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EXECUTIVE SUMMARY

This project initially focused on using nonazeotropic refrigerant mixtures (NARMs) in a
two-evaporator refrigerator-treezer design using two stages of liquid refrigerant subcooling. This
concept was proposed and tested by A. Lorenz and K. Meutzner in 1975.' Their work suggested
that the concept was 20% more efticient than the conventional one-evaporator refrigerator-freezer
(RF) design. After considerable planning and system modeling based on using a NARM in a
Lorenz-Meutzner (L-M) RF, the program scope was broadened to include investigation of a
"dual-loop" concept where energy savings result trom exploiting the less stringent operating
conditions needed to satisfy cooling of the tresh food section.

A steady-state computer model (CYCLE-Z) capable of simulating conventional, dual loop,
and L-M refrigeration cycles was developed. This model was used to rank the performance of
20 ozone-safe NARMs in the L-M refrigeration cycle while key system parameters were
systematically varied. The results indicated that the steady-state efficiency of the L-M design was
up to 25% greater than that of a conventional cycle. This model was also used to calculate the
performance of other pure refrigerants relative to that of dichlorodifluoromethane, R-12, in
conventional and dual-loop RF designs. Projected etficiency gains for these cycles were more
modest, ranging tfrom 0 to 10%.

Individual compressor calorimeter tests ot nine combinations ot evaporator and condenser
temperatures usually used to map RF compressor performance were carried out with R-12 and
two candidate L-M NARMs in several compressors. A testing protocol was set up to select
evaporating and condensing pressures for the NARMs that corresponded to the normal saturated
evaporator and condenser temperatures used for pure refrigerants. The protocol was based on
the average mean of the NARM temperature glide, which compensates tor any nonlinearity in
their temperature-enthalpy profiles. Efficiency and capacity comparisons made between R-12 and
R-32/R-124 in the same compressors showed 4 to 6% greater efficiency for the NARM at
approximately the same capacity as the R-12. The other NARM tested (R-22/R-141b) generally
had poorer performance than R-12 at the same refrigeration capacity.

Several models of a commercially produced two-evaporator RF were obtained as test units.
Typical energy consumption as measured by the 90°F, closed-door test procedure of the
Association of Home Appliance Manufacturers (AHAM) was evaluated. Based on results from
the computer modeling work, one of these field units was modified to simulate the
two-evaporator, dual-intercooler design suggested by A. Lorenz and K. Meutzner.! Energy
consumption measurements were then made on this unit with an R-32/R-124 NARM. Test results
indicated that steady-state efficiency was about 20% better than the original unmoditied RF,
closely matching CYCLE-Z predictions for this NARM. Cyclic performance failed to show an
efficiency gain over that of traditional RFs because of inefficiencies in the design and function
of the RF heat exchangers. '

Two dual-loop RF designs were built and tested as part of this project. Amana was
commissioned to build a dual-circuit, dual-loop RF that had two completely separate vapor
compression circuits and compressors for the treezer and fresh food sections. Results of closed-
door 90°F tests were used to compare this unit’s performance to its energy consumption before
it was moditied and to its predicted performance based on modeling studies. Modeled
performance projections using actual measured compressor efticiencies and cabinet loadings
indicated that the unit should use 1.72 kilowatt hours per day (kWh/d). This is about a 25%
energy savings over conventional RF designs. The unit actually consumed 3.00 kWh/d, but
excessive run time for the freezer circuit was the main reason for the added consumption.

Xiii



Another dual-loop RF design was built around a three-way valve that directed liquid
refrigerant flow to a freezer or a fresh food evaporator through a capillary tube and heat
exchanger appropriate for the temperatures needed in these compartments. This
refrigerant-switching, dual loop design was tested with R-12 and R-152a. After several design
iterations the laboratory test unit was able to achieve a daily energy consumption comparable to
its unmoditied (conventional design) performance with R-12 refrigerant. The refrigerant-
switching, dual-loop RF design showed a 6-7% improvement over baseline R-12 performance
when R-152a was used for the refrigerant.
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1. INTRODUCTION

With the realization of the Montreal Protocol and its recent revisions, it has become
apparent that the world community will no longer permit the use of fully halogenated,
chlorine-containing fluids as vapor compression refrigerants and foam blowing agents.” The
signing of this international treaty and the subsequent conferences and governmental actions have
sought to limit the effects of chemicals produced by man on the global environment.

For the refrigeration industry, this legislation and heightened environmental concern has
resulted in restricted production and sales of blowing agents and refrigerants such as
trichlorofluoromethane (R-11), dichlorodifiuoromethane (R-12), and chloropentafluoroethune
(R-115). Because energy efficient storage and distribution of refrigerated food is essential for the
existence of industrialized society, substitute fluids or refrigeration cycles must be developed to
replace those in the processes or products being phased out.

Approximately 115 million domestic refrigerator-freezers (RFs) that utilize R-11 as the
blowing agent for wall insulation and R-12 as the circulated refrigerant are used in the United
States today. These account for about 20% of the household electrical energy load, or about
1.4 quads a year, so the efficiency of domestic refrigerator-freezers represents a significant factor
in national and world-wide energy use.?

The single-component refrigerant (R-134a) and the nearly azeotropic mixture (the DuPont
tenary blend) alternatives to R-12 have shown roughly equivalent energy use in laboratory tests
performed thus far. If fluid or cycle changes could be implemented that would significantly
improve the efficiency of houschold RFs, it would be advantageous to introduce these changes
in this period of transition away from environmentally damaging chemicals.

Nonazeotropic refrigerant mixtures (NARMs) have been proposed as alternative
refrigerants that can provide more acceptable environmental consequences and, potentially,
decreased energy consumption in RFs. During evaporation or condensation of a NARM at
constant pressure, the saturation temperature changes due to differences in the volatility of the
component fluids. The temperature difference between the "dew point" and the "bubble point”
of a NARM at any specified pressure is referred to as the refrigerant’s "temperature glide." For
domestic refrigeration, it is conceivable that a mixture can be chosen with a glide that will
accommodate the temperature requirements for both the freezer and the fresh food compartments
in a typical RF.

Conventional RFs maintain approximately 5°F in the freezer compartment and 38°F in the
fresh food section by using the refrigeration cycle to maintain the colder freezer temperature. At
rating conditions in a conventional top-mount RF, about 50% of the cooling load is due to the
fresh food compartment. Colder freezer air is allowed to flow into the refrigerator section to
maintain the 38°F temperature needed for fresh food preservation. Thermodynamically, it would
be more efficient to satisfy the cooling load in the refrigerator compartment by cycling the
refrigerant between the warmer refrigerator temperature and ambient temperature, thereby taking
advantage of the smaller temperature lift between the refrigerator and room temperatures. Several
RF designs that incorporate separate freezer and tresh food circuits and which, theoretically, would
save energy by working against this smaller fresh food/ambient lift for at least part of the cooling
cycle, have been proposed.

One goal for this research project was to design, build, and demonstrate through laboratory
testing a number of domestic RF designs operating with ozone-sate refrigerants that would show
improved energy efficiency over conventional RFs operating with R-12.



2. LORENZ-MEUTZNER CYCLE MODELING—CYCLE-Z

The application of NARMSs in domestic refrigerator-freezers (RFs) has been suggested and
experimentally investigated with mixed results.™® A RF circuil described and tested initially by
A. Lorenz and K. Meutzner in 1975 and by H. Kruse in 1981 has shown promise as the means
to realize the energy saving potential of NARM refrigerants.” CYCLE-Z is an RF model
developed at ORNL 1o allow analytical simulation of the L-M circuit with newer,
environmentally-acceptable NARM refrigerants.

2.1 BACKGROUND

A fundamental paper on methods for the analytical comparison of pure and mixed
refrigerants in vapor compression cycles was published in 1985 by McLinden and Radermacher.®
They conclude that meaningful comparisons between pure and mixed refrigerants should include
the absolute application temperatures and the required temperature changes of the external heat
transfer streams. In addition, the report recommends a constant total heat exchanger surface area
per unit of output capaciry for pure and mixed refrigerants for the evaluation of comparative cycle
performance.

McLinden notes that modeling heat exchangers with equal log mean temperature
differences (LMTDs) for a simple heat pump cycle with equal glides gives results nearly
equivalent to the more rigorous requirements set forth in ref. 8. This was the basis of the CYCLE
7 heat pump model that has been widely used for screening candidate refrigerant mixtures for
different applications.”'® Recently, however, McLinden has noted some of the limitations of the
CYCLE 7 model when used for refrigerant performance screening in refrigerator cycles.'"?

A number of models specifically intended for the L-M cycle have also been developed
at the University of Hannover, the University of Maryland, the University of Illinois at
Champaign-Urbana, Purdue University, NIST, and Arthur D. Little, Inc. These models use a mix
of heat exchanger approaches and with differing levels of complexity—ranging from assumptions
of infinite heat exchanger area to UA-specified/LMTD-calculaled, and heat exchange
effectiveness/NTU-based methods.

The approach taken in the present work was to adapt the CYCLE 7 model to the L-M RF
cycle (shown schematically in Fig. 2.1 and on a temperature-enthalpy diagram in Fig. 2.2) while
preserving and enhancing the unique advantages of the original LMTD-based formulation. The
resulting model was designated CYCLE-Z and is described fully in ref. 13. We developed
consistent definitions for overall evaporator and condenser LMTDs and a means to maintain
constant total heat exchanger area per unit of refrigeration capacity. The sequential solution
technique used in CYCLE 7 was extended to incorporate the two high-to-low-side intercoolers and
the split evaporator.

This report first describes the program input requirements, model assumptions, and
program output, as well as a summary of the perceived advantages of the resultant model. This
description is followed by a review of initial parametric investigations using CYCLE-Z; effects
of the distribution of total heat exchanger area, relative RF loading, refrigerant composition, and
extent and distribution of intercooler/subcooling/superheat are considered.

o
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2.2 MODEL DESCRIPTION
2.2.1 Model Input Requirements

The user-required input to the CYCLE-Z program was kept similar in form to that of
CYCLE 7.* Both programs require selection of one or two refrigerants, a mass fraction
concentration, inlet and exit temperatures of the external heat transfer streams, condenser and
evaporator LMTDs and total pressure drops, and a compressor isentropic efficiency. The
additional input for the CYCLE-Z program provides for specification of separate evaporators for
the freezer (EL) and fresh-food (EH) compartments, and low (ICL) and high (ICH) temperature
intercoolers (see Fig. 2.1 and Table 2.1).

For the two evaporators, the individual source stream inlet and exit temperatures are
required as well as the fresh-food to freezer load ratio. The program still requires that only one
evaporator LMTD be input; however, in CYCLE-Z this input now refers to an overall or
combined LMTD of the two evaporators. This specification of the overall evaporator LMTD
rather than an individual heat exchanger LMTD allows the degree of freedom needed for each
evaporator LMTD to adjust for different refrigerant glides while the combined value is held
constant. This combined value is inversely proportional to the overall evaporator area per unit
of refrigeration capacity.

The high- and low-temperature intercoolers are specified simply by providing the desired
individual subcooling AT’s. An ambient heat exchange option is also included to allow the user
to specify, in place of the high-temperature intercooler subcooling AT, an ambient temperature that
both high-intercooler fluid streams will approach. This option is a somewhat passive
high-intercooler heat exchange assumption (with no high- to low-temperature refrigerant heat
exchange), whereas the specified subcooling choice is the active heat interchanger approach. The
low-temperature intercooler is defined the same way in either case.

