, %

U-value of third pass of low temperature condenser, ULTC3

LE



32

High Temperature Condenser

UDSH= 0. 480 (kW/m2K)

UCO1 = 1.225 - 1.41 conc + conc? + 5.83 conc3
UCo2 = 1.225 - 1.41 conc + conc? + 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
UE1l = 0.236
UE2 = 0.245 + 0.325 conc - 0.75 conc?

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 1is 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 1low 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 1iquid
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 1latest 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 thé 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 1liquid on the other side. Indeed, there was some
subcooling of high-pressure refrigerant 1liquid 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
Tow-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

-20°C
-15°C

T40
T35 = temperature of glycol into LTE
glycol flow rate = 0.0639 kg/s

temperature of glycol out of LTE

High-Temperature Evaporator

-5°C
0°C

T54
T50 = temperature of glycol into HTE
glycol flow rate = 0.0637 kg/s

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

temperature of glycol out of HTE

]
n
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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 1liquid. 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 glycb] 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 (1b) 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 1is 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 1in 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 1liquid, -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

Entering LTE

Begin superheat in HTE
Begin condensation in HTC
Leaving LTC

Pressure
kPa abs.
223
207
1549
1519

Temperature, °C
Measured Tables

-32 _34
-23 -23
37 39
26 32



50



51

5.  SEPARATING CYCLE
5.1 Description of Separating Cycle

A separating cycle is ore 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 modutation. 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 1in Fig. 5.1 with the
corresponding points shown orm 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 1liquid, 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 1liquid from the 1liquid
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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, 1in 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 1in 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 Tower
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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 1is 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 cyclie 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 Tlow-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 boi]ing or
condensation as Tlarge 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 1less 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 1is 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 1iquid 1in the
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separator. Shifting 1liquid to the separator increases the refrigeration
capacity, because the mixture circulating through the compressor is richer in
R-12 than before. Shifting 1liquid 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:

12.
13.
14.
15.

16.
17.

Startup
Draw brine sample from each evaporator and record specific gravity and
temperature. '
Connect the six isothermal input cards to the datalogger.
Check that all ball valves are in the proper position for either the
separating cycle or the once-through cycle, see check list.
Close both compressor bypass hand valves.
Open condenser water inlet valve.
For separating cycle, open HTE flow meter bypass valve and close the valve
in series with the flow meter.
For separating cycle, open LTC water flow valve and set flow rate. Open
preheater bypass completely. Leave HTC water flow valve closed for now.
For once-through cycle, open just HTC water flow valve for series
condenser flow and set to target value.
Turn on glycol pumps and set desired flow rates.
Close both expansion valves.
Start dc generator set and compressor. Set speed to approximately
500 rpm.
Weigh out R-114 on scale.
Set scale to level after correct amount has been added.
Open charging valve and add refrigerant until balance levels.
Repeat steps 12 through 14 for R-12 or R-22.

Running
Prepare ice bath for T-24.

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.

19.

Open HTE expansion valve enough to flood HTE but not compressor.
Initially open the LTE expansion valve two or three turns.



20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.
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When 1liquid to LTE is subcooled, slowly open HTC water valve to desired
flow rate. ' ,

After HTC has water flow, close the water preheater bypass part way to
raise the inlet water to target temperature.

When 1iquid to HTE is subcooled, first open the valve in series with the
HTE flow meter and then slowly close the flow meter bypass va]ve. (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 1iquid contains vapor.)
When glycol temperatures are near target values, turn on the heater and
adjust the variable transforms so the desired temperature spread is
maintained.

Adjust LTE expansion valve so that LTHX is almost flooded (i.e. T27 = T34
+ 5°C.)

Adjust compressor speed to achieve LTE glycol target temperatures.

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 othér two so all three must be worked together to
achieve all target conditions.

Monitor condenser conditions and keep at target values.

_ Once-Through Cycle
(Skip this section if running the separating cycle.)
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.
When glycol temperatures get near target values, turn on the heater and
adjust the variable transformer so the desired temperature spread is
maintained. |
When LTE is flooded, adjust compressor speed to bring down LTE glycol
temperatures to target values.
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.
Monitor condenser conditions and keep at target values.



33.
34.

35.

36.
37.
38.

39.

Bv1
Bv2
BV3
Bv4
BV5
BV6
HV7
Bv8
BV9
BV10
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Shutdown
Close expansion valve(s).
Reduce compressor speed to minimum and then stop. Turn off dc generator
set.
Keep glycol pumps running and heaters on until glycol warms above 0°C to
prevent local freezing.
Shut off condenser water inlet valve.
Shut off condenser water flow valve(s).
Turn variable transformer on heater down to minimum, then shut off power
to the variable transformer.
Turn off glycol pumps. Disconnect datalogger, frequency counter, and
power supply.

Valve Positions

Separating Cycle Single-Train Cycle
closed open

open closed

open closed

open closed

closed open

open closed

closed open

open closed

closed open

open closed
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APPENDIX II.
LISTING OF SIMULATION PROGRAM
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GLOSSARY OF TERMS USED IN SUBROUTINE EQUATIONS
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FRLN=FRACTION OF LIQUIL AT PCINT N

8LIC= HLAT 1RANSF‘R RA1F IN ITC KW
RIC= * HIC KH

1CHP= TEMP CP WATFR OPFOSITF POINT 2F (C)
AHT¥= HEAT TRANSFER AFEA OF H1EF (H“H

IELO= TE#P OF GLYCOL LEAVING LTE  (C)
TEBE= CPECSITE 10F J19

TEHO= ® o = LEAVING HTE

TCLC= " » KATER n L1c (¢

ICHC= n w @ " HIC {C

EOWF= POWER REQUIBED BY COHFRESSOR (K¥)

V2N= PARTIAL VOLUME OF R~12 AT PCINT N H**3 /KRG
Vi N= “ u WO R-qly M ey n‘t3/xc
ETAV= " VOLUHETRIC EPPIENCY

E}2= WCRK OF ISENTROPIC COMPRESSION FOR R-12 K¥
E114= R-114 KW
IELAVG= AVERAGE TENP 1N ITE C

TEHAUG= » RTE c

CPGL= SPECIFIC HEAT OF GLYCOI IN LTE K3/KG-C
CPGH= " HTE KJI/KG-C
CPHA= " L] HAT!R RJIZKG-C
ACC= AREA OF HIC THAT IS CONLENSIRG (Me+2)

ADSH= % DE-SUBERHEATING (M%%2)
U--— = OVEEALI HEAT TRANSFER COEFPFICIENT POR —--- (KNW/M®%2-F)
UA--- = PRCDDCT OF U AND A FCR --- (KW /K)

BEHTE= AREA OF HTE THAT IS EVAPORATING [n-tz

ASH= # SUPERREATING ({M##2

LA RS R 22 222 22 R 2 2222 22 S R R RS R R R S22 2R 222 Y 2]

IMPOSED PARANETERS

CONC= CONCENTRATION CF E-114 IN R-12 (MASS PRACTIOR)
ALTE= HEAT TRANSFER AREA OF LIE Jex2
AHX 1= " " . " BX1 nee2
AHX 2= n " " " HX2 pE*2
AL1C= " " " " 1TC fiss2
AHIC= " " » " HIC fe*2
ABTE= o " " * BTE (aes2)
GEL= FLCW KATE CF GLIYCOI IN LTE KG/S
KGEE= " " " " " HTF KG/S
%11C= " " " WATEE IN 114C KG/ 5
WHIC= " " " L] " 11 C h()/b

SL



1CL1= TEMP OF INLET WATEE 10 11% i(

1¥11= " " " GLYCCL 1C LTt C

lIhHl: " L " L ” H'lE é )

TEHC= " % QUILET " " HTE {

1ELC= " ® QCOTLET * " LTE C

4SS LR RABRR SRS I REREERREORAEBE SR XX LS EESH0S
VARIAELES

PN= ERESSURE® AT POINT N (KBA)
X= DUMMY VARIABLE (MOLF FRACTION OF MASS FRACTION)
XCLE= MOLE CONCFNIEATICN OF 1IQUID R-114 AT POINT N

XLN= NASS FEACTION OP LICUID R-114 AT POINT N

XVN= . " % VAEOR " " b N

XICVI0P= MOLE CCNCENTRATICN OF VAPCR AT POINT 10P

XCV2p= " " « " b » 2P

HLE= ENTHALPY OF l]gUID AT POINT ¥ iIN 2 PHASE REGION; iKJ/KG
HVN= " " VAPCR " " N {IN 2 FRASE BEGION KJ/KG
FP4H= PARTIAL PRESSURF OF R-114 ON BIGH SIDE KPA

PP2R= " " ®  R-12 " » » KPA

EPUL= » by @« R-114 ™ 1QW SIDE KPA

EPzL= " " ®  R-12 "= by KPA

PP4L10= @ s ® R-14 AT POINTI 10 KPA

PP2LY0= % " * R-12 b » 10 KPA

ELC2PSI= " " ® R-12 ENTERING COMPRESSOR ;PSI)
ELCUESI= ® " " R-1W4 n " (PSI)

(2 % sREEEER

PSS RRA RS SRR BERSRZAABEESREX LSRR RUR AR AERE RS EE 4

INLIBE FONCTIORS

—— s e - e e e s e e i D

H121(T&= " ® E-12 L1QUID {KJ/KG

H114L (1) = " " R-114 b KJ/KG

HOI!EAC(X = MOLE FRACTION OF X

MASPRAC (X)= MASS FRACTION OF X

XCL (P,T)= MOLE FRACTIIOR CP LIBUIB R-114 1IN 2 PHASE R

XCV {B,T1)= . " # VAPCR R-114 o ®» n

C281(1,P) , C2N2(T,P) PUNCTIONS USELC T0 CALCULATE I
) WCRK FOR R-12- DERIVED FECH T

WIR12= ISENTROFIC WCRK CF COFMPRESSICN FOR R-12

CYNT(T,P) , CUN2(T,P) FUNCTIONS USEL 10 CALCULATE I

WCRK POE E-114 - DERIVED FROM
WIR114= ISLULNTROPIC WCRK CF CCMFRESSICGN FCR K-114
F R R v R e R P e L T e

ENL CF GLOSSARY
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COMEUTING RESIDUAIS

C

HIGH TEMP EVAPORATOR

IN 2 FHASE EEGIONS

—-—=-FRACTION OF LICQ.

R(1)= -CONC + PEL2B*X12B + (1.-FRL2B)*XV2B

= «CONC + FFI3*XL3 + (1.-PRL3)*XV3

B(2)



B{3)= —-CONC + FEL3A*XL3A ¢ (1.-FRL3A)*XV3A
R(4)= —CCNC + FRL3B*XL3R & (V.-FEL3B)¢XV3B

B(5) =
R(6) =
B{7)=
B (8)

B(9) =

-CONC + FRL7#X17 ¢ (1.-FRL7)*XV]
CCNC +FRL7A®*XL7A ¢ (1.-FRL7A)*XV7A
CONC + FRL7B*X17B +(1.-FR17B)*XV7B
—-CONC ¢ FE18%X18 ¢ (1.-FRL8)*XVv8
—CONC + FRI9*XL9 ¢ (1.-FRL9Y)*XV9

~--——FNTHALPIES IN 2 PHASE REGION
R{10}= -A2B + PRL2B*HL2B ¢ [1.-FRL2E)*HV2B

R{11)
R(12)=
R{13)=
R(14)
BR(15)=
E{16)=
E(17)
R{18)

—H3 + FRL3%*HL3 ¢ (1.-FRL3)*HV3

-H3A + PELJIASHLIA + (1.-FPREL3A)*HV3A
-H3B ¢ PRLIB*HL3 + (1.-PBL3B)*HV3B
-B7 4 FRL7*HL? + (1.-FRL7)#%HV?

-H7A + FRL7A®*HLIA ¢ (1.—FBL7A)*HV7A
- H7B + FREL?7B*HL7E ¢ (1.-FRL7B)*RV7B
-H8 + FRLB*HL8 ¢ (1.-FRLY)*HVS

~H9 + FRL9Y%HL9 + (1.-PRL9)*HV9

—~—=-SAT0KATELC VAPOR ENTHALPY
R(19)= -H2P + CONC*HRUV2F ¢ {1.-CCNC) *HE2V2P
E{20)= —H1UF + CONC*HR4VIOP 4 (1.-CONC)*HRE2V10P
————— VAEOB ENTHALPY

R{21)=-H1 +CCRC*HEYV
R(22)‘ -ﬂ% +CONC*HR

.8(23)

1,PPUL,VU1) +(1.-CONC) #HE12V (T1,PP2L,V21)

14V (T
114y PPUH2,V42
—CCNC)*HFIEJ( 2 PP2HY, v25)
~H10 ¢ CCNC*HB114V (110, FE4L10,V410) +
{1.-CONC)*HE12V (110, I3STAL: 0,v210)

----- SATURATICN CCNDITICKNS
R(24)= ~NOLPRAC (CONC) + XCV10P

R(Z5)=

~MGLFRAC (CCNC) + XCLA4

R{Z6)= —MBCLY*HAC {CONC) + XCV2EF
---—--ENTHALPIES AT 4,5,6
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R(27)= -HS ¢ CONC*H1I4L (15) + (1.-CCNC)*H12L (T5)
R(28)= ~H6 ¢ CONC®H114L{T6) ¢ [1.-CONC)*H12L (16)
R{29)= -H4 + CORC*R11GL(I4) + (1.-CONC)*HI2L (T4)
----- HEAT EXCHANGEE RA1E ECUATIGNS
—~—~-H1C

B{30)= - {T2-TCHO 12P-TCHP) + EXP(UADSH® ((T2-TCHO
& 30 l(lZP-ICLé})/CBH!C)) ( ( )

R(31)= -QCC1 & UACON1*LNTL {12F,T2B,TCHB, TCHP)

R(32)= -QCC2 + UACO2*LMTL (12F,T3,TCHI,TICHB)
-——=-LTC

R{33)= -QLICI+ UALTC\‘LhTD(T3,T3A,TCLA,!CLO)

B{34)= ~CLIC2 + UALTC2*LANID (13A,13B,TCLB,TCLA)

B(35)= -CL1C3 + UAITC3’LHTD(133,!H,TFLI,TCLB)

R{36)= -W*(R1-H10) + OARX1SLATD (T4,75,110,T1)
B{37)= -w* (H9-H8) ¢ UAHX2¢LMID (T5,T6,T8,T9)

----- 115
B(38)= -QLTEV+ UALTEV4LNTD(TELO,TELA,T7A,T7)
B{39)= - CLTE2 + UALTE2*LMTD (TELA,TELB,T78,T7A)
R(40)= ~CLTE3 ¢ OALTE3I*LATD (TELB,TELI,T8,17B)

~-==— H1E

R{41)= -QE1 + UAE1*LRID {1EHA,TEHC,TY,TIA)
R(42)= -QSB ¢ UASH*LMID (1ERY,TERE,T10P,T10)
--~-~EEFEIGERANT ENERGY BALANCES
----- H1C .
F{43)= -CLHIC + % (H2-H2P)
E{44)= -QCO1 + N* (B2P-H2E)
B{45)= —QC02 + ®* (H2B-H3)

B(46)= -QIIC1+ W* (H3-H3A)
R(47)= ~CLTC2 + W*{H3A-H3B)
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R{48)=

-CLIC3 + W*¥{HID - HY4)

HX1 & EX2

F{49)= - (H1-H10) + (H4-HS)

E(50)= - (H5-H6) ¢ (HY-HB)

VALVE

B(51)= -6 ¢ H7

ITE

R{52)= -QLTIE1 ¢ k* (E7A-H7)

R(S3)= - CITE2 + ¥o(H7B-H7A)

R{54)= —QL1E3 + W (H8-R7B)

H1E

F(55)= —-CE1 + W* (H9A-H9)

R{S56)= —CSH + ¢ {H10-R10P)

~WATER OB GLYCOL ENERGY EALANCES

BEC

R(57)= —QDHTC + WHTC*CPuA* (1CHO-TCHP)
R{58)= —QCC1 + WHICSCEHA® (TCHP~TCHB)
E{59)= —QCO2 ¢ WBIC*CPWA® (ICHB-TCHI)
LTC

E(60)= ~CQLTC1+ WITC*#CPEA* {TCLO-TCLA)
R{€1)= ~CLTC2 ¢ HLIC*CPWA* (1CLA-ICLB)
R(62)= —-QLTC3 + WLTC*CPWA%* (ICLB - TCLI)
11E

R{63)= —CLTE1+ WGFL*CEFGL1# (TELA-1ELC)
R{64)= ~— CLTE2 ¢ HWGEL*CPGL2# (TELB-TEIA)
R(65)= -CLTE3 + WGEL*CPGL3* (1IELI-TELE)
HEE -

FE(66)= —CE1 ¢ WGEH*CPGH1#* (TEEA-TEHO)
R(67)= —CSH4WGEH*CPGHI* (TEHI-TEHP)
R(68)= -GHTE + QE1 + QSH + CE2

COMERFSSOR ENERGY BALANCE

(A COMPRESSION EFFICIENCY OF .9 IS USFED)
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F(69)= - H2 ¢ H1 + (IPOWE/N)*.Y
----- POWEF (ISENTRCPIC EFFICIENCY = .75)
B{70)= ~EOWR ¢ IECWR/.75
-~=-- ISENTROFIC POWEF

B(71)= -IPOWR + W*(CCNC*F114 ¢ (1.~CONC)*E12)
—-—--COMPRESSOR - THESE ECUATIONS ABE NOT USED

8(72)= —RPR +5.0
B(73)= -ETAV +.5

-==-=-=SPECIPIC VOLUMNES-VCL2 ANL VOL4 AR
SPECIFIC VOLOUBE FOE R-12 AND B-11

R{74)= -V21¢VOL2(T1,PP2L,V21)
B{75)= -V414VOL4 (11,PP4L,V41)
R(76)= —V22+VOL2({T2,PP2H2,V22)
R(77)= -V42+VOL4 (12,PPUBZ,V42)
R{78)= —-V22F+VOL2 {(T2P,PE2H2,V22P)
R(79)= —V42P+VOLY4 (T2P,PP4H2,V42P)
R(60)= —V2ZP + VOL2(T2B,PP2H2,V22B)
F(81)= ~VU2E + VOL4 (T2B,PP4H2,VU42B)
R(62)=-V23+Y¥012(13,PP2H3,V23)
E(83)=-V434V0L4 (13, PPUH3,V43)
F(84)= -V23A + VOI2(T3IA,PP2H3,V231)
E(85)= —V43A ¢ VOL4(13A,PP4H3,V43A)
R(86)= -V23B + VOLZ2 (T3E,PP2B3,V23R)
R{87)= -V43E + VOL4 {13B,FP4H3,V43R)
R(88)=-V¥27+VOL2 (T7,PP217,¥27)

R (89)=-V474VOL4 (T7,PP4LT7,VNT)
B(90)= -V27h + ¥O12(T7A,PP2L7,V27A)
F(91)= ~VU47A ¢ VOL4 (T7A,EPULT,V47A)
R(92)= -V27E+VOLl2(178,PP217,V27B)
E(93)= —V47B+VOLL (T7E,PE4LT,V4TR)
R(94)=-V28+VOL2 (18,PP2L6,V28)

C
A

LCULATE
IONS
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F(S5)=-VUReVOLY (18, PPULE, V4E)

R(Y6)=-V24+4VOL2(1Y,PP21Y,V29)

R{97)=-VUY+VOLU {19,PBUIS,VUY)

R($8)= -V210¢VC12(110,PP2110,V210)

R(99)= =-V410+VCLY (T10,PP4L10,V410)

R{100)= -VZ10FE+VOL2 (T10P,PP2110,V210P)

R{101)= —V410F+VCLY (110P ,PPUL10,V410P)

R(102)= —V29A + VOL2 {1SA,PP219,V291)

R{103)= -V4YA + VOL4 (19A,PE4IY,VUIA)
---—-BATE EQUATICN PCR BTE SECTICN 2

R{104)= —QE2 ¢ URE2*LNTL (TEHE,TEHA,T9A,T10P)
~———REFBRIGERANT ENERGY BAIANCE OR HTE SECTICN 2

R{105)= —QE2 + W (R10P-HYR) :
———-GLYCCL ENEEGY BALANCE ON HTE SECTION 2

B(106)= ~QE2 ¢ WGER*CPGH2® (TERP-1EAA)
————— ENTEALEY AT 92

R{107)= —H9A + FBLYA*HLYA + (1.-FRLYA) *HVIA
~———FRKACTION CF LICOID AT 9A

F{108)= —CONC + FELYA*XL9A ¢ (1.-FRLYA)*XVIA

gﬁgusu

SUBROUTINE SIMUL (NVAR,IL
*" LAMPING,POETICN,I11fR)
sQ

THIS 1S THE NEWTCK-RAEH
THE PARDIF AND GAOSSY SUBRCUTINES

USER MUST EROVIDE THE MAIN PEOGBAM AKD THE EQUATION SUBRODUTINE

GLOSSABY OF TEBES OSEL

ITER = NOMBER OF 11EEATICNS

ITHAX = MAXIMUM NUOPFBFEF CF ITERATICNS TO BE PERMI

NVAK = NUMBEL OF UNKNOWNS = NUMBER OF EQUATIONS

FD{1,4d) = PARTIAL DFRIVATIVE OF FUNCTICN I KITH RES

H{ L = RESILCUAL CP BfUAllON

TLRNCE = MAXINUM FERACIION CF VALUE OF VARIABLES PE
ITERATICN CCHELETE. THUS TLRNCE = 0,01 R
ALL VARIABLES 1O FE LESS 1HAN 1 PERCENT F

FENCE,ITMAX,V,DES, R, PD, VCORR, VD.RD,

N SOUPBOUTINE WHICH YS CCHBINED WITH

TTED
P 10 VARIABLE J
RMITTED BEFORE

EQUIRES CHANGE OF
OR CONVERGENCE
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WRBITIRG OUT TRE INEUT LCAZIA
ECPTIQON.EC.0) GO TO 24
NVAR

inidk 6 20
20 FOREA g 10744 gn HUREER CF VARIABLES = ", I4)
WRI1E \CE
21 ggggg n xIEDR ERACTION CBANGE POR CONVERGENCE =%, F10.4, //)
22 FORAA iﬁovisxnntz NOREER AND 1TS TRIAL YALUE®)
WRITE {6,23) " (J )‘ Qd =1 ;
23 FoEEAT (FTV(», 12, ) LIS P 3 5 5
,IMITIALIZING THE ITERATICN COUKTER
CALLING SUBROUTINES TG CALCOLATE® VALUES OF RESIDUALS, PARTIAL
DERIVATIVES ANG CHANGES IN VALUES OF VAFIABLES
30 CALL ECHS (NVAR,
IF JEOETIQN.N 5720 fuD  ECPTION.NE. 5) GO 10 25
33 ronuatlwbzg&Atlou NUNBER RESICOAL®)
WBITE (6.35) (I 1), I = 1,KVAB)
35 FCFAM 4110 »
25 cALL EABTIE{RVAR, Y, B, ED, VD, ED)

PRINTING OUT NON-ZERO VALDES CP PARTIAL DERIVATIVES
IP gEOP1]Cl -LT. 3 GO TC S5

no sansayi 1,
IP}Z - 6.06 6c651) 53, 53. 51
g;'ggkgiie‘sgk(;.lg.npg s’ ) =", F20.10)
'] . = -
23 GoRTNde eoense !
54 CONTINUE
9% CALL GAUSSY{PD, %, VCCRE, NV
CORERECI1ING HE VAiUES CF THE V RIABLES
BO 44 L = 1,RVAE
IF étanpxuc.!c.O) GO 1G 44
43 VCORE(L) = VCORR{L)/{(1.04FPLOAT (CANPING-1)/(FLOAY (ITER)**2))

DAMPED IN STATEMENT
G IS DESIRED
RIRTING OPTIONS

R
P&(uvan,nvna),vconn(uvan), DES (NVAR)
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APPENDIX ITI.-
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



24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

55
56
57
58
59

96

0.2
26.1
24.8
-17.2

-8.7
-35.3
-34.6
-33.4
-29.2
-30.0
-29.6
-14.5
-15.5
-15.1
-19.3
-17.6
-20.5
-17.8

21.3
-21.7
-21.1
-28.0
-20.6
-17.3
-12.5

-6.1

0.1
-0.3
-1.9
-1.8
-4.6
-2.1
-0.1
-4.4
-1.6
14.8

0.2

26.8
25.4
-15.7
-8.0
-35.0
-34.4
-33.2
-29.6
-30.2
-29.1
-14.6
-15.2
-15.1
-18.8
-17.6
-19.8
-17.4
22.0
-21.9
-20.9
-27.6
-21.3
-20.4
-14.0
-7.7
0.2
-0.2
-2.1
-1.8
-4.7
-2.1
0.8
-5.0
-2.7
13.9

0.2
25.9
24.9

-14.1
-7.4

-34.0

-33.6

-32.9

-31.4

-29.4

-31.0

-14.9

-16.1

-15.8

-19.5

-18.5

-20.4

-17.9
27.5

-23.0

-22.0

-29.9

-22.9

-21.0

-13.9
-5.8
-0.1
-0.4
-2.1
-1.9
-5.2
-2.5

3.5
-5.6
-1.5
18.9
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