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ABSTRACT

The temperature of a nonazeotropic mixture of refrigerants changes
during evaporation and condensation at constant pressure. Refrigerant
mixtures offer the potential of better matching the two temperature
levels (approximately 38°F in the fresh food compartment and 5°F in
the freezer) in a household refrigerator-freezer than a single
refrigerant. This feature may reduce energy consumption.

The objective of this Project was to investigate, through laboratory
testing, the feasibility of using refrigerant mixtures to save energy.
The unit selected for testing was the Amana ESTR-18D, two evaporator
refrigerator-freezer developed jointly under U.S. Department of Energy
sponsorship by Arthur D, Little, Inc., and Amana Refrigeration, Inc.

Tests using two mixture concentrations of R22 and R114 refrigerants
demonstrated reliable refrigerator performance but no appreciable
energy savings. An analytical model was developed to identify
modifications to the refrigeration system in order to realize the
benefits of mixed refrigerants. Based on the model, the expansion
device was modified to reduce the system pressure ratio. Predicted
benefits in evaporator heat exchanger effectiveness were observed, but
were offset by the reduced heat capacity and density of the mixtures
compared to the standard refrigerant. No energy savings were demon-
strated with the ESTR-18D test unit.

ix



EXECUTIVE SUMMARY

A, INTRODUCTION

The temperature of a nonazeotropic mixture of refrigerants (MR)
changes during evaporation and condensation at constant pressure. As
a result, MR offers the potential for operating the evaporators at
different temperatures to better match the desired component

temperatures. By improving the heat exchanger refrigerant-to-air
temperature difference, MR may provide equivalent refrigeration
capacity with lower energy consumption. An eighteen cubic foot

refrigerator-freezer (Model ESTR-18D) developed by Arthur D. Little
and Amana Refrigeration, Inc., under U.S. Department of Energy spon-
sorship through a subcontract with the 0Oak Ridge National Laboratory
(ORNL), 1is different from conventional designs. It employs a
two-evaporator refrigeration system, which may effectively utilize MR
at two refrigeration temperatures.

The objective of this project was to investigate the energy savings of
using MR in this refrigerator-freezer. Another purpose was to obtain
practical experience using MR, including an evaluation of the effect
of MR on heat exchanger and fan system design and identification of
the controls necessary for effectively utilizing MR in refrigera-
tor-freezers.

B. BASELINE LABORATORY TESTS

The purposes of the baseline tests were:

o to assure proper operation of the ESTR-18D, instrumen-
tation, data acquisition system, and test facility
under normal 90°F closed-door test conditions using the
standard single refrigerant R12;

o to observe the performance of the ESTR-18D when two
different mixtures of R22 and R114 (40%/60% and 60%/40%
by weight) were used in place of Rl12, and the total
charge was varied; and

0 to identify changes in performance and energy
efficiency due to the refrigerant mixtures solely,
i.e., without hardware modification.

The results are summarized in Table 1 (page 13). The refrigerant
mixtures were chosen based on discussions with duPont and other
researchers which pointed to these as having the most similarity to
R12 operationally and offering the most potential for efficiency
improvement.



After significant effort was expended on initial experimental testing
-and modifications, the refrigerator and instrumentation operated pre-
dictably and repeatably. Several runs were necessary to determine the
proper refrigerant charge for the mixtures, so that adequate condenser
subcooling was achieved with no liquid refrigerant being returned to
the compressor suction inlet. We observed the performance with RI12
and R22/R114 and found that both 60/40 and 40/60% wt mixtures operated
at evaporator and condenser pressures reasonably close to Rl12. We
were unable to measure any experimentally-significant energy savings
with mixtures using the unmodified refrigerator freezer.

C. ANALYTICAL MODEL AND DESIGN CHANGES

Because the laboratory tests (Table 1, page 13) showed no appreciable’
energy savings benefit from the MR mixtures in an unmodified
refrigerator, it was decided to use a simple computer model to
determine operational changes that could be made to enhance the
performance.

A simple simulation based on the dual evaporator configuration was
developed. Since the high side pressure was chosen as an independent
variable, the effect of condenser design cannot be predicted. The
solution schematic is shown in Figure 5 (page 23). A series of
freezer-evaporator temperatures are selected until the heat flow to
the refrigerant in the evaporators is equal to the heat flow to the
air passing over the evaporators.

The analytic study focussed on the evaporator configuration since that
is where the benefit of MR was expected. Changes to the evaporators
were simulated. An increase in the air flow rate from 42 CFM to 100
CFM was fcund to reduce the single refrigerant (SR) evaporator effec-
tiveness from .49 to .25 but increase the heat transport capability
(effectiveness x heat flow capacity) by 21Z. The MR heat exchanger
also could benefit from increased air flow rate but to a lesser
degree. Table 6 (page 27) shows a 27 improvement for MR compared to a
4% improvement for SR brought about by the increased airflow. The
simulation, therefore, shows that increased air flow rate does not
improve the relative performance of MR and SR.

In the case of the SR, the high-side pressure and the condensing
temperatures are uniquely related by saturation conditions of
temperature and pressure, For the MR, the pressure and temperature
are composition dependent, so we exercised the model to attempt to use
this feature to advantage. Table 7 shows the predicted benefit of
reducing the high-side pressure by adjusting the throttling. At 140
psia, the MR system is predicted to yield a COP of 1.05 versus an SR
system value (at normal high-side pressure of 160 psia) of 0.92, or a
147 improvement in steady state efficiency and a 10%Z reduction in
energy consumption. Therefore, it was decided to evaluate
experimentally whether the reduced head pressure (140 psia) could be

achieved while maintaining the condenser heat rejection rate for the
MR.



D. SYSTEM MODIFICATION TESTS

The analytical model predicted that equivalent refrigeration could be
provided at decreased system pressure ratio, thus reducing compressor
power requirements. Therefore, the length of capillary tube not
soldered to the suction line was removed and replaced with a precision
needle valve. The results of testing are shown in Table 7 (page 30).
The range of system pressure ratio adjustment was limited by condenser
performance. When the valve was opened to reduce the pressure ratio,
the condenser was unable to subcool the increased refrigerant flow
rate. This lead to the formation of vapor bubbles at the condenser
outlet. Attempts to eliminate the problem by increasing refrigerant
charge until liquid was observed at the compressor suction inlet did
not significantly alleviate the problem. The range of pressure ratio
adjustment was therefore limited, and we were unable to demonstrate
the improved performance we had expected.

E. CONCLUSIONS

Simple substitution of two refrigerant mixtures for R12 in a two-
evaporator refrigerator-freezer showed no measurable energy savings
benefit.

At equal suction pressures, the R22/R114 MR showed a substantially
lower refrigerant temperature than R12. This suggested a greater
available refrigeration capacity per energy input. Enhanced heat
exchanger effectiveness provided by the MR further appeared to favor
the MR. However, during testing, the lower heat capacity of the MR
was observed to offset these benefits resulting in about the same heat
transfer.

For the condenser, the MR appears to have less desirable
characteristics than the SR. In the tests conducted, the 40/60
mixture of R22/R114 has higher condensing pressures for lower
condensing temperatures, which means that the compressor must work
slightly harder with a MR to create the necessary heat rejection
temperatures.

Providing forced air over the condenser would only worsen the pros-
pects for MR by increasing the minimum heat capacity (and

effectiveness) of the SR and not improving the MR heat exchanger
performance.

Tests with the 40/60% wt of R22/R114 mixture showed that the
evaporator heat exchanger performance closely correlated with
NTU-effectiveness relations and revealed no significant difference in
refrigerant heat transfer coefficients between R12 and the mixture.

In summary, expected benefits in evaporator heat exchanger effective-
ness were observed, but were offset by reduced heat capacity and
density effects, resulting in no apparent increase in refrigeration
efficiency. Modifications to the expansion valve did not improve
MR performance in the ESTR-18D demcnstrator and no energy savings were

A=A

predicted through evaporator heat exchanger modificationms.






I. INTRODUCTION

A. BACKGROUND AND OBJECTIVE

The temperature of a nonazeotropic mixture of refrigerants (MR)
changes during evaporation and condensation at constant pressure. As
a result, MR is well matched for non-isothermal refrigeration. By
reducing the heat exchanger refrigerant to air temperature difference,

MR offers the potential to provide equivalent refrigeration capacity
with lower energy consumption.

Residential refrigerator-freezers provide refrigeration at two temper-
ature levels (approximately 38°F in the fresh food compartment and 5°F
in the freezer). Most use a single refrigerant with one evaporator

and distribute the air to each compartment to achieve the desired
compartment temperature.

An eighteen cubic foot refrigerator-freezer (Model ESTR-18D) developed
by Arthur D. Little and Amana Refrigeration, Inc., under U.S.
Department of Energy sponsorship through a subcontract with ORNL
[1,2}, 1is different from conventional designs. It employs a
two-evaporator refrigeration system, thus offering the possibility of
effectively utilizing MR at two refrigeration temperatures.

The objective of thils project was to investigate, through combined
testing and analysis, the feasibility of wusing MR in this
refrigerator-freezer to realize an energy savings over the same unit
running with standard R12 refrigerant. Another purpose was to obtain
practical experience using MR, including an evaluation of the effect
of MR on heat exchanger and fan system design and identification of

the controls necessary for effectively utilizing MR in refrigerator-
freezers.

To meet the project objective, the following tasks were carried out:

Task 1

Develop analytical and experimentally-based preliminary estimates of
refrigerator performance using MR.

Task la

Perform a literature review, interview current researchers
and plan initial testing.

Task 1b

Develop an analytical model to simulate refrigerator-freezer
performance using MR and validate it with the results of
laboratory experiments.



Task lc

Determine the effects of MR on the performance of the
ESTR-18D two-evaporator refrigerator-freezer.

Task 2

Develop a methodology for optimizing MR performance.
Task 3

Develop recommendations for the MR system design.

Task 3a

Analyze and specify freezer and fresh-food evaporators and
associated air-system designs.

Task 3b

Analyze and specify a condenser type, configuration and
associated air system.

Task 3c

Analyze and specify an expansion device and liq-
uid-to-suction heat exchanger.

B. LITERATURE SURVEY

The first task of the program involved a search and investigation of
literature describing prior and current research in MR. The main
purpose of this task was to assure that all publicly available work
was identified to prevent duplication of effort. Prior to this
project, a comprehensive literature search was conducted for ORNL by
Stoecker and Launay [3,4]. Our search uncovered little new informa-
tion. We were therefore assured that the information at hand reflect-
ed the state-of-the-art in the use of MR in refrigeration systems.

As part of this task, meetings and discussions were also held with
Stoecker of the University of Illinois, Cooper of duPont, and Didion
of the National Bureau of Standards to discuss the most attractive
refrigerant mixtures and the most significant and recent research
findings. These discussions was suggested that two mixtures offered
potential for use in refrigerator-freezers:

) 40% (by weight) R22/60% R11l4, and
o 60%Z R22/407% R114,

We, therefore, decided to use these mixtures in the laboratory tests.



C. ANALYTICAL MODELS

Originally, it was planned that a publicly available computer model
developed for ORNL by Stoecker would be used to assist in the design
and analysis phases of this progranm. However, as a result of
discussions with Stoecker, we concluded that the computer model would
not be appropriate for ESTR-18D system performance predictions. This
is because:

0 liquid-to-refrigerant heat exchangers are modeled, not
air-to-refrigerant;

o heat exchangers are modeled as pure counterflow with no
alternate-coil-geometry capabilities; and

o} no explicit modeling is done of compressor mass flow as
a function of system conditionms.

Therefore, the initial scope of work was changed to include the
development of a simple analytical model to predict the effects of
refrigerant mixtures and component modifications on system efficiency.
This model is described in Section III.

D. LABORATORY TESTS

Two sets of tests were conducted in this project. Baseline experi-
ments using the single, standard refrigerant (R12) and MR tests using
two different concentration mixtures of R22 and R114 were conducted to
evaluate relative performance in an unmodified ESTR-18D (two
evaporator refrigerator-freezer). Initially, normal cyclic tests were
performed. However, the heat transfer agreement between the cooling
of the air and the heating of the refrigerant, which should be
identical, was poor. The problem was attributed to the thermal
capacitance of the cabinet mass and the nonuniformity of the
compartment temperatures caused by cycling.

Therefore, a calorimetric method of monitoring steady-state perfor-
mance was developed using electric resistance heaters to maintain
constant compartment temperatures (nominally 5°F in the freezer and
38°F in the fresh food compartment). The sum of the steady heater
input and the calculated cabinet heat leak provides an accurate
measure of the osystem heat load. Delivered refrigeration is de-
termined by measuring the refrigerant mass flow and calculating the
total refrigerant enthalpy difference between condenser outlet and
compressor inlet. The thermodynamic properties for the mixtures were
taken from duPont-supplied refrigerant property data. It was found
that success in balancing the load and delivered refrigeration to
acceptable accuracy (#5%) depends on extremely careful and accurate
measurement of all parameters.

Tests using MR in the unmodified ESTR-18D were repeated using the
calorimetric method. The results of this testing were analyzed and



used with the analytical output of the model to specify a second set
of tests on a modified ESTR-18D refrigerator with an adjustable
throttle valve (replacing the capillary tube) in an effort to
demonstrate the savings predicted in the model by controlling overall
system pressure ratio. A detailed discussion of the test results is
contained in Sections II. and IV.



II. BASELINE LABORATORY TESTS

A. TEST FACILITY AND INSTRUMENTATION

The refrigerator test facility (see Figure 1) is composed of a temper-
ature-controlled chamber which can be used to simulate a wide range of
ambient conditions. In this program, all tests were run at 90°F, the
standard condition for closed door testing accepted by the industry.
The test facility has a data acquisition system based on a Digital
Equipment Corporation PDP-11 computer with 52 channels of A/D and D/A
capabilities. The data acquisition system can be tied to analog input
sensors as well as digital and analog output accepting devices. The
instrumentation used is listed in Table 1.

The ESTR-18D refrigerator (see Figure 2) is instrumented for power,
refrigerant mass flow, pressure and temperature measurements. A
schematic of instrumentation locations is presented in Figure 3.

B. PRELIMINARY TESTING

The purposes of the baseline tests were:

1) to assure proper operation of the ESTR-18D, instrumen-
tation, data acquisition system, and test facility
under normal 90°F closed-door test conditions using the
standard single refrigerant R12;

2) to observe the performance of the ESTR-18D when two
different mixtures of R22 and R114 (40%/60% and 60%/40%
by weight) were used in place of Rl12, and the total
charge was varied; and

3) to attempt to identify changes in performance and
energy efficiency due to the refrigerant mixtures
solely, i.e., without hardware modification.

The results are summarized in Table 2. The refrigerant mixtures of
R22 and RI1l4 at 40%/60% and 60%/40% by weight were chosen based on
discussions with duPont which pointed to these as having the most
similarity to R12 operationally and offering the most potential for
efficiency improvement.

After expending significant effort on initial testing and
modifications, the refrigerator and instrumentation operated pre-
dicrably and repeatably. Several runs were necessary to determine the
proper refrigerant charge for the mixtures, so that adequate condenser
subcooling was achieved with no liquid refrigerant being returned to
the compressor suction inlet. Charge was measured using a Robinair
"'Dial a Charge'" charging cylinder. We observed the performance with
R12 and R22/R114 and found that both 60/40 and 40/60% MR mixtures



FIGURE 1  REFRIGERATOR LABORATORY
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FIGURE 2 AMANA REFRIGERATOR-FREEZER, MODEL ESTR-18D
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Table 1

INSTRUMENTATION

PRESSURE TRANSDUCERS

o High Pressure: Setra Systems Model 205-2,
0-500 psig (accuracy = .1170 F.S.)

o} Low Pressure: Setra Systems Model 205-2,
0-100 psia (accuracy = .11% F.S.)

THERMISTORS

o High Temperature: Fenwal Model UUA32J3
(accuracy = *.2°C, 0-70°C)

o Low Temperature: Fenwal Model UUD21J1
(accuracy = +,2°C, -20-+50°C)

MASS FLOWMETER

o Matheson Model 603 Rotometer with stainless steel float
(estimated accuracy of *5%)

13



VAN

Table 2

CALORIMETRIC TEST RESULTS

REFRIGERANT AIR
Delivered Calculated Compressor  Mass PRESSURES TEMPERATURES
Date Refrigerant Charge Refrigeration Load Power Flow Phi Plow Ambient  FZ Bulk FF Bulk EER
(0z) (Btu/hr) (Btu/hr) (Watts) (Lb/hr) (psia) (psia) (°F) (°F) (°F) (Btu/w-hr)

1 2/16/83 R12 7% 468.9 478.1 155.8 8.25 159 17.8 90.4 5.6 37.1 3.01
1 2/19/83 R12 % 470.6 481.1 156.8 8.25 159 17.8 91.3 5.4 35.5 3.00
1/13/84 R12 7% 449.8 478.7 154.0 7.9 159 16.6 90.8 3.5 38.7 2.92
1/19/84 40/60% 8% 515.7 478.5 153.9 8.75 172 16.0 90.6 3.9 38.3 3.35
2/15/84 R12 8% 490.5 503.2 159.0 8.5 154 18.7 90.6 3.2 39.7 3.08
2/17/84 40/60* 10% 468.2 473.1 150.7 7.9 161 17.3 89.7 3.4 37.7 3.11
2/27/84 40/60% 10% 450.8 479.7 147.7 7.7 160 16.9 90.8 4.0 38.0 3.05
3/5/84 40/60% 10% 477.9 483.8 152.8 8.1 158 17.5 89.6 2.9 37.0 3.13
3/12/84 60/40% 10% 635.9 601.3 189.8 11.1 172 24.1 90.9 3.1 36.5 3.35
3/14/84 60/40% 10% 609.5 553.7 186.4 10.6 168 22.9 91.6 4.5 36.5 3.27

#*R22/R114 by wt



operated at evaporator and condenser pressures reasonably close to
R12. We were unable to measure any experimentally significant energy
savings with mixtures using the unmodified refrigerator freezer.

Table 3 shows the temperatures observed at various points in the
system during the tests as well as the typical values we selected to
represent the system performance in the analytical model. We observed
a pressure drop in the freezer and fresh food evaporators of about 2
psi. This accounts for the difference between the saturation
temperature and the measured temperature for the single refrigerant.

15
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Table 3

SUMMARY RESULTS - TEMPERATURES

Pressure Precooler Cond Cond Evap In Mid Out Compressor Refrigeration
Date Cond Evap Out In In Out m 4 5 7 Power QFF QFRZ
(psia) (°F) (°F) (°F) (1bs/hr) (°F) (°F) (°F) (Watts) (BTUH)

Single Refrigerant (R12)

12/16/83  159.0 17.8 196.1 145.7  107.0 8.2 -49 -4l 7.1 156 178 300
12/19/83  159.0 17.8 196.1 147.0  106.0 8.2 -4.9 -39 1.5 156 183 297
1/13/83  159.0 16.6 192.5 147.0  107.6 7.9 -7.6 -6.7 11.0 154 169 310
2/15/85  153.8 18.6 184.9 133.0  103.7 8.5 -9.0 -7.6 104 159 133 365
|
Typical 4599 18.0 195.0 146.0  106.0 8.3 -7.0  -6.0 +10.0 155 485
Values
COP = .917
Mixed Refrigerant (40/60)

1/19/84 171.6 16.0 186.4 137.5  100.8 8.7 -15.4 - 1.5 1.8 15 169 309
2/17/84 160.7 17.3 181.1 124.0  98.7 7.9 -18.1  -11 35 151 158 315
2/27/84 160.0 16.9 179.5 122.0  101.9 7.7 -17.7 - .2 4.4 148. 160 320
3/5/84 158.4 17.5 175.5 122,0  98.3 8.1 -16.6 - 2.2 2.6 153 160 324
Typical 160.0 17.0 180.0 125.0  100.0 8.1 -16.5 - 2.0 +3.0 151 478

Values
COP = ,928 Based on Compressor Power




ITI. ANALYTICAL MODEL AND POSSIBLE DESIGN CHANGES

The laboratory tests (Table 2) showed no appreciable energy savings
benefit from the MR in an unmodified refrigerator. It was decided to
use a simple computer model to identify operational changes that could
be made to enhance the performance.

A. FUNDAMENTAL RELATIONS

Much work has been devoted to MR effects on energy consumption. While
entropy (Second-Law of Thermodynamics) analysis of the refrigeration
cycle provide valuable insights into the cycle efficiency, it is First
Law analysis which determines energy consumption. The First Law
refrigeration efficiency is given by the coefficient of performance
(cop):

COP = Delivered Refrigeration in Btu/hr = Rl (1]
Total Electrical Energy Consumption in Btu/hr W

Since a complete First Law model of the refrigevation system in this
case would be extremely expensive to develop, it was decided to derive
a simple analytical model of the key components. The model was
written to reflect the expected effects of the MR in this project as
outlined below. Refrigerant properties for SR and MR are critical to
the analysis and were taken from the following sources:

SR Properties - taken from ASHRAE [5] "Thermody-
namic Properties of Refrigerants,"
1969.

MR Properties - taken from tabular data produced
by duPont computer routine [6]
which calculates properties based
on the Redlich-Kwong-Soave equa-
tions of state (see Appendix B).

o Compressor inlet pressure and density.

The COP can be written very approximately =2s:

f (Tl- TA) See Equation 4, page 19

0P & —+——m— . -
CoP n Pl/pl See Equation 5, page 195

At each evaporator inlet temperature T,:

Pl
copP (Tq) « ?—
1

17



Table 4 shows a comparison of the pressure and density
values of SR and MR at evaporator inlet temperatures
experienced during the tests., The last two columns
show the ratio of p,/P, and indicates that there is
little difference bétween MR and SR at each inlet
temperature,

Table 4

COMPARISON OF MR AND SR PRESSURE AND DENSITY
AT COMPRESSOR INLET

Inlet Density
Evaporator Suction Pressure 90°F Inlet DI/P1
Temperature (psia) Temperature
°F R-12 MR (40/60) R-12 MR R-12 MR
=23 14,2 16.7 .292 .340 .0205 .0204
-18 15.9 19.3 .335 .40 .0210 .,0208
~17 16.3 19.6 .350 42 .0215 .0214
-10 19.1 22.5 .399 JA7 .0210 .0210
-8 20.0 24,0 . ,422 .52 .0211 .0214
Fluid enthalpy.
MR have higher liquid-to~vapor change enthalpies than
SR which can result in lower refrigerant mass flow
rates and possibly reduced compressor power at equiva-
lent refrigeration rates. The relations taken from the
duPont mixture data used to characterize the
refrigerants in the analysis were developed from curve
fitting duPont refrigerant property data to produce the
following lines which have an accuracy of about 2%:
Ah_ (R12) Btu/lb = 74.32 - .119 P, (psia) [2]
Ah_ (40/60 MR) Btu/lb = 83.174 - .1489 P. (psia) (3]

where P, = condensing pressure in psia and the A en-
thalpies are based on the return gas to the compressor
at 90°F,

18



o Heat exchanger effectiveness.

The MR changes the effectiveness of the heat exchangers
as a result of heat capacity and heat transfer coeffi-
cient changes. The literature suggests that the MR has
a lower heat transfer coefficient than SR. Based on
the evaporator test data we have obtained, it does not
appear that the lower coefficient is significant enough
to measure its effect on the evaporator
refrigerant~to-air heat exchange.

Both evaporators are approximated by two-phase refrigerant flow. The
heat exchanger metal temperature was found to be close to the evap-
orating refrigerant temperature in the freezer (T4 in Figure 4) and
was observed to be close to the superheat vapor temperature (T4 + SH
in Figure 4) in the fresh food evaporator because of the lower fin
effectiveness of the fresh food evaporator. The radiative view factor
of the fresh food evaporator is 1.0 since it is entirely enclosed by
the fresh food compartment, hence, it also has an emissivity identical
to 1.0. The freezer evaporator has no radiative contribution to the
freezer compartment. The relationship between heat exchanger
effectiveness and refrigeration capacity for the system shown in
Figure 4 is given below.

Freezer Hx Fresh Food Hx Fresh Food Radiation

Q = EL(JI-T4) x iCp + E2(T2-T4-SH) x @ + 3.28 x 1.71 x 10 ° x
(T2" - (T4+SH) ) [4]
where:

Q = refrigeration capacity in Btu/hr (Q, = single
refrigerant; Q2 = mixed refrigerant}

El, E2 = heat exchanger effectiveness for low and high
temperature evaporators, respectively

Tl, T2 = air temperatures (°F)

T4, TS, T7 = refrigerant temperatures (°F)

mCp = air mass flow rate x heat capacity
(Btu/hr °F) for SR (ml); refrigerant mass
flow rate x heat capacity (Btu/hr°F) for
MR (12)

SH = degrees of superheat (°F) (T7 - T7(sat))

3.28 = fresh food evaporator surface area
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The compressor energy consumption can be written as

(N-1)/N_,

W, = o [N/(8-1)] P, /e, ((B /P)) ) [5]

where

) = refrigerant mass flow (lbm/hr)

N = polytropic coefficient of compressor = 1.03
for both SR and MR based on duPont property
data and suction and discharge conditions
shown in Table 2,

PIPh = low side and head pressure respectively
(PSIA)

Py = suction gas density (lbs/cu ft)

The mass flow rate @ is given by

m - = x volumeric efficiency x displacement

P

(%talhr)

= pl x 0.8 x 28.5

= 22.82 pl [6]

where the volumetric efficiency was derived from the compressor
manufacturer's data [9] on R12 operation.

The proper solution of these plus detailed condenser and refrigerant
inventory equations requires a computer model (more than 20 equations
and variables), and is beyond the scope of this project. Therefore, a
simple '"cold end" computer model (without condenser or compressor
equations) was developed using the above relations as well as the

equations defining the enthalpy change of the refrigerant through the
evaporators.

B. SIMULATION

A simple simulation based on the dual evaporator configuration and the
equations presented in the previous section was developed. The high
side pressure was chosen as an independent variable; therefore, the
effect of condenser design cannot be predicted. The solution schemat-
ic is shown in Figure 5. A series of freezer evaporator tempmeratures
are selected until the heat flow to the refrigerant in the evaporators
is equal to the heat flow to the air passing over the evaporators.
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C. PARAMETRIC ANALYSIS

0 Freezer Heat Exchanger Effectiveness

With SR, the effectiveness of the low temperature evaporator is
governed by the air flow heat capacity and is constant:

1- exp(-35.3/52.1) = 0.492 [71
where
35.3 = overall heat transfer coefficient for this freezer
evaporator (Btu/hr°F) based on Amana test data
(actual UA)
52.1 = freezer air flow heat capacity x freezer air flow

(42.1 CFM) x heat capacity (Btu/hr°F) at O°F

The experimental data for the single refrigerant, R12, agrees well
with the expected performance (see Table 3) where the actual refrig-
eration is taken from the calorimeter tests and the experimental
effectiveness is defined as the actual refrigeration divided by the
maximum heat transfer possible (52.1 x (T8-T4)).

Table 5

EXPERIMENTAL EFFECTIVENESS WITH R12

R12 Q Experimental
Test Date Actual 52.1(T8-T4) Effectiveness (%)
12/16/83 300 615 48.8
12/19/83 297 599 49.6

The expected effectiveness for a 40/60 mixture (Test 1/19/84) is
governed by the following relations.

NTU

number of transfer units = UA/(ﬁle)min (8]

where

UA

35.3 Btu/hr°F (ignoring differences between single and
mixed refrigerant heat transfer coefficients; an assump-
tion discussed later)

(rth)min = calculated MR heat capacity @ 20 psia (2.22 Btu/°F~ lbm) x
refrigerant mass flow of (8.75 1bm/hr) = 19.42 Btu/°F- hr

The Cp is calculated by the relationship of AhMR/AT.
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Effectiveness € %

Heat transfer effectiveness as a function of number of transfer units
and capacity rate ratio; crossflow exchanger with one fluid mixed. [7]

Mixed
Fluid

Unmixed Fluid
100
0.25
0.5
80 | Cmixed -
C .
unmixed 0.75
60 |—
Cmixed =1
Cunmixed
40
20
0 i | i | |
0 1 2 3 4 5

No. of Transfer Units, Ntu = AU/Cmin

FIGURE 6 CROSSFLOW HEAT EXCHANGER
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Therefore, NTU = 1.82
and

(me)MR/(me)AIR = 19,42/52.1 = .37 [9]
From Figure 6, the expected effectiveness is 75%Z.

The empirical effectiveness for the MR is given in Table 6 and is
close to the predicted value.

Table 6

EXPERIMENTAL EFFECTIVENESS WITH MR

Q Experimental
Test Actual 2.22 n(T8-T4) Effectiveness (%)

1/19 309 412 75.0

The agreement is sufficient to justify the use of the effectiveness
relationship and to justify our previous assumption that the differ-
ence between MR and SR heat transfer coefficients is insignificant
insofar as the measured performance 1is concerned. However, the
results are limited in scope by the lack of modelling the condenser
performance.

b. Fresh Food Heat Exchanger

The fresh food heat exchanger cannot be treated solely by an effec-
tiveness-NTU relationship due to the large amount of radiant heat
transfer to the surrounding warm walls. The effect of radiation must
be included as shown in Equation 4. The effectiveness of the mixed
refrigerant and single refrigerant are nearly the same for the fresh

food evaporator since the air side of the heat exchanger limits the
heat transfer.

0.83 x 2 x 3.28 x (38-6)
87.7

where mCp was estimated from laboratory tests in which the fresh food
heat exchanger delivered 87.7 Btu/hr of cooling to the air (another
83.3 Btu/hr was radiation), which cooled to 6°F from 38°F. The
overall heat transfer coefficient was estimated to be 0.83
Btu/hr-ft?°F based on a measured face velocity of 1 ft/sec and a
two-sided plate area of 3.28 ft2.

NTU (SR) = NTU (MR) = UA/r = = 1.
NTU (SR) NTU (MR) f&/me)min 1.98

Effectiveness, SR (C /C = 0) = 0.854
min "max

as taken from Figure 6.
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Effectiveness, MR (C . /C = 2,74/19.42 = ,14) = 0.83
min’ “max

as taken from Figure 6.

In the SR situation, there was liquid refrigerant entering the fresh
food evaporator with a transition to total superheat (gas) somewhere
in the heat exchanger. 1If the entire fresh food heat exchanger had
superheated refrigerant flow then NTU = 2.56; C = ,42 and
E(SR) = .78. ‘The actual overall effectiveness is bé&ween .78 and .85;
we choose to model the evaporator with SR as though it were entirely
two-phase flow in order to conservatively estimate the benefit of MR.

With the evaporator effectiveness established, the computer model can
be run to check it against the baseline data (Table 2). Table 7 shows
the results of the simulation, The initial analysis is of the
baseline SR Refrigerant and 40/60 (R22/R114) mixture. The predicted
mass flow, refrigeration capacity and compressor power agrees well

with the summary values of experimental data shown in Table 1, Section
11,

A true cycle simulation must have the following features not contained
in this simple model:

o A complete precooler, compressor case and condenser
heat transfer model. -

o Partitioning of heat exchangers into superheat and
subcooling sections (except the 1low temperature
evaporator).

o A fluid inventory model - mass conservation.

[12]

Inclusion of these features was beyond the scope of this activity. In

the simple model developed, the condenser is decoupled from the
system, and the high side pressure is selected as an independent
variable. The analytic study focussed on the evaporator configuratlon
since it is where the benefit of MR was expected.

Changes to the evaporators were simulated. An increase in the air
flow rate from 42 CFM to 100 CFM would reduce the SR evaporator effec-
tiveness from .49 tc .25 but increase the heat transport capability
(effectiveness x heat flow capacity) by 21%. The MR heat exchanger
would also benefit from increased air flow rate. Table 7 shows a 2%
improvement for MR and a 47 improvement for SR brought about by the
increased airflow. The simulation shows that increased air flow rate
does not improve the relative performance of SR and MR.

In the case of the éR, the high side pressure and the condensing

temperatures are uniquely related by saturation conditions of tempera-
ture and pressure. For the mixed refrigerant, the pressure and
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Table 7

SIMULATED PERFORMANCE

Refrigerant
Flow Compressor
Variable TA t cor Q Power kWh/Day#*
(°F) (1b/hr) (Btu/hr) (Watts)
Baseline
MR E1 = .83 -16 8.1 .93 478 150 1.92
SR E1 = ,49 -7 8.3 .92 485 155 1.95
Increase Evaporator Air Flow from 42.1 CFM to 100 CFM, Phi = 160
MR E1 = .83 ~15 8.24 .95 490 152 1.90
SR E1 = ,25 - 5.5 8.95 .93 490 152 1.88
Increase Evaporator Area 20%
MR El= .55 -15 8.24 .94 489 152 1.90
SR E1= .82 - 6.5 8.75 .96 486 150 1.90
MR Ph = 160 -15.5 8.14 .931 482 151 1.92
SR Ph = 160 -7 8.65 .92 475 150 1.92
MR Ph = 150 ~-16 8.05 .98 486 145 1.82
SR Ph = 150 - 7.5 8.55 .99 485 144 1.84
MR Ph = 140 -17 7.87 1.05 492 138 1.73
SR Ph = 140 - 7.5 8.55 1.03 489 139 1.73

*Based on simplified relationship

kWh
Day

where

0

Internal lLoad

w

e

212.3

212.3 5.0952

.024 ¢

Q-Internal Load

) (wre) = =g (W15)

refrigeration capacity in (Btu/hr)
41 = fan-related heat load (Btu/hr)

compressor electric power (watts)

parasitic fan and defrost timer (watts)

steady cabinet heat load (Btu/hr)
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temperature are composition dependent, and we can attempt to use this
feature to advantage. Table 7 shows the anticipated benefit of
reducing the high side pressure by adjusting the throttling. At 140
psia, the MR system is predicted to yield a COP = 1.05 versus an SR
system value (at 160 psia high side pressure) of 0.92 or a l4% im-
provement in steady state efficiency and a 107 reduction in energy
consumption. Whether the reduced head pressure (140 psia) could be
achieved while maintaining the condensing temperature and, therefore,
the heat rejection rate in the MR situation had to be demonstrated in
the laboratory as examined in the next section.
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IV. SYSTEM MODIFICATION TESTS

Using the results of the analytical model in conjunction with the
laboratory testing, we postulated that modification of the expansion
device offered promise for energy savings when using MR. The model
predicted that equivalent refrigeration could be provided at decreased
system pressure ratio, thus reducing compressor power requirements.
Therefore, the portion of capillary tube not soldered to the suction
line was removed and replaced with a precision needle valve. The
results of testing with this arrangement are shown in Table 8.
Initially, runs were made with R12 to find the valve position
equivalent to the original capillary tube. The needle valve subse-
quently was adjusted to vary system pressure ratio. The range of
adjustment was limited by other constraints, namely condenser perfor-
mance. When the valve was opened to reduce the pressure ratio, the
condenser was unable to subcool the increased refrigerant flow rate.
This lead to the formation of vapor bubbles at the condenser outlet.
Attempts to eliminate the problem by increasing refrigerant charge
until liquid was observed at the compressor suction inlet did not
significantly alleviate the problem. The range of pressure ratio
adjustment was therefore 1limited and did not appreciably affect

performance at the higher refrigerant flow rates where we had expected
improvement.
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CALORIMETRIC TEST RESULTS

Table 8

Expansion Valve

Delivered Calculated Compressor Mass TEMPERATURE
Date Refrigerant Charge Refrigeration Load Power Flow Phi Plow Ambient FZ Bulk FF Bulk EER
(0z) (Btu/hr) (Btu/hr) (Watts) (Lbs/hr)(psia) (psia) (°F) (°F) (°F)
4/9/84 R12 8.5 oz 486.2 494.8 156.7 8.5 148 18.2 89.6 2.6 37.7 3.10
4/10/84 R12 8.5 oz 459.4 494.8 153.1 7.8 153 1%.7 91,2 5,2 41,7 3.06
14/11/84 R12 8.5 oz 510.8 526.8 162.0 9.0 153 19.4 92.0 4.5 36.9 3.15
4/13/84 R12 8.5 oz 483.6 500.9 156.6 8.5 151 18.3 91.2 3.5 39.0 3.0§
4/17/84 R12 8.5 oz 438.5 451.0 146.7 7.4 152 16.6 90.2 4.1 44.0 2.99
4/20/84 40/60 wt % 10.5 oz 463.9 457.7 150.3 7.7 165 17.4 91.5 4.5 36.7 3.09
R22/R114
5/15/84 " " 475.2 473.4 148.3 7.8 156 17.1 . 90.2 2.8 38.3 3.20
5/15/8& " " 528.7 494.5 164.8 9.9 158 20,0, 89.3 2.4 38.2 3.21
5/17/84 " " 368.9 372.2 131.9 6.0 159 14,5 68.6 2.9 38.8 2.86




V. CONCLUSIONS

Simple substitution of 40/60 wt%Z and 60/40 wt%Z R22/R114 refrigerant
mixtures for R12 in an Amana ESTR-18D two evaporator
refrigerator-freezer showed no measurable energy savings benefit.

At equal suction pressures, the R12/R114 MR show a substantially lower
refrigerant temperature. This would suggest greater refrigeration
capacity per energy input (suction pressure is the primary determinant
for compressor energy consumption). Enhanced heat exchanger
effectiveness over SR should further favor the MR. However, the lower
heat capacity rate (mCp) of the MR was observed to offset these
benefits resulting in about the same heat transfer as shown in
Table 9.

Table 9

COMPARATIVE HEAT TRANSFER IN LOW TEMPERATURE EVAPORATOR

TIN tCp (min) E1 Q(5° freezer)*
ioF)‘ (Btu/hr°F) (Btu/hr)
MR -16 19.4 0.75 305
SR -7 52.1 0.49 306

For the condenser, the MR appears to have less desirable
characteristics than the SR. In the tests summarized in Table 1, the
40/60 MR has higher condensing pressures for lower condensing
temperatures which means that the compressor must work slightly harder
with a MR to create the necessary heat rejection temperatures.

Providing forced air over the condenser would only worsen the
prospects for MR by increasing the minimum heat capacity (and
effectiveness) of the SR and not improving the MR heat exchanger

performance (the minimum heat capacity for MR is the refrigerant not
the air).

Tests with the 40/60 mixture of R22/R114 showed that the evaporator
performance closely correlated with NTU-effectiveness relations and
revealed no significant difference in refrigerant heat transfer
coefficients between R12 and the mixture.

*Q = mcp EI(S—TI )

N
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In summary, expected benefits in evaporator effectiveness were
observed, but were offset by reduced heat capacity and density
effects, resulting in no apparent increase 1in refrigeration
efficiency. Modifications to the expansion valve did not improve
MR performance in the ESTR-18D demonstrator and no savings were
predicted through evaporator modifications.
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LISTING OF SIMPLE
CYCLE MODEL

WIST

S

10
20
30

40
50

&0
70

160
170
180
190

REM PROGRAM:MR3

T1 = 459 + S:T2 = 459 + 37

TR = 90 + 459

REM ASSUME FIXED CONDENSER P
ERFORMANCE.

REM CO=COMPRESSOR VOL.PARAME
TER

ca = 22.82

SH = 5: REM SR SUPERHEAT
REM INPUT DATA*ON HEAT EXCHA
NGERS
El = .49
M1 = .239 x .0863 % 42.1 % 60
E2 = .85
M2 = 239 % 076 & 2 % &0
E3 = .78
E4 = .83
REM SELECT HIGH PRESSURE
PH = 1460
REM ENTHALPY DIFFERENCES
DH = 74.32 - .119 8 PH
BH = 83.174 - .1489 % PH
REM GAS CONSTANTS

200 R1 = .086

210

R2 = .086

220 A = ,4B8421

230 FOR T4 = 441 TO 459 STEP 1

240 REM INTERCHANGER HEAYT LEAK
Qy

230 Q@Y = O

260 REM SINGLE REFRIGERANT Q,P,

M

270 01 = E1 ¥ (T4 - T4) & Ml + E2

$ (T2 - T4 - SH) & M2 + 3.2
8 % .171E - B ¥ (T2 ~ &4 - (T
4 « SHY ~ 4) + QY

280 P1 = 20.5 / 22.3 x (.51175 %

T4 - 209) -

290 P2 = EXP (( - 5125.849 / T4)

- 1.44039 ¢ LOG (T4) + 24,
S51735)

300 DI = P1 / (Rl & 629)

310 M = D1 ¢ CO

320 N = 1.1

IJ0OWEL = A MR (N/ (N-1)) &8

PL /7 DI &8 ((PH / P1) ~ ((N -
1y 7/ Ny - 1)

340 REM MIXED REFRIGERANT DENSI

TY,M,Q

330 D2 = P2 / (629 % R2)

340 MR = D2 8 CO

370 CR = MR & 2.5 / M1

IO NT » 32 7/ (MR 8 2.%)

390 EX = EXP ( - NT & (1 - CR))
400 TS = T4 + ES & (Tt - T4)

410 GX = O

420 @ = E3 ¥ (T1 - T4) & 2.5 ¢ MR

430 N = 1.
430 W = A

+ E4 & M2 % (T2 - TS + 3.2
8 ¥..171E ~8 % (F2 "~ 4 - TS
~ 4) + QX
25
1% (N/ (N-1)) 8P
2 /7 D2 % ((PH / P2) ~ ((N -
1) / Ny - 1)

450 W = .92 % W ¥ MR

460 REM:- FIX WATT EST. BY 8%
470 GOTQ [00

480 Ds = ““; REM Ds$=CONTROL D
490 PRINT D$; “PR#3"

500 PRINT T4 - 4593"F"

£10 PRINT "E=“j;E1;" “;E2;" "E3
it “iEQ

520 PRINT "AIR FLOW",M1;" ";M2

%30 PRINT "REFRIGERANT","SINGLE"
, "MIXED"

S40 PRINT “INLET DENSITY",Di1;"
“$D2

550 PRINT "P(LO)",P1;"  “;P2

=60 PRINT "MASS FLOW",M;” "MK

570 PRINT “COP",Q1 / Wiz" ":Q@ /
"

80 PRINT "Q-HX",@1:" *3

590 PRINT "Q-REF",DH X M;" ";BH

T MR

600 PRINT "WATTS",W1 / 3.41;" =
W/ .41

610  PRINT

&20 IF J > 1 THEN END
630 NEXT T4
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APPENDIX B

MIXED REFRIGERANT THERMODYNAMIC PROPERTIES
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