For the condenser, the specified LMTD differs from that in CYCLE 7 in two ways. First,
the equation used in CYCLE 7 to determine an overal! condenser LMTD across superheated and
two phase refrigerant regions has been modified as described in ref. 13. In CYCLE-Z, condenser
LMTDs are weighted by area rather than heat transfer fractions. Second, the LMTD is redefined
relative to the total refrigeration output rather than the condenser heat load.

The user-specified total high-side and low-side refrigerant pressure drops are apportioned
across the appropriate heat exchangers in relation to their relative refrigerant-side areas.

The CYCLE-Z program also allows the user to specify compressor shell heat loss as a
fraction of the computed compressor input power. Laboratory and calorimeter testing has
indicated this can be an appreciable portion of the electrical power supplied to the compressor,
and this capability provides for more reasonable estimates of compressor discharge temperature.

Temperatures and pressures are expressed in either cgs or mks units in Sect. 2 of this
report to be consistent with the required input and output units used in the CYCLE-Z model.
Experimental results presented in the subsequent sections are in inch-pound (IP) units commonly
used in American industry.
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2.2.2 Cycle Assumptions

As in the case of the CYCLE 7 model, assumptions are made of saturated liquid at the
condenser exit and saturated vapor at the high-temperature evaporator exit. These assumptions
are consistent with the evaluation of optimal performance configurations for the L-M cycle,
because optimal levels of condenser subcooling and compressor inlet superheat can be achieved
with the two intercoolers. Use of the condenser and high-temperature evaporator for any additional
subcooling or superheating, respectively, serves only to unnecessarily raise the condenser pressure
or lower the evaporator pressure for a given LMTD. While prediction of these situations is
necessary in a simulation model capable of predicting the full range of operating conditions that
an actual installation may encounter, the present model is better suited as an initial design model
to define the hardware performance requirements of an optimal configuration.

2.2.3 Ambient Heat Exchange Option

For the option of ambient heat exchange in lieu of the high-temperature intercooler, the
basic program solution logic remains unchanged. In this case, points 1 and 5 in Fig 2.2 are set
at the user-specified ambient temperature (which must be less than the condenser inlet sink
temperature), and the required heat transfers 10 the respective saturation points are computed.
With this option, the temperature of refrigerant entering the freezer evaporator, T(6) in Figure 2.1,
is fixed by the user-specified subcooling in the low-temperature intercooler, and the evaporator
inlet enthalpy is constant for all values of the refrigerant temperature leaving the condenser, T(4).
The evaporator pressure is thus totally independent of the condenser conditions. As such the
program runs more quickly than in the general case with two true intercoolers.

2.2.4 Program Qutput
Once convergence on overall evaporator and condenser LMTDs has been obtained, a cycle
summary is printed. The CYCLE-Z program output follows the basic format of the CYCLE 7

program with a number of additions, including:

. individual and overall Hx LMTDs;

. individual and overall Hx loadings (both conventional and per unit refrigeration load);
. relative Hx area and UA ratios;

. therimodynamic state conditions at the 10 cycle points;

. refrigerant glides;

. estimated maximum plausible low- and high-temperature subcooling;

. compressor pressure ratio, work, shell heat loss, and exit superheat; and

. refrigeration COP and enthalpic and volumetric capacities.

2.3 ADVANTAGES OF CYCLE-Z MODEL
2.3.1 Temperature-Based Specification
The CYCLE-Z approach gives an entirely temperature-based cycle specification through

the use of overall LMTDs and intercooler subcooling AT’s. Specification of the cycle
configuration in this manner is more intuitive because it is easier to relate the basic task of



refrigerant-glide matching to the application at hand. A temperature-based specification is also
more straightforward for making comparisons with experimental results.

2.3.2 Constant Heat Exchange Loading

The overall heat exchanger loading of the major heat transfer surfaces is specified in a
general fashion per unit of refrigeration capacity. This specification is fluid and hardware
independent. No UAs or external fluid flow rates are required. The heat exchangers are
essentially specified on a performance basis and in a manner that allows the total available heat
transfer area of the condenser and the two evaporators to be held constant for a required unit
capacity.

2.3.3 Fast Program Execution

The temperature-based approach as applied to the L-M cycle intercoolers also results in
relatively quick cycle convergence (about 10-15 s on a 386-based IBM-compatible). The
convergence is speedy because the intercoolers’ high-to-low-side heat transfers are uncoupled from
the low-side iterations by use of performance rather than hardware specifications. In the optional
case employing ambient heat exchange in place of an active high-side intercooler, the solution
time is even faster.

2.3.4 Design Rather Than Simulation Model

CYCLE-Z has advantages for the evaluation of optimal thermal cycle configurations for
two reasons. First, the assumptions built into the solution logic maintain optimum cycle
conditions at the condenser and fresh-food evaporator outlets (zero subcooling and superheat,
respectively). Simulation models with fixed hardware are more difficult to constrain to follow a
particular optimal thermodynamic design path. Second, use of thermal performance specifications
as opposed to hardware specifications allows more of the general cycle parameters to be controlled
directly (e.g., intercooler subcooling and total heat exchanger loading) while automatically
adjusting the hardware requirements internally as needed with different fluids.

2.3.5 Comparative Refrigerant Screening

Because of the characteristics discussed in the preceding sections, CYCLE-Z is well-suited
for comparative screening of refrigerant mixtures for application to the L-M cycle. The capability
to maintain constant heat exchanger loading per unit refrigeration capacity and optimal condenser
and evaporator exit conditions simplifies the determination of optimum cycle requirements for a
particular refrigerant mixture. These requirements include distribution of heat exchanger area,
optimal intercooler subcooling, and most advantageous mixture composition. Once optimal
configurations have been determined for all candidate pairs in a consistent manner, fair
performance rankings can be made. Because the CYCLE-Z model allows the user to more easily
determine optimum cycle configurations given consistent heat exchanger assumptions, the program
is most appropriate for use in such performance ranking and in defining the optimal hardware
requirements.



2.4 INITIAL PARAMETRIC INVESTIGATIONS AND RESULTS

The implied reason for developing CYCLE-Z was that the effects of parameter variations
could be analytically determined rather than experimentally measured in the laboratory. The L-M
cycle is sufficiently different from the conventional, pure-refrigerant RF configuration that many
new system variables must be investigated.

Before outlining results from the parametric investigation of the L-M cycle, it is important
to specify where NARMs provide an advantage over pure refrigerants for the domestic RF
application. With mixed refrigerants, some of the thermodynamic irreversibility of heat exchange
can be decreased by matching the evaporating and condensing temperatures of the refrigerant with
the temperature glide requirements of the secondary fluid (RF air temperatures). Also, liquid line
subcooling of a mixed refrigerant produces a given evaporator temperature at a higher suction
pressure, thereby decreasing the pressure ratio across the compressor.'" Several chemical
compounds with less severe ozone-depletion potentials (ODPs) and greenhouse-warming potentials
(GWPs) than the currently used chlorofluorocarbon (CFC) refrigerants have been identified as
potential NARM components.'”

2.4.1 Relative Heat Exchanger Area Distribution

The relative distribution of heat exchanger area between evaporating and condensing
functions was varied by changing the overall LMTD values while maintaining a constant
UA, o/Qeyqp Value of 0.2°C™", which is equivalent to a LMTD of 10°F for the combined evaporator
and the condenser. Figure 2.3 shows the system COP for NARM pairs with small, medium, and
large temperature glides (R-22/R-152a, R-32/R-124, and R-22/R-123, respectively) and nominal
values of intercooler subcooling (20°C of subcooling in both the high and low temperature
intercoolers). These results indicate that a UA,,,/UA,, ratio of approximately 0.5 gave optimal
performance for these three NARMSs, so this relative area distribution was used for all subsequent
- calculations.

2.4.2 Model Input Conditions

We assumed a fresh-food-to-freezer loading ratio of 1/1 for the parametric investigations,
based on recommendations in the ASHRAE Equipment Handbook."”® Analytical runs with changing
relative RF loadings showed that larger relative fresh-food loadings gave better system
performance, primarily due to the smaller temperature lift required for these conditions.

CYCLE-Z calculates the required distribution of evaporator area between the freezer and
fresh-food compartments. This is a strong function of the refrigerator/freezer load distribution and
a lesser function of the component refrigerants and composition of the NARM pair. NARMs with
larger temperature glides (larger normal boiling-point differences) and those that benefit most from
larger amounts of subcooling require larger fresh-food compartment evaporators.

Other conditions that we held constant for virtually all of the CYCLE-Z runs were:

. low-temp evaporator air inlet and outlet temperatures (—15°C and -20°C),
. high-temp evaporator air inlet and outlet temperatures (-3°C and -2°C),

. condenser air inlet and outlet temperatures (32°C and 40°C),

. overall evaporator LMTD (10°C),

. overall condenser LMTD (10°C),

. evaporator superheat and condenser subcooling (0°C),

. evaporator and condenser pressure drop (kPa) (0.0),
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. compressor efficiency (0.55), and
. fraction of input work lost through compressor can (0.10).

Where experimentally measured interaction coefficients were not available for the CSD
refrigerant property routines, we used a value of 0.01. We determined variations of system COP,
refrigerant volumetric capacities, evaporator and condenser glides, and compressor pressure ratios
for 20 refrigerant mixtures at concentrations, ranging from O to 1.0 mass fraction of the lower
boiling component. Table 2.2 presents optimal COP results from these calculations. In this table,
comparisons are referenced to the performance of R-12 in a conventional, single-evapora:-
refrigerator-freezer.

2.4.3 NARM Concentration Variation

The concentration of components in a NARM controls the resulting refrigerant temperature
glide as the NARM evaporates or condenses, and matching specified total air-side glide with the
refrigerant is an important aspect of NARM efficiency in this application. It follows, then, that
the composition of the refrigerant mixture has a significant effect on system performance.
Figure 2.4 shows typical plots of the variation in modeled RF performance and refrigerant-side
glides with the composition of an R-32/R-124 NARM. Also plotted in part (a) are the volumetric
capacity of the refrigerant mixture and the "baseline" performance and volumetric capacity of R-12
in a single-evaporator RF. Similar results for the other NARM combinations were used to select
the data for Table 2.1.

Part (b) of Fig. 2.4 shows the evaporator and condenser refrigerant-side glides in relation
to the air-side glides as a function of concentration in these two heat exchangers. It is quite
apparent that the model is predicting optimal system performance at a NARM concentration where
the best correspondence occurs between refrigerant and air-side glides, especially on the
. evaporator side where the larger glide occurs. Naturally, heat exchanger pressure drops and other
aberrations that result from actual running conditions will modify these considerations.

2.4.4 Subcooling/Superheating Variation

CYCLE-Z includes an option for setting the suction line superheat and first stage of liquid
subcooling to ambient temperature (a condition sought in most conventional single-evaporator
designs). This mode of operating puts a rather severe constraint on the extent of high-temperature
intercooling in the system, and model runs using this option did not produce system COPs as high
as those in which both high- and low-temperature subcooling/superheating were individually
specified and controlled.

Clearly, the extent and division of the subcooling and superheating accomplished with the
intercooler stages on the L-M design are important parameters for controlling system performance.
An automated series of model runs, for each of the NARM combinations listed in Table 2.1,
provided data on how COPs changed as a result of the subcooling and subcooling/superheating
obtained in these intercooler heat exchangers.

Figure 2.5 shows topographical plots of COP versus intercooler subcooling for high glide
(R-22/R-123), low glide (R-22/R-152a), and moderate glide (R-32/R-124) NARMs in an L-M RF
[parts (a), (b), and (c), respectively]. From the slopes of the contour lines for constant COP, it
is apparent that high-temperature subcooling/superheating is more effective than low-temperature
subcooling for improving system COP. Subcooling accomplished in the lower-temperature
intercooler is much more effective at improving system efficiency for NARM pairs with a higher-

11
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Fig. 2.4. Nonazeotropic refrigerant mixture (NARM) composition effects for an
R-32/R-124 NARM. (a) Lorenz-Meutzner refrigerator-freezer coefficient of performance and
refrigerant volumetric capacity as a function of NARM composition for an R-32/R-124 NARM,
(b) NARM temperature glides in the evaporator and condenser of a Lorenz-Meutzner refrigerator-
freezer as a function of composition for an R-32/R-124 NARM.
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temperature glide, which is consistent with the previously stated advantages of NARMs over pure
refrigerants. This low-temperature subcooling effectively decreases the compressor pressure ratio
at the same evaporator temperature and causes the two-phase refrigerant temperature to better
match the corresponding evaporator air temperatures. Part (d) of Fig. 2.5 is included to show that
the low-temperature intercooler does nothing to improve the efficiency of a pure refrigerant in this
circuit."

Another advantage of adding liquid-line subcooling via the low temperature intercooler
is that this internal heat exchange need not contribute directly to higher compressor discharge
temperatures.

Figure 2.6 further illustrates that subcooling with the low-temperature intercooler
facilitated temperature-glide matching in the RF evaporators. The two-level temperature changes
for air in the evaporator remain constant, whereas increased subcooling by the low-temperature
intercooler serves to decrease the LMTD of the high-temperature (fresh-food) evaporator and
promote more efficient heat transfer at the expense of a slightly larger LMTD of the
low-temperature (freezer) evaporator.

2.5 SUMMARY AND CONCLUSIONS

CYCLE-Z extends the advantages of the CYCLE 7 model to the L-M RF cycle.® It has
the added capability of maintaining a constant total heat exchanger area per unit of refrigeration
capacity over the primary heat exchangers (the condenser and the two evaporators) for different
refrigerants and refrigerant mixtures. As such, CYCLE-Z is well suited for performance ranking
of different fluid combinations under optimum cycle conditions without the need for and possible
limitations of hardware characteristics.

NARMs offer performance advantages over pure refrigerants in an RF application through
more efficient heat transfer and effective use of liquid subcooling. COP gains of 6 to 26% over
R-12 are predicted for NARMSs operating in a modified RF circuit with separate fresh-food and
- freezer evaporators and two stages of refrigerant intercooling.

We determined an optimum distribution of heat exchanger area between the evaporator
and the condenser for an L-M RF by a sensitivity analysis using the CYCLE-Z model. The same
ratio worked well for NARM pairs with low, moderate, and large temperature glides. This
optimum ratio was used for all of the NARM comparisons.

With NARMs, subcooling with suction gas and two-phase refrigerant between the low-
and high-temperature evaporators is a very effective method to improve refrigerating performance.
The extent of subcooling and the location at which the subcooling is performed are functions of
the components and composition of the NARM pair. Allowing the suction line and condenser
liquid line to come to ambient temperature as the first stage of subcooling/superheating appears
to limit the performance potential of the L-M cycle. ,

Modeling calculations have shown that optimization of heat exchanger distribution among
the intercooling functions, fresh-food refrigeration, freezer operation, and NARM condensation
are critical parameters in designing and demonstrating this L-M refrigeration circuit.

3. CALORIMETER TESTING WITH NARMS

3.1 INTRODUCTION

The compressor is the most active part of any vapor-compression refrigeration system.
Knowing the performance characteristics of a compressor with a given refrigerant at a specified
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nonazeotropic refrigerant mixture (NARM); (b) 30°C low-temperature subcooling for 0.30 mass
percent R32/R124 NARM.
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set of operating conditions is typically the prerequisite for sizing and designing all the other
components needed for a refrigeration circuit to handle a certain application.

Standard 23-78 of the American Society of Heating, Refrigerating, and Air Conditioning
Engineers (ASHRAE), Standard Methods of Testing for Rating Positive Displacement
Refrigeration Compressors, was written to provide engineers with an objective, uniform,
industry-wide basis for rating and comparing the capacity and efficiency of compressors.’® This
purpose can be expanded to establishing and comparing the performances of new refrigerants with
a given compressor.

In addition to researching other refrigeration cycles, finding refrigerant fluids that do not
have as many environmental liabilities as R-12 was also part of this RF work. The L-M cycle
obviously requires NARMs that can be blended from a variety of fluids with lower ODPs and
smaller GWPs than the CFC refrigerants.

Out of necessity, most of the experimental work on prototype RF systems has required
the use of compressors that were originally designed and optimized for R-12. A central question
about the system performance data resulting from testing these prototypes will be how well the
new refrigerants perform in a compressor designed to work with another fluid.

The testing and results presented in this section show the relative performance
characteristics of NARM and other non-CFC refrigerants that are being considered for domestic
refrigeration in R-12 compressors. This compressor calorimeter data is needed to help select the
best fluids for additional testing and to ascertain if changes in RF prototype performance are
attributable to the thermodynamics of the cycle, or if they are partially due to changes in the
efficiency of the refrigerant/compressor combinations used in the test setup.

3.2 CALORIMETER SET-UP AND TEST PROCEDURE

We used a Starco® 100-3000 Btu/h calorimeter for this work. The suction and discharge

- lines between the calorimeter and an environmental chamber containing the compressor were

insulated to improve the compressor rating precision. A factory calibrated wattmeter and a

watt-hour totalizer working off the same switches that control the electrical-heater and

refrigerant-flow totalizers were installed on the calorimeter to measure and integrate electrical
power input to the compressor motor.

For RF applications, compressor capacities and energy efficiency ratios (EERs) are usually
measured at all nine operating conditions corresponding to 110°, 120°, and 130°F condenser
temperatures and —20°, -10° and O°F evaporator temperatures. Also specified in the test
procedure are a 90°F ambient temperature for the compressor, superheating of the suction gas to
90°F, and subcooling of the liquid line to 90°F. 1n addition, a uniform horizontal air flow of 3.5
ft/s across the top of the compressor is stipulated.

A consistent procedure was established for comparing the performances of pure
refrigerants and NARMs. Radermacher and McLinden had shown that NARM performance
comparisons are totally dependent on the pressures chosen to correspond to NARM evaporator and
condenser temperatures.® Some recommend that NARMs be rated at the bubble point for the
condenser temperature and at the dew point for the evaporator temperature.” Figures 3.1 and 3.2
from the Radermacher/McLinden paper classify this method of rating as "Case B" and illustrate
that it is the most conservative (pessimistic) way to rate the cycle performance of NARMs. Using
the midpoint of the NARM glide, "Case C" in Figs. 3.1 and 3.2, is more widely accepted, but this
approach can lead to a crossover of the refrigerant temperatures and sink or source temperatures
for NARMs with high glides, which would be a violation of the second law of thermodynamics.
Results reported by Boot support this glide midpoint or averaged temperature approach.'®
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In preparation for this NARM calorimetry work, we developed a methodology to calculate
the equilibrium vapor pressure corresponding to the midpoint of the NARM temperature glide in
an evaporator or condenser. The method was later moditied to compensate for nonlinearity in the
NARM temperature/enthalpy profile (glide). This was accomplished by dividing the evaporator
or condenser into ten equal changes in enthalpy and computing the pressure that corresponds to
the mean temperature of these steps in the two-phase region. This additional computation is
required for NARMSs, because the suction and discharge pressures are set and controlled on the
calorimeter 1o give operating conditions simulating different evaporator and condenser
temperatures.

We calculated evaporator and condenser pressures (based on nonlinear glide means)
corresponding to the nine-point RF compressor rating conditions for R-32/R-124, R-22/R-123, R-
22/R-141b, and R-22/R-142b NARMSs at concentrations simulating the volumetric capacity of
R-12, as Table 3.1 shows. Condensing pressures for the R-32/R-124 NARM go as high as 220
psig at the higher condenser temperature, but these pressures are well within the safety margins
for R-12 hermetic compressor cans and the components of the small Starco calorimeter.
Evaporator pressures for R-22/R-123, R-22/R-141b, and R-22/R-142b NARMSs, which are all good
candidates mixtures for an L-M RF, drop below atmospheric pressure at the lower evaporator
temperature rating points. Sub-aimospheric suction pressures are not desirable because they could
result in atmospheric contaminants leaking into the refrigeration circuit.

We developed a compulerized data reduction program for the compressor calorimeter that
incorporated the Lee Kessler Plocker (LKP) refrigerant property routines for this work. We used
LKP refrigerant property routines for this program because they contained a built-in algorithm for
estimating the interaction coefficient (IC) of refrigerant mixtures, and because the calorimeter
program was being developed by a student who needed to use the LKP routines for subsequent
work. Good agreement had been demonstrated between CSD and LKP based calculations. The
program computes compressor capacities, EERs, and COPs from raw calorimeter data. It uses the
refrigerant property routines with refrigerant mass tlow rates to provide a refrigerant-side check
against compressor capacities calculated from energy supplied to the electrical heaters in the
secondary evaporator. Refrigerant-side capacities were consistently within 1-2% of those
calculated from electric heater measurements. We saw small discrepancies (0.5-0.6%) in the
refrigerani-side capacities calculated with the LKP and Martin-Hou refrigerant property
subroutines.

Table 3.1. Calorimeter evaporator and condenser pressures for nonazeotropic
refrigerant mixtures corresponding to mean glide temperatures in the
heat exchangers (Glide non-linearities used in calculation)

NARM Mass / -20.0 -10.0 0.0 110.0 120.0 130.0
combination composition (psig) (psig) (psig) (psig) (psig) (psig)
R-32/R124 0.15/0.85 -0.82 2.87 7.30 135.21 157.36 181.91
R-32/R124 0.30/0.70 5.56 10.75 16.96 189.299 218.79 25141
R-22/R123 0.70/0.30 -1.61 2.02 6.40 137.10 159.88 185.10
R-22/R141b 0.80/0.20 -0.70 3.31 1.75 143.46 166.89 192.92
R-22/R142b 0.40/0.60 -3.23 —0.13 3.60 115.65 135.45 157.46

Pressures calculated using the Camahan Starling DeSantis (CSD) refrigerant property subroutines and estimated interaction
coefficients were required.

Tabulated pressures calculated to correspond to "saturation pressure” values used for pure refrigerants.



3.3 CALORIMETER TEST RESULTS
3.3.1 Embraco FT 9 RW

Calorimeter results with R-12 in an Embraco® FT 9 RW compressor are summarized in
Table 3.2. These tests were conducted with a compressor power line voltage of 130 V higher than
the 115 V specified in the test procedure. Repeated runs at 115 V for the 130°/0° and 110°/-10°F
conditions are shown in Table 3.3. We measured a slightly improved EER (0.5-2.7%) at the
controlled voltage. We performed subsequent tests with electrical power to the compressor
controlled at 115 volts.

3.32 Tecumseh AE 1360 D

We rated a Tecumseh® AE 1360 D compressor identical to that used in the L-M RF test
unit (see Sect. 3.3.2.1) on the small calorimeter with R-12 and both R-32/R-124 and R-22/R-141b
NARM refrigerants to support work being performed on the L-M RF design. Baseline calorimeter
tests with R-12 are shown in Table 3.4.

We prepared the R-32/R-124 and R-22/R-141b NARMs used for calorimeter testing by
weighing appropriate amounts of pure components into a gas cylinder cooled in dry ice. A gas
manifold that permits convenient addition and removal of this NARM from the liquid phase of
the sample cylinder was added to the calorimeter. We installed a sampling port at the condenser
inlet of the calorimeter, but difficulties in obtaining representative, single-phase samples for
NARMSs precluded its use. The following tables present results for NARM concentrations as
prepared in the sampling cylinder and charged into the calorimeter from the liquid phase. Known
flammability limits of R-32 in air were used to estimate the nonflammable and flammable
concentrations of R-32 in R-124.

3.32.1 R-32/R-124 NARMS

Table 3.5 summarizes the standard nine-point test on the Tecumseh AE 1360 D
compressor operating with a 30% by mass R-32/R-124 NARM. These results indicate a drastic
improvement in the EER of this compressor at operating points comparable to the R-12
compressor map. This improvement is due almost entirely to a substantial increase in refrigeration
capacity with a small increase in compressor power consumption. Unfortunately, this compressor
did not have enough starting torque to cycle on and off with the 30% R-32/R-124 mixture. A
15% mixture of R-32 in R-124 was prepared by diluting the 30% mixture with additional R-124.

The simulated effects of decreasing the R-32 concentration in this NARM from 30% by
mass to 15% by mass can be estimated from the results presented in Fig. 2.4. The CYCLE-Z L-
M RF model predicts a decrease in system COP from approximately 1.575 to about 1.540, but the
volumetric capacity of the mixture with less R-32 more closely approximates R-12, the refrigerant
for which this compressor was designed.

Table 3.6 shows test results for a 15% by mass mixture of R-32 in R-124. This NARM
has a refrigeration capacity very similar to that of R-12 in this compressor, but it showed a
significantly higher EER than R-12 at similar operating conditions, as Fig. 3.3 shows.
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3.3.2.2 R-22/R-141b NARM

At the requests of EPA and the University of Maryland, ORNL also rated this Tecumseh
compressor with an 80% by mass R-22/R-141b NARM on the calorimeter. The University of
Maryland requested the compressor run with this sample at a 9.3 psig saturated evaporator and
189.3 psig saturated condenser condition (which roughly corresponds to a 0°F evaporator and
110-120°F condenser condition according to our program) to calculate the NARM equivalents of
saturated evaporator and condenser temperature measurements, as Table 3.1 shows.

The R-141b needed to prepare this mixture was obtained from Dick Crooker at
ATOCHEM®. It was specially dried to bring it up to refrigerant-grade specifications. R-141b is
one of the NARM mixtures being used for L-M RF work at the University of Maryland. We
performed the standard nine-point calorimeter test for RF compressors at a 90°F ambient on the
R-22/R-141b NARM in a Tecumseh AE 1360 D compressor, as Table 3.7 shows.

Figure 3.3 indicates that the EER of the R-32/R-124 NARM is consistently better than
those of R-12 and the R-22/R-141b NARM at operating conditions used for the calorimetry testing.
The capacity of the NARM containing R-32 ranges from values less than R-12 at the lower
evaporator temperatures to slightly greater than R-12 at the 0°F evaporator condition. The results
indicate that the R-32/R-124 NARM should perform better than R-22/R-141b for this application
in this compressor.

3.3.3 Americold SS6 W-1286

We also completed compressor calorimeter (ests on an Americold SS6 W-1286, 1000
Btu/b compressor operated with R-12 and the 15% by mass R-32/R-124 NARM as part of this
program. This compressor was being considered for use in the L-M RF test unit if more capacity
was needed. Tables 3.8 and 3.9 summarize results from these calorimeter tests. A polyol ester
was used as the lubricant in the Americold SS6 W-1286 compressor at the suggestion of the
manufacturers. Differences in the viscosity index (temperature variation of oil viscosity) of
mineral oils and polyester synthetic oils made it appropriate to use the less viscous polyester oil
in this RF application. Because R-12 and the NARM were tested with the same oil, the results
should be comparable. Figures 3.4 and 3.5 show refrigeration capacities and EERs measured for
this compressor operated with R-12 and the R-32/R-124 NARM at the 120°F and 130°F
condensing conditions, respectively. A trend similar to that seen in previous tests with the
R-32/R-124 NARM in R-12 compressors is indicated: at similar refrigeration capacities and
operating conditions, the R-32 NARM provides substantially better compressor efficiency.

However, testing described in Sect. 4 indicates that the dynamics of the heat exchange
process in the actual application will dictate whether or not this NARM refrigeration capacity is
fully utilized. The method of comparing calorimeter results for compressors operated with single
component or azeotropic and NARM refrigerants is one that requires more analysis and research.

3.3.4 Embraco FGI 10AW

As part of this program, EPA and the University of Maryland asked ORNL to rate an
Embraco FGI 10 AW compressor operated with refrigerant R-152a on the calorimeter at a
designated operating condition. We also ran four standard evaporator and condenser temperature
conditions that bracket the operating condition. R-152a is a flammable refrigerant that has been
proposed as a desirable alternative for R-12 in RF applications because it has a very short
ammospheric lifetime (1.7 years) and low halocarbon GWP (0.03 relative to R-11). We also
measured R-12 performance results in this compressor at some of the same operating points and
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Fig. 3.4. Comparable compressor capacities and energy efficiency ratios for R-12 and
a 15% by mass R-32/85% R-124 nonazeotropic refrigerant mixture in an Americold SS6 W-
1286 compressor at the 120°F condensing condition.
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at the 130°/-10°F standard rating condition to provide comparable R-152a and R-12 results and
to verify their accuracy. Tables 3.10 and 3.11 of this report, which summarize the data obtained
from these calorimeter tests, indicate that R-12 has a larger volumetric capacity than R-152a, but
that the compressor operates more efficiently with R-152a. R-12 results of the 130°F condensing/-
10°F evaporating condition support the manufacturer’s rating.

3.4 CONCLUSIONS AND DISCUSSION

We developed a protocol to define calorimeter operating pressures for NARMs that
correspond to saturated evaporator and condenser temperatures commonly used with pure
refrigerants. We used a calorimeter pressure matching the mean glide temperature of the NARM
(accounting for any nonlinearities in the temperature/enthalpy profile).

Using a calorimeter testing procedure based on the mean glide temperature, we obtained
comparable compressor performance results for pure refrigerants and NARMs in the same
compressor operating under the "same" conditions.

Calorimeter tests of several NARM candidates indicated that compressors designed for use
with R-12 could efficiently handle certain NARMs.

Compressor can heat loss measurements, while not tabulated with the regular calorimeter
data, ranged from 70 to 80% of the compressor input power. This was much larger than the 10%
used for CYCLE-Z modeling (Sect. 2). Additional can heat loss has the effect of reducing
refrigerant discharge temperatures from the compressor.

4. EXPERIMENTAL TESTING OF LORENZ-MEUTZNER DESIGN

4.1 BACKGROUND

Based on Dr. Horst Kruse’s 1989 ASHRAE presentation’ describing the experimental
performance of an R-22/R-142b NARM in an L-M RF design, we initiated work to build and
demonstrate the performance of a prototype, two-evaporator RF operating with NARMs.
Researchers from ORNL and EPA visited Dr. Kruse at his laboratory in Hannover, Germany, to
review the work he had already done on the L-M cycle, to obtain the code for his RF simulation
model, and to work out a protocol for instrumenting and monitoring the performance of L-M RFs
designed to satisfy the American market.

As a result of our discussions in Hannover, we decided to obtain Amana ESTR 18D RFs
as the base models for this study because they were 18-ft*, top-mount RFs typical of the most
common U.S. model and were designed with separate freezer and fresh food evaporators. These
Amana RFs also incorporated such energy saving features as additional wall-insulation and longer
defrost cycle times that would enhance their efficiency. EPA, through ICF corporation in
Virginia, located and arranged the purchase of three used Amana ESTR 18D RFs from private
OWNETS.
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4.2 BASELINE TESTING OF UNMODIFIED UNITS

All three of the unmodified Amana two-evaporator RFs were instrumented with internal-
and external-ambient thermocouples to make air-side measurements according to the AHAM
procedure. Their daily energy consumption was monitored in a small environmental chamber at
the 90°F closed-door condition. In addition, we installed relative humidity sensors in the fresh
food compartment of these test units and monitored them during the test procedure to verify that
the two-evaporator approach inherent in this design would result in higher refrigerator humidity
levels and less dehydration of the fresh foods stored in this section.

The defrost cycle on this two-evaporator, energy-saving design was complicated by a
longer-than-normal interval (48-h compressor run time) between major freezer defrosts with minor,
fresh-food evaporator defrosts occurring every 10 h, as Fig. 4.1 shows. We determined kWh/d
energy use measurements over the cycle between freezer defrosts. To help simplify the data
reduction and analysis, simple contact relays were added to the RFs that give a "1" or "0"
response when the compressor is on or off, respectively, or when a system defrost is occurring.

Some modification of the small environmental chamber was required in order to
adequately control ambient temperatures during RF compressor "on” cycles when two or more RF
units were being tested simultaneously. The external thermocouple on the "windward" side of
these forced-condenser RFs showed a three- or four-degree temperature swing between on and off
cycles. Small fans were eventually used inside the chamber to keep ambient temperature
variations within the limits prescribed by the AHAM 90° closed-door test procedure.

We built a computerized data acquisition system around an ACUREX® data logger, an
ACUREX® Netpac module, and a small, portable, laptop computer. In-house programs were
written for the computer that captured data scans every 15 s and organized the data into 4-5 min
averages that were written to a disk file for subsequent off-line data reduction. Using this scheme
together with the "0" for "off" and "1" for "on" response mentioned previously, it was possible
to time transient events within 15 s and save several days of operating data on a floppy disk.
Figure 4.2 illustrates the capabilities and resolution of this data-gathering equipment during the
90°F, closed-door tests on one of the unmodified RFs.

Tables 4.1—4.3 summarizes the results of this R-12, baseline testing on all three Amana
RFs obtained from the field. It is interesting to note that these Amana RFs were the result of a
DOE-sponsored development project in the late 70s—early 80s and they demonstrated 60% better
energy efficiencies than conventional RFs of that period.” The efficiencies of the units as
measured here are, however, poorer in energy efficiency than the currently mandated DOE
standard for 18 ft’ top-mounts (2.45 kWh/d).?’
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Fig. 4.1. Compressor and defrost cycling data from unmodified Amana ESTR 18D
refrigerator-freezers. Illustration of the timing of fresh food and freezer defrosts.
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Table 4.1. Amana ESTR 18D unit 1—baseline R-12 testing
American Home Appliance Manufacturers four point,
90°F, closed-door test procedure

Average Average
Temperature Power Compressor freezer Relative fresh food  Freezer defrost

control consumption run time temperature humidity  temperature cycle time

setting (kWh/d) (%) (°F) (%) (°F) (h)
Mid/mid/off 2.857 52.3 2.77 — 3744 88.975
Mid/mid/on 3.606 60.2 2.12 — 38.11 78.683
Warm/warm/off 2.433 434 12.74 20.6 4343 109.163
Warm/warm/on 2.998 47.7 12.78 18.0 44.09 99.558

Overall power consumption rating: 3.10 kWh/d.

Table 4.2. Amana ESTR 18D unit 2°—baseline R-12 testing
American Home Appliance Manufacturers four point,
90°F, closed-door test procedure

Average Average
Temperature Power Compressor freezer Relative fresh food Freezer defrost

control consumption run time temperature humidity  temperature cycle time

setting (kWh/d) (%) (°F) (%) (°F) (h)
Mid/mid/off 2.895 55.2 1.87 23.0 37.89 85.671
Mid/mid/on 4.018 70.2 -1.90 — 36.79 67.409
Warm/warim/off 2.340 412 10.93 — 47.74 110.430
Warm/warm/on 2.954 48.7 10.55 24.0 4428 96.870

Overall power consumption rating: 3.07 kWh/d.

*This R/F had a new food defrost kit installed before tests were initiated, and it drew 30-31 W during
fresh food defrosts. Units 1 and 3 did not draw any additional power during fresh food defrost cycles.

Table 4.3. Amana ESTR 18D unit 3—baseline R-12 testing
American Home Appliance Manufacturers four point,
90°F, closed-door test procedure

Average Average
Temperature Power Compressor freezer Relative fresh food Freezer defrost

control consumption run time temperature humidity  temperature cycle time

setting (kWh/d) (%) (°F) (%) (°F) (h)
Mid/mid/off 2.882 55.6 -0.81 — 35.80 85.130
Mid/mid/on 3.715 639 -2.06 — 36.09 73.837
Warm/warm/off 2413 437 7.28 31.8 4145 108.008
Warm/warm/on 2.992 48.5 6.48 28.9 42.09 97.454

Overall power consumption rating: 2.83 kWh/d.
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4.3 LORENZ-MEUTZNER CONSTRUCTION

We hired Tillery Mechanical, a Knoxville refrigeration service and repair contractor, to
modify one of the tested Amana RFs to incorporate the L-M cycle. Only one of the three
refrigerators was sent to the subcontractor for modification, because a major share of ORNL’s
work was directed at an investigation of "dual-loop" RF concepts. Tillery Mechanical was
provided with the No. 3 ESTR unit, which showed a 2.83-kWh/d power consumption in the R-12
baseline testing. We also provided;

. a sketch indicating the sequential arrangement of intercoolers and heat exchangers in
addition to thermocouple and pressure transducer locations (Fig. 4.3),

. pressure transducers and thermocouples necessary for instrumentation of the refrigeration
loop,

. a larger static evaporator fabricated at ORNL that was to be used in the fresh food
compartment (Fig. 4.4),

. several commercial suction-to-liquid-line heat exchangers that were to be used for the two
liquid-line subcoolers on the Lorenz circuit, and

. a variety of fine metering valves that were to be used as expansion valves after the last

liquid-line subcooler instead of capillary tubes.

The circuit shown in Fig. 4.3 is virtually identical to the design Dr. Kruse and his students
used for the operating model seen in Germany. We had originally planned to install a Coriolis
mass flowmeter after the condenser outlet to monitor refrigerant flow during testing, but the large
internal volume of the measuring cell of this meter would have seriously disrupted the operating
efficiency of the prototype unit. The smallest commercially available suction-to-liquid-line heat
exchangers were used for cycle intercoolers, patterned after a similar arrangement seen on the
Hannover test unit.

Discussions with Dr Kruse and with Mike Kauffeld and results from the CYCLE-Z and
University of Maryland L-M cycle models indicated that a larger fresh-food evaporator was
needed in this test unit. Using estimates from Hannover for the air-side, overall heat-transfer
values and using model results for the R-32/R-124 NARM to be tested by ORNL, we calculated
the size of the fresh food evaporator needed for optimum performance to be about 46 ft*. The
overall, air-side heat transfer values (U,;) used for these calculations were 26.2 watts per kelvin
per square meter (W/K - m?) for the fan-forced freezer and 17.0 W/K - m? for the static fresh-food
evaporator.

The University of Hannover recommended installing an oversized fresh-food evaporator
and then insulating sections to adjust its size to fit the fluid pair and conditions being tested. The
tube-and-wire heat exchanger sketched in Fig. 4.4 was designed to provide approximately 8§ ft*
of air-side surface area with a minimum internal volume.

The subcontractor completed modification of the Amana RF in July 1990. Testing
performed with R-12 showed that a "hard start" kit was needed to ensure that the compressor
would cycle on and off in response to the thermostat. This testing also indicated that the large
thermal mass of the static evaporator required an excessively long pull-down time and contributed
so much superheat to the suction gas that the compressor often cut out on high head pressure
before compartment temperatures could be pulled down to the normal operating range.
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4.4 LABORATORY TESTING WITH R-12

The modified Amana RF was delivered to the laboratory in August. Better cycling
response to thermostat demand was achieved by replacing the original Amana thermostat with one
having a narrower dead band range, taken from an upright freezer.

We performed laboratory runs with R-12 in this RF primarily to verify proper
thermocouple and pressure transducer operation. Data obtained from these runs, however,
indicated that the refrigerant pressure drop through the fresh food evaporator was too large for
efficient operation. This large pressure drop resulted in very low suction pressures.

To correct this problem, we divided the large fresh food evaporator on the L-M RF into
two parallel circuits. Tests performed with R-12 after this modification indicated that the
refrigerant-side pressure drop had decreased from 7-9 psi for the single circuit to about 1-3 psi
with the parallel circuit design.

Data obtained from two days of testing with R-12 indicated additional problems with the
RF as it was received from Tillery Mechanical. The fine metering valve that was to be used as
a throttling device did not work reliably. The micrometer metering valve could be adjusted to
give the desired suction pressure once the compressor was running. However, when the
compressor cycled "off" and "on” again in response to the thermostat, a larger pressure drop was
usually established over the metering valve, constricting refrigerant flow to the point where there
was insufficient capacity to satisfy the cooling load and shutting off the compressor again. This
situation could be cleared by slightly opening and immediately closing the valve, but this action
was required for every on-off cycle. These results suggest that a valve with a "feed back"
mechanism that causes it to open and close while seeking an ideal output condition (like a
conventional thermal expansion valve) might work in this application. The valve must be able
to control the 6—12-1b/h refrigerant flow rates typical in an RF, however.

We replaced the metering valve with capillary tubes. Because sizing of capillary tubes
for RFs tends to be a discontinuous, trial-and-error process, a manifold containing three different
tubes was prepared. Initial estimates for the capillaries used on this manifold were calculated
from data presented in the ASHRAE Equipment Handbook and were based on the assumption that
a 30% by mass mixture of R-32 in R-124 would be used for the NARM refrigerant.'”” The results
of these calculations were discussed and verified with Dung Soo Jung at the University of
Maryland and a representative from Whirlpool.

Calorimeter tests with the Tecumseh AE 1360 D compressor used in this refrigerator and
the 30% R-32/R-124 NARM that ORNL planned to use for these studies showed that this
compressor did not have enough torque to start against the saturated vapor pressure of this
refrigerant. It was necessary to decrease the R-32 content of the NARM to 15% by mass to
accommodate the RF compressor. This change eventually affected the choice of capillaries used
in the manifold.

The R-12 testing showed that when the compressor shut off in the L-M design, relatively
hot refrigerant on the high-pressure side of the low-temperature intercooler heated up the gaseous
refrigerant on the other side of the heat exchanger. This +50 to +60°F low-pressure refrigerant
was pushed into the outlet side of the freezer evaporator and the inlet side of the fresh food
evaporator, causing these compartments to warm up. To help limit this problem, we moved the
low-temperature intercooler inside the fresh food compartment. This was an attempt to minimize
the temperature difference between the high-pressure liquid side and the low-pressure gas side of
this heat exchanger. A Superior Valve HXSV-1/2, 1/2-hp subcooler was installed in place of the
Superior Valve 1677, 1/4 - 1/3-hp high-temperature intercooler to lower the liquid refrigerant
temperature more before it entered intercooler No. 4 (Fig. 4.3).
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This off-cycle backup of hot refrigerant caused additional problems with the unit's
thermostat. The thermostat being used in the fresh food section to control compressor operation
called for a compressor start at approximately 35°F and for compressor shut-down at temperatures
ranging from O°F to —30°F, depending on the dial setting. When the sensing element for this
thermostat was clipped to the fresh food evaporator inlet, it was not effective in controlling
uniform cycling of compressor run times. Hot refrigerant backup into the fresh food evaporator
caused short cycling of the compressor and did not allow adequate time for pressure equalization
between runs.

We eventually used relay control cards and logic algorithms on the data logger instead of
a thermostat to control the compressor cycling based on air temperatures in the fresh food or
freezer compartments. Initially, air temperatures in the fresh food chamber were used. An upper
limit/compressor-on temperature of 38°F with a dead band of 1.5°F was used as the RF
low-temperature (mid/mid) test, and 42°F with a dead band of 0.5°F was used for the high-
temperature (warm/warm) test condition, Later, a thermostat control scheme was worked out that
cycled on the basis of the averaged freezer temperatures rather than fresh food temperatures. For
the freezer, a compressor-on limil of 5°F and a 6°F dcad band was used for the mid/mid setting,
and an 8°F limit with a 6°F dead band was used to obtain the warm/warm condition. This
freezer-based algorithm gave more precise control of the freezer temperature and permitted the
use of charge size to control the fresh food temperature, so it was used for the bulk of the L-M
RF prototype tests.

These control temperatures and operating dead bands were selected to correspond with
previously obtained R-12 baseline rating data from the unmodified Amana units. Any
combination of starting temperatures and dead band can be implemented through use of the data
logger to achieve prescribed compartment temperatures or allow pressure equalization across the
compressor before restart.

Another problem indicated in the initial tests with R-12 was that the static evaporator
mounted on top of the fresh food section did not promote adequate air circulation for uniformly
cooling the fresh food compartment. The thermocouple right under the evaporator (top of the
compartment) hovered near freezing while the two lower thermocouples were in the 40°F to 50°F
temperature range. The solid glass shelves used in this RF design contributed to air stratification.
We subsequently used open shelves to obtain a more uniform temperature distribution.

4.5 LORENZ-MEUTZNER TESTING WITH AN R-32/R-124 NARM

The L-M RF capillary manifold was [litted with 14-, 12-, and 10-ft lengths of 0.026-in.
internal diameter capillary tubing. These short lengths of narrow-bore tubing helped minimize
heat exchange with thc 90° ambient chamber. Naturally, all of the cold refrigerant lines on the
back of the RF were insulated as well as possible with foam rubber insulation to increase
efficiency.

We used the 15% by mass R-32/R-124 NARM sample prepared for the calorimetry work
to charge this RF. We made charge size and capillary selection by choosing a capillary that gave
freezer inlet temperatures in the -15°F to -20°F range with enough charge to keep the fresh food
near 38°F over the mid/mid and warm/warm thermostat settings.

We noted during testing that the L-M design was very sensitive to ambient temperatures.
Capillaries and refrigerant charges appropriate for operating the RF in the laboratory
(approximately 70°F) did not work well when the RF was moved into the 90°F chamber.
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Generally, more restrictive capillaries and less refrigerant charge were necded at higher operating
ambient temperatures.

A full, 4-point, AHAM, 90°F, closed-door raling test was performed with the L-M RF.
The results for R-12 in the unmodified RF and the 15% R-32/R-124 NARM in the L-M prototype
are shown in Tables 4.3 and 4.4, respectively. The 3.41-kWh/d rating with the NARM is roughly
20.5% worse than the unmodified RF’s performance with R-12.

Table 4.4. Lorenz-Meutzner refrigerator-freezer testing with 15% R-32/R-124
American Home Appliance Manufacturers four-point, 90°F, closed-door test
procedure before time-delay-on-start relay installation

Average
Temperature Power Compressor  Average freezer  fresh food Freezer defrost

control consumption run time lemperature temperature cycle fime

selting (kWh/d) (%) (°F) (°F) (h)
Mid/mid/off 3.038 73.86 4.89 37.87 62.57
Mid/mid/on 3.797 83.07 4.94 38.20 56.91
Warm/warm/off 2.618 57.14 10.95 42.19 82.30
Warm/warm/on 3.107 71.29 8.93 4284 67.54

Overall power consumption rating: 3.41 kWh/d.

Data obtained from this testing indicaled some of the reasons the system was not
performing as well as modeling had predicted. Figure 4.5 contains temperature versus time plots
for refrigerant and air in the freezer and fresh food compartments over two compressor cycles at
the warm/warm setting. Figure 4.6 is a comparison of freczer "pull down" and "warm up” data
for this RF operating with R-12 in the unmodified configuration and with the R-32/R-124 in the
L-M configuration. These data indicate:

l. The large refrigerant charge size (approx. 20 oz) being used for this test unit contributed
to cycling losses by requiring significant compressor run time to cool down the large mass
of refrigerant.

2. The intercooler design (using commercial subcooler/superheaters [rom Superior Valve)
contributed to the large refrigerant inventory because of their large intemal volumes.
During the compressor off cycles, the intercoolers also trapped hot high-pressure
refrigerant in close proximity (o the low-pressure gas going through the evaporators. This
heated up the low-pressure gas, backing it up into the freezer and fresh food evaporators
and driving their temperatures up to 30 to 50°F, as Fig. 4.6 shows.

3. At the next compressor slart, the freezer fan pulled air over these warmed coils, causing
a sharp rise in the freezer air temperature, which in tum caused longer compressor run
times.
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Fig. 4.6. Refrigerant and air temperatures for two compressor "on" cycles of a
Lorenz-Meutzner refrigerator operating with a 15% by mass R-32/85% by mass R-124
nonazeotropic refrigerant mixture before time-out-delay relay installed on the freezer fan.
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Figure 4.7, which is a plot of typical system pressures Over tWo cOmpressor on cycles,
shows excess pressure drop in the large, static fresh-food evaporator on the L-M unit. This
pressure drop in the fresh food evaporator necessitated longer capillaries to maintain the lower
NARM refrigerant entering temperatures needed in the freezer, which in tum raised the pressure
ratio and power use of the compressor while decreasing the amount of refrigerant flow.

In consultation with Ray Bohman, who was hired as a consultant for RF work at ORNL,
the following corrective actions were recommended:

1. Install a time-delay-on-start relay on the freezer evaporator fan that would delay its
operation until the freezer evaporator was cooled to the proper operating temperature.

2, Redesign the intercoolers to minimize intermal volume and cut down on the mass of
refrigerant circulated in the system.

3. Install a low volume, low pressure drop, fan forced evaporator in the fresh food
compartment that uses a low wattage, low volume fan (not time-delayed). This would
further decrease charge inventory and reduce low-side pressure drop.

The limited time and budget remaining for EPA’s support of this phase of the project
permitted implementation of only the first corrective action proposed above.

4.5.1 Steady-State Results

We contrasted steady state efficiencies by looking at measured wattages for RF operation
at similar compartment air temperatures and refrigerant entering and leaving temperatures near
the end of a compressor on cycle with R-12 in the unmodified RF and with the R-32/R-124
NARM in the L-M RF cycle. Table 4.5 summarizes this comparison.

These steady-state operating data support the compressor calorimeter EER data described
earlier and modeled L-M results using CYCLE-Z with the R-32/R-124 NARM. We think the
relatively poor performance of the L-M design with the mixed refrigerant (Tables 4.4 and 4.6) is
attributable to cycling and heat exchanger inefficiencies.

4.5.2 Time-Delay-On-Start Modification

We installed a time-delay-on-start relay on the L-M RF freezer evaporator fan to delay
air circulation until cold refrigerant was present in the coil, and then retested the unit. Test results
did show lower average freezer temperatures, but long compressor run times (duty cycles) wiped
out any energy savings (Tables 4.4 and 4.6).
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refrigerator freezer operating with an R-32/R-124 nonazeotropic refrigerant mixture. Large,
8 square foot, static, fresh food evaporator.
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Table 4.5. Refrigerator-freezer steady state energy use

R-12 R-32 NARM Reduction
(W) (W) with NARM (%)
Compressor + fans + parasitics 235 187 -204
+ mullion heaters
(Mid/mid/on)
Compressor + fans + parasitics 207 163 -21.3
(Mid/mid/off)

Table 4.6. Lorenz-Meutzner refrigerator-freezer testing with 15% R-32/R-124
American Home Appliance Manufacturers four-point, 90°F, closed-door
test procedure after time-delay-on-start relay installation

Average Average
Temperature Power Compressor freezer fresh food  Freezer defrost

control consumption run time temperature  temperature cycle time

setting (kWh/d) (%) (°F) (°F) (h)
Mid/mid/off 3.211 77.87 3.30 37.55 60.41
Mid/mid/on 4.268 94.26 1.34 37.89 50.98
Warm/warm/off 3.004 69.67 492 41.10 66.92
Warm/warm/on 4015 88.82 3.26 41.69 53.52

Overall power consumption rating: 3.48 kWh/d.

These longer compressor run times are primarily due to the relative ineffectiveness of the
freezer evaporator with the R-32/R-124 NARM. With refrigerant entering and leaving
temperatures of —20°F and —6°F, respectively, the lowest leaving air temperature that could be
obtained from this coil was only about —-3°F, as Fig. 4.8 shows. The combination of cross-flow
operation and continuous fins made the freezer evaporator inefficient at transferring energy from
an air stream with progressively decreasing temperature to a refrigerant stream with progressively
increasing temperature.

Switching to a more restrictive capillary to decrease the freezer evaporator temperature only
increased the pressure ratio, decreasing refrigerant flow rate and further limiting refrigeration
capacity during a compressor run. More effective use of refrigerant temperatures in the freezer
evaporator is clearly required.

It is apparent from comparisons of the calorimeter work with NARMs and the
corresponding L-M RF work that the dynamics of the heat exchange process in the eventual
compressor application will have a significant effect on the capacities and EER values actually
realized in an operating system. Calorimeter results indicated that the 15% by mass R-32/R-124
NARM would have ample capacity to handle the same RF loads as R-12 with a 5% increase in
operating efficiency. However, actual RF tests with this NARM in the L-M RF with an
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ineffective freezer evaporator suffered from long compressor "on" cycles which indicated
insufficient capacity. We must add that additional heat exchanger surface area and thermal mass
(= +50%) and a larger refrigerant charge were required for the L-M RF tested. Both of these
changes would also contribute to longer compressor run times.

Because of the sensitivity of this L-M design to the amount of charge and because of the
difficulties involved in putting a sampling part on this small refrigerant circuit without disturbing
system performance, we took no refrigerant samples from this RF to confimm the circulating
NARM composition. Because charging was always performed using the liquid phase, very little
variation in charge composition would be expected.

4.6 CONCLUSIONS AND DISCUSSION

Steady state operation results and compressor calorimeter data support the energy saving
potential of NARM refrigerants in an L-M cycle. Steady-state energy use based on compressor
power consumption during on cycles was about 20% less than similar data for the same
compressor operating with R-12 at similar compartment and refrigerant temperatures.

We saw a poor correlation between NARM compressor calorimeter, steady state, and
modeled performance results and integrated L-M RF power consumption tests. System
performance with the NARM is dependent on the efficiencies and design of other system
components. Specifically, effective counterflow heat exchangers, an understanding of unique
cycling losses, and an awareness of the effects of changing ambient and operating temperatures
are needed to realize the efficiency potential of NARM refrigerants in the L-M system.

Counter-flow, refrigerant-to-air heat exchangers are important for this Lorenz-Meutzner
design, because they are the only way to achieve coil leaving-air temperatures intermediate
between the entering and leaving refrigerant temperatures. The absence of an effective
counterflow freezer evaporator showed up in our test results as an inability to rapidly "pull down"
compartment temperatures despite favorable compressor and steady-state test results.

The two stages of liquid line subcooling in the L-M circuit design cause warm refrigerant
to back-up into the evaporators during the compressor off cycles. In these experiments forced
convection was delayed until this situation was reversed.

The L-M RF design appears to be much more sensitive to ambient temperature variation
than is the conventional single-evaporator RF. Balancing temperatures in the freezer and fresh
food sections with a static charge and fixed circuit for a variety of ambient temperatures will be
a formidable challenge.

5. DUAL-LOOP REFRIGERATOR-FREEZER TESTING

5.1 INTRODUCTION

Conventionally designed American RFs use only one evaporator in the freezer
compartment. Frigid air from the freezer is passed through a controlled leak into the fresh food
compartment to keep this section at the required temperature. Thermodynamically speaking, this
arrangement means that the refrigeration system always works at pumping heat out of the colder
freezer section and rejecting it to ambient temperatures. At the 90°F rating point, the heat load
of the fresh food section in a conventional American, top-mount refrigerator is estimated to range
from about the same size to roughly 20% larger than that of the freezer. Therefore, a large
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percentage of the work load for a RF could be more efficiently cooled if the refrigerator had a
separate refrigeration loop for the fresh food compartment that could pump heat from these
warmer temperatures {0 room temperature.

European manufacturers have introduced and sold RFs with two completely separate
refrigeration systems (compressors, condensers, capillary tubes, and evaporators) that are dedicated
to cooling only the freezer or fresh food section of the appliance. Naturally, these units have
higher manufactured costs than the conventional one-circuil refrigerators, but they do take
advantage of the thermodynamically more favorable concept of pumping heat out of the fresh food
section over a lower temperature lift.”

Some of the other advantages of the two-circuit dual-loop approach are: separate
thermostats can be used to control the temperatures in each compartment, which usually results
in more uniform average temperatures; relatively moist air from the food stored in the fresh food
area is cooled by a heat exchanger at more moderate temperatures and does not contribute to frost
on the colder freezer evaporator; separating the freezer and the refrigerator sections allows longer
time periods between freezer defrosts and helps prevent drying out of vegetables and fruits stored
in the refrigerator; and defrosting of the fresh food evaporator can be performed by allowing it
to warm up to normal compartment temperatures between compressor "on" cycles or by shutting
the fresh food circuit off for an extended time with or without running a fresh food evaporator
fan.

Other RF circuits have been designed to try and exploit the advantages of a fresh food
section isolated from the freezer. Many of these have used a "refrigerant tailing" effect in which
the refrigerant loop was a series circuit containing separate evaporators for the freezer and fresh
food sections. Enough refrigerant is circulated so that two-phase refrigerant, which is left over
after the freezer is sufficiently cold, can spill over to and cool the fresh food section.”
Controlling and maintaining balanced compartment temperatures in these designs is more
challenging.

Other innovative ideas for dual-loop RF designs involve either using air dampers to switch
a single evaporator between cooling the freezer and cooling the fresh food compartments
depending on demand,” or utilizing a 3-way valve that can switch liquid refrigerant flow from
a single compressor and condenser to capillary tubes and evaporator coils appropriate for freezer
or fresh food cooling.?

As part of this project, ORNL was asked to design, build, and test the energy consumption
of two dual-loop RF concepts. A dual-circuit dual-loop design with two completely separate
refrigerant circuits for the freezer and fresh food compariments was designed by Arthur D. Little
(ADL) and built by Amana for testing at ORNL. A refrigerant-switching dual-loop refrigerator
built around a 3-way solenoid valve was designed by a consultant (Ray Bohman) according to
specifications laid out by ORNL and was built by a local subcontractor for testing at ORNL.

5.2 DUAL-CIRCUIT, DUAL-LOOP DESIGN AND TESTING
5.2.1 Dual-Circuit, Dual-Loop Design

ORNL, EPA, and ADL arranged a July 13, 1990, meeting at Amana to discuss details of
ADL’s design for a dual-circuit dual-loop RF that was to be built by Amana for this project. At
this meeting the design options for the prototype two-circuit RF were worked out. The main

features of this design are summarized as follows:

. Start with an existing Amana TM 18N 17.7 ft’ refrigerator.
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. Use the existing freezer evaporator and condenser for the freezer circuit.

. Mount a static condenser and a smaller, 2 x 8 x 24-in., fan-forced evaporator in the fresh
food compartment for the fresh food loop.

. Use an Embraco EM 20 NR compressor for the fresh food circuit (205 Btu/h, 3.10 EER
at -10°F evaporating and 130°F condensing rating point).

. Use an Embraco EM 40 SC compressor for the freezer circuit (415 Btu/h, 4.20 EER at
-10°F evaporating and 130°F condensing rating point).

. Provide a manifold of appropriately sized capillaries for both circuits.

. Route fan and heater power leads to the outside of the cabinet for monitoring and control.

. Use a normal, commercially available, thermostat for fresh food section.

. Use chest freezer thermostat for freezer section.

. Provide electrical connections to bypass the fresh food defrost.

. Block off the air passage between the freezer and refrigerator compartments.

. Mount thermocouples and pressure transducers according to the plan shown in Fig. 5.1.

Actual construction was started in August, and the completed unit was shipped to ORNL
in early October, 1990.

5.2.2 Dual-Circuit Dual-Loop Modeling

Dick Merriam at ADL modeled the performance of a dual-circuit dual-loop refrigerator
using a simple steady-state model and freezer cabinet loads, fan powers, compressor capacities,
and component efficiencies he obtained from Amana. For a typical 18-ft’, top-mount RF
operating with R-12 in an 824-Btu/h compressor, Merriam used the compressor capacity and EER
rating at the 130°F condensing condition and —10°F evaporating condition to estimate the daily
energy consumption for a conventionally designed unit as 2.290 kWh/d. Amana had
experimentally measured 2.293 kWh/d for the same unit. Values of 0.17 kWh/d and 0.07 kWh/d
were used for the mullion heater and defrost energy use, respectively.

For a dual-circuit system with:

. fan-forced evaporators in both compartments,

. no air leakage between the freezer and fresh food sections,

. a 3.4-EER, 200-Btu/h compressor for the fresh food circuit,

. a 4.6-EER, 400-Btu/h compressor for the freezer circuit,

. oversized (normal freezer) evaporators in both compartments.
. a back-mounted static condenser for the fresh food section,

. a normal fan-forced condenser for the freezer, and

. some standard compartment temperatures and parasitic power use,

Merriam used a similar technique to calculate that this dual-circuit dual-loop RF system would
require 2.21 kWh/d if R-12 were used in both circuits and 2.13 kWh/d it R-142b were used in
the refrigerator circuit with R-12 in the freezer. The compressor capacities and EERs used in this
latter calculation were increased to allow for operation at more favorable condensing and
evaporating conditions, however. Modeling calculations were also performed simulating operation
of the freezer with R-152a or R-134a and use of a natural convection fresh food evaporator, as
shown in Appendix A.
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5.2.3 Initial Modifications

The dual-loop RF built for ORNL by Amana was received in October. Bruce Kopf, a
design engineer in charge of construction of this unit, prepared a brief report describing the
construction details, schematics of the wiring, electrical circuit modifications, and sensor locations
on this test unit.>* Contact relays were installed on this RF so that a clear "on" and "off’
indication could be sensed by the data acquisition system for compressor run times and defrost
periods. Charging valves and high- and low-side access points were installed on both refrigeration
circuits so that refrigerant charges could be conveniently changed and adjusted. A long-term
defrost timer (48 h of compressor run time) was substituted for the 12-h timer that originally came
on the freezer circuit of the unit.

5.2.4 Testing and Performance Rating

We initially tested the unit with R-12. We compared its reconfigured performance with
the DOE energy-efficiency information posted on the RF door (2.35 kWh/d). We used the
DOE/AHAM procedure for testing dual compressor systems with dual automatic defrost to
calculate daily energy consumption?® We used a shortened two-part test procedure that
incorporates a defrost period and a period of steady-state compressor operation between defrosts.
The steady-state operation data from the freezer and refrigerator loops is added to power
consumed during the defrost in proportion to the remaining cycle time on the defrost timer(s) to
obtain the total energy use for one defrost cycle.

This dual-loop RF was quite easy to charge. We selected capillary tubes that gave 0-5
psig and 18-20 psig suction pressures (—21°F to —9°F and +17°F to +20°F saturation temperatures
for R-12) in the freezer and fresh food circuits, respectively. Enough refrigerant was charged into
each circuit to give an indication of saturated refrigerant temperatures across each evaporator while
maintaining a comfortable amount of superheat (a refrigerant temperature of ~90°F) at the
compressor suction. The extent of refrigerant subcooling at the condenser outlets was also checked
to be sure the circuits were not overcharged. The 0.033-in. ID capillary tubes on each manifold
seemed to produce the best operating conditions for both refrigeration loops on the test unit.

We completed baseline RF performance tests with R-12 in both the freezer and refrigerator
circuits of this test unit were completed in January 1991. Table 5.1 is a summary of the test
results. We chose compartment temperatures that closely bracketed temperatures used by ADL
and ORNL for the dual-loop modeling studies. The overall power consumption of this test unit
(3.37 kWh/d) is quite disappointing when compared with the 2.35-kWh/d rating listed by Amana
for the unmodified, conventional circuit system.

A comparison between experimental data obtained during the 90°F closed-door test and
modeled energy consumption estimates provided by ADL for R-12 operation explains the
additional energy being by the test unit.

ADL'’s original estimate of energy consumption (see Appendix A), assuming a 5.1 EER
compressor for the freezer and a 4.8 EER compressor for the fresh food circuit, was as follows:

On
time(%) kWh/d
Freezer compressor + fans 41.8 1.25
Fresh food compressor 50.0 0.72
(Static evap. assumed)
Defrost + parasitic — 0.24
Total: ’ 221
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Table 5.1. Amana dual-loop, two-circuit baseline R-12 testing—American Home
Appliance Manufacturers four-point, 90°F, closed-door test procedure
(unmodified refrigerator-freezer as received from supplier)

Average
Temperature Power Compressor  Average freezer  fresh food Freezer defrost
control consumption run tune temperature temperature cycle time
setting (kWh/d) (%) (°F) (°F) (h)
Mid/mid/off
Freezer 1.641 50.08 444 36.08 94.70
Fresh food 1.657 39.95 —
Total 3.298
Mid/mid/on
Freezer 2.006 51.73 441 — 91.68
Fresh food 1.689 4144 — 36.01
Total 3.695
Warm/warm/off
Freezer 1.568 47.12 5.34 — 101.76
Fresh food 1.426 3227 — 40.19
Total 2.994
Warm/warim/on
Freezer 1.896 48.20 5.69 3947 98.20
Fresh food 1.658 34.49 —
Total 3.554

Overall power consumption rating: 3.37 kWh/d.

Actual EERs for the freezer and fresh food compressors were 4.8 and 4.1, respectively.
Additionally, a fan forced fresh food evaporator was used rather than static, and as a result the
following results should have been predicted:

On
time(%) kWh/d
Freezer compressor + fans 41.8 .
Fresh food compressor + fans 50.0 1.11
(Forced evap. + 50% cond. fan on)
Defrost + parasitic — 0.24
Total: 2.88

Estimates based on rated compressor performance, actual compressor run times (averaged
from Table 5.1), longer defrost cycle times, and actual power consumption of mullion heaters and
fans are as follows:
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On

time(%) kWh/d
Freezer compressor + fans 50.3 1.85
Fresh food compressor + fans 37.2 0.73
Actual defrost + parasitic — 0.38
Total: 2.96

The fresh food power consumption listed in Table 5.1 does not correspond with those
listed above because the condenser fan motor (which runs when either compressor runs) is
included in the fresh food portion of the Table 5.1 value. The last summation indicates 20% more
on time for the freezer compressor and 58% more parasitic load than modeled in the ADL study.
A 26% decrease in fresh-food compressor “on" time and a 43% decrease in defrost energy were
not enough to compensate for the additional power utilization. Clearly the freezer circuit draws
much more energy than the modeling studies predicted.

These estimates can be compared to the 2.88 kWh/d power consumption measured for this
RF by Amana in preliminary shakedown tests before it was shipped to ORNL.>* This value ¢ es
not include the power consumption of the condenser fan that ran in conjunction with eii.er
compressor on cycle.

5.2.5 Second Phase of Modifications

We replaced the thermostat in the fresh food compartment of this dual-loop RF after these
initial tests with one that permitted operation at higher fresh food temperatures without short
cycling of the compressor. The disappointing energy consumption results for this unit also
prompted the following modifications:

. We modified the electrical circuitry to prevent the freezer circuit condenser fan from
running when the fresh food circuit was active. Previously the fan ran when either circuit
was on.

. We replaced the 15- to 17-W fresh food evaporator fan with a smaller 5- to 6-W fan.

The smaller fan results in less parasitic electrical load and less heat added to the fresh
food compartment during the fresh food run cycle. Air-side heat transfer may be less
efficient, however, and the short run times of the fresh food loop will minimize the energy
savings from this change,

. We arranged the control circuitry for the mullion heaters to allow power to the heaters
only when both the freezer compressor relay and the mullion heater switch are engaged.
This arrangement is used on the Amana ESTR 18D RFs, and it simulates RF design in
which hot condenser gas is used to accomplish the anti-sweat function.

Table 5.2 summarizes the test results with the modifications outlined above. While these
results indicate a 10% decrease in energy consumption compared with those given in Table 5.1,
they are still 28% greater than the energy use rating for this refrigerator in the conventionally
operated, one-circuit, one-evaporator mode.
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Table 5.2. Amana dual-loop, two-circuit, baseline R-12 testing—
American Home Appliance Manufacturers four-point, 90°F, closed-
door test procedure (after energy-saving modifications)

Average
Power Compressor Average freezer fresh food Freezer defrost

control consumption run time temperature temperature cycle time

setting (kWh/d) (%) °F) °F) (h)
Mid/mid/off
Freezer 1.599 48.12 3.83 37.93 98.37
Fresh food 1441 33.62 —
Total 3.040
Mid/mid/on
Freezer 1.782 49.07 3.94 —_ 96.52
Fresh food 1.501 3448 — 38.00
Total 3.283
Warm/warm/off
Freezer 1.562 46.53 4.90 — 101.74
Fresh food 1.293 31.61 — 42.26
Total 2.855
Wanm/warm/on
Freezer 1.757 48.04 5.08 42.26 98.44
Fresh food 1.466 3048 —
Total 3.223

Overall power consumption rating: 3.03 kWh/d.

5.2.6 Energy Consumption Analysis
5.2.6.1 ORNL’s analysis

In an attempt to carefully analyze the poor energy consumption results from this test unit,
the two Embraco compressors uscd for the freezer and [resh food loops were calorimeter-rated
with R-12, and reverse heat loss measurements were performed on the two chambers of the RF
cabiner.

We perlormed calorimeter ratings (1) at the —10/130°F standard rating condition so that
a comparison could be made with the literalure value for these two compressors, (2) at six
conditions bracketing the normal operating condition, and (3) at the normal operating condition.
Tables 5.3 and 5.4 provided tabulated results from these calorimeter (ests. Reverse heat loss
measurements were performed by cooling the environmental chamber to about 50°F and operating
measured heat loads and small fans in the two RF compartments until thermal equilibrium was
obtained. We attempted to obtain temperature differences across the cabinet walls that are
approximately the same as when the RF is run as a refrigerator in the 90°F, closed-door test. A
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freezer UA value of 1.590 Btu/h°F and a fresh food UA value of 2.827 Btu/h°F were calculated
from these measurements.

Using experimentally measured compressor EERs and compartment loadings calculated
from reverse heat loss results together with the experimentally measured wattage of fans and other
RF parasitics, the anticipated energy consumption of the dual-circuit, dual-loop RF at 90°F
ambient conditions was calculated to be about 1.95 kWh/d rather than the 3.00 kWh/d value
measured in our 90°F closed-door tests. This value is lower than previous model predictions,
primarily because of the use of the higher compressor EERs and capacities measured for the
Embraco compressors at actual operating conditions rather than at the —10/130°F rating values
used for earlier estimates. This calculated energy consumption would be a 15% improvement over
Amana’s stated energy use for the unmodified 18-ft’ top mount (2.35 kWhy/d).

To help clarify the discrepancy between modeled and actual RF energy consumption data,
we repeated the original model verification calculation performed by ADL on a conventional RF
(Appendix A) using values for the compressor EER and capacity that are more indicative of the
operating environment in the 90°F closed-door test (110°/-10°F).

On
time(%) kWh/d
Freezer compressor + fans 34.7 1.666
(Forced cond.)
Defrost + parasitic 0.24
Total: 1.91

This calculation based on actual compressor operating conditions is 16.7% more optimistic
than the previous estimate (2.290 kWh/d) and does not compare well with Amana’s measured
system performance (2.293 kWh/d), suggesting a flaw in the original validation work. This lack
of agreement suggests that this scheme of estimating the daily energy consumption of RFs by
matching heat loads to compressor performance works best if the rated performance of
compressors at the 130°/—10°F calorimeter point is used.

When the dual-circuit, dual-loop RF is modeled using measured cabinet heat loads, actual
fan and heater energy consumption, present operating configuration, and compressor ratings at the
130°/-10°F condition, the predicted energy use is 2.621 kWh/d, which is still 15.6% better than
what has been achieved experimentally.

5.2.62 Amana’s analysis

The ORNL RF performance data and calorimeter data was sent to Bruce Kopf at Amana
for his opinion on why the test unit performed so poorly relative to the projections. After a
cursory analysis, Kopf suggested installing the compressors that were actually tested on the
calorimeter in the RF, charging each circuit separately while the other circuit remains off, and
checking to be sure no air leaks are present between the freezer and fresh food sections.

In a simplified analysis based only on compressor EERs and capacities, Eivind Sallo from
Amana concluded that no efficiency gain can be expected by going to the dual-circuit approach
with these compressors. His analysis indicated that, at the actual operating conditions, Embraco’s
estimates for the EER of an EM 40 SC compressor (used for the freezer circuit) was about 5.6
(5.02 experimentally; see Table 5.4) and an EER of 6.1 was predicted for the fresh food
compressor (5.76 experimentally; see Table 5.3). The Matsushita compressor used in the
conventional RF design had an EER of 5.72 at the freezer compartment operating conditions
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indicative of the 90°F closed door test. Using cabinet UA values reported previously to calculate
fractional cabinet heat loads [135.13 Btu/h (0.48 of the total) for the freezer and 147.00 Btu/h
(0.52 of the total) for the fresh food] at a 90°F ambient temperature, the weighted compressor
EER based on fractional heat loads for the dual-circuit unit can be calculated as follows:

(0.48 x 5.6) + (0.52 x 6.1) = 5.86

This combined compressor value is only 2.4% better than the 5.72 EER for the Matsushita
compressor operating alone. When actually measured compressor EERs are used for the combined
compressor calculation, the EER value for the dual-circuit RF is 5.7% worse than the Masushita
alone.

5.2.7 Third Phase Modifications

Analysis of the test control apparatus indicated that 7-8 W of energy was required by the
variac being used to reduce laboratory line voltage to the 115 VAC prescribed in test procedures.
Elimination of this load would lower the per day energy consumption of this RF by about 0.18
to 2.85 kWh/d.

The Embraco EM 20 NR and EM 40 SC compressors that were tested on the small
compressor calorimeter and whose performance is summarized in Tables 5.3 and 5.4, respectively,
were installed on the prototype refrigerator. A capillary selection procedure and charging
procedure recommended by Bruce Kopf at Amana was used to set up this dual-loop unit for
additional testing. Basically, this procedure calls for adding or subtracting small amounts of
charge from a continuously running system with the other circuit turmed off. At the point where
the refrigerant temperature difference across the evaporator is minimized with the least amount
of compressor power consumption, the charge is optimized. At this point the capillary should give
the desired suction pressure or saturated-evaporator temperature and there should be less than 2°F
of subcooling in the condenser.

Table 5.5 gives results from this last series of tests with this unit. Some improvement is
seen mainly due to the elimination of the 7-8 W load previously mentioned from the fresh food
circuit. Comparisons between Tables 5.2 and 5.5 indicate that the new Embraco 40 SC
compressor being used for the freezer circuit is not performing as well as the previous one. The
2.98 kWh/d results from this laboratory test match the more realistic estimates tabulated near the
end of Sect. 5.2.4.

5.2.8 Conclusions and Discussion

The main problem with the two-circuit design is that it uses small compressors that have
very poor EERs when compared with the larger-capacity compressors used in conventional RFs.
The EERs for the freezer and fresh food compressors on this unit are listed at 4.20 Btu/W-h and
3.10 Btu/W-h, respectively. Newer, 800—1000-Btu/h compressors used in conventionally designed
RFs have EERs greater than 5.00 at the —10°/130°F rating condition.



Table 5.5. Amana dual-loop, two-circuit, baseline R-12 testing—American
Home Appliance Manufacturers four-point, 90°F, closed-door test
procedure after energy-saving modifications (after
compressor substitution and detailed charging)

Average
Power Compressor ~ Average freezer  fresh food  Freezer defrost
Control consumption run time lemperature temperature cycle time
setting (kWh/d) (%) (°F) (°F) (h)
Mid/mid/off
Freezer 1.691 46.07 3.81 38.36 101.83
Fresh food 1.261 30.93 —
Total 2.952
Mid/mid/on
Freezer 1.835 46.09 344 — 101.72
Fresh food 1.322 31.50 — 38.16
Total 3.157
Warm/warm/off
Freezer 1.673 4335 5.89 — 108.34
Fresh food 1.200 29.38 — 40.34
Total 2.873
Warm/warm/on
Freezer 1.765 43.02 6.06 40.42 109.11
Fresh food 1.240 28.90 —
Total 3.005

Overall power consumption rating: 2.98 kWh/d.

Almost all of the additional energy use seen in the experimental results is due to longer
compressor run times for the freezer circuit. Based on the measured compressor EER and the
freezer cabinet heat load calculated using the UA value from reverse heat loss measurements, the
freezer duty cycle should be about 30% to 32%. Experimental duty cycles of 48% to 50% are
being observed for the test unit. With two refrigeration circuits, cycling losses (even if they are
quite small) are doubled.

Modeled results of RF system performance obtained by matching cabinet heat loads to
compressor capacity and efficiency appear (o bc more valid if compressor performance ratings are
taken from an operating condition more severe than the actual system environment.

This dual-circuit, dual-loop design did show superior compartment temperature control and
pull down rates.

Other suggestions for improving the performance of this dual-circuit, dual-loop design are
building it in a cabinet designed specifically for separate insulated compartments, use fans and
heat exchangers explicitly designed for the smaller loads, and charge the circuits with alternative
refrigerants more suited for freezer and fresh food operation.
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5.3 REFRIGERANT-SWITCHING, DUAL-LOOP REFRIGERATOR DESIGN AND
TESTING

5.3.1 Refrigerant-Switching, Dual-Loop Design

Ray Bohman was asked to design ORNL's alternate concept, dual-loop REF.
Lennis Thomas, the local subcontractor who built the L-M RF for ORNL, indicated that he would
be interested in constructing a test unit based on Bohman’s design. The basic plan involved
modifying an existing RF that had been well characterized using R-12 to a design provided by
Ray. The switched-refrigerant concept, illustrated in Fig. 5.2(a), was favored over an air-switching
idea, illustrated in Fig. 5.2(b), for several reasons:

. Simpler hardware and fluid circuiting requirements were needed to redirect liquid
refrigerant as opposed to air.

. Commercial 3-way solenoid valves for liquid-refrigerant lines were available, whereas air
duct baffling would have to be uniquely designed and fabricated for the air-switching
system.

. Anticipated frost formation in the air-switching design would interfere with damper
operation.

. Separated freezer and fresh food evaporators would minimize defrosting requirements.

Bohman visited ORNL on October 25 and 26, 1990 to discuss alternative dual-loop RF
concepts. Decisions made as a result of this visit are summarized briefly below:

. A dual-loop design that takes advantage of the lower temperature lift in the fresh-food
compartment to decrease the compressor energy needed to satisfy the fresh-food cooling
load was specified. Realistically this could only be accomplished with a two-circuit
(previously described) or an air- or refrigerant-switching dual-loop concept.

. A preference for the refrigerant-switching concept was stated for many of the reasons
outlined above and because it would be easier for the subcontractor to build from a
conventional RF. A brief description of the operation and performance of a European
dual-evaporator RF that utilized a 3-way, liquid-line valve was available.

. A conventional 18-ft" RF was to be used as a starting point for this work. This unit’s
performance with R-12 had been thoroughly characterized in previous testing and it was
equipped with fittings and sensors needed for the dual-loop tests.

. Modeling results simulating refrigerani- and air-switching dual-loop RF operation with
R-12 and altermative refrigerants were reviewed. A fan-forced fresh food evaporator and
provisions for fresh food defrost were suggested as concessions to creating a viable RF
rather than one built for all-out energy efficiency.

. The consultant agreed to work up a design that he could review with our local contractor
who would build the test unit.

In December of 1990, a design was presented for review. The following design features
were recommended:

. Separate evaporators and capillary tubes for the freezer and fresh food chambers.

. Use of a Danfoss valve to switch refrigerant flow to the freezer evaporator through the
normally open port or (o the fresh food evaporator through the normally closed port.
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. A fan-forced fresh food evaporator with approximately one-half to one-third the internal
volume of the freezer evaporator. Brazeway, Inc., in Adrian, Michigan, was suggested
as a possible vendor for fabrication of some test samples of this evaporator.

. A simplified thermostat control strategy in which the freezer thermostat establishes the
compressor cycling pattern for the unit, but the fresh food thermostat takes precedence for
refrigerant demand. Rationale for this prioritization is that the freezer usually has a larger
thermal mass and requires longer run times, whereas the fresh food cooling should be
accomplished more quickly.

. Incorporation of a mechanical check valve in the freezer suction line to prevent back-flow
of warm refrigerant into the freezer evaporator during fresh food operation.

. An option to run the fresh food evaporator fan continuously or only in conjunction with
COIMPpressor runs.

. Use of a larger (approximately 800 Btu/h) compressor than that used in the dual-circuit

unit to assure adequate pull-down performance and to take advantage of the better EERs
associated with larger compressor sizes.

An initial "sketch" of the cycling pertormance and the electrical control circuit for this
dual-loop design were prepared by the consultant (Appendix C). The smaller fresh food
evaporator proposed in the initial design meant that this system would have to operate with fresh-
food evaporator temperatures below 10°F in order to adequaltely cool the unil in a 90°F cycling
test. These fresh-food evaporator temperatures would necessitate periodic defrost.

On January 28th, 1991, Bohman met with Lennis Thomas at the laboratory to discuss the
design and construction of this test unit. Finalized plans were presented, which included a
detailed bill of materials needed for construction and some step-by-step instructions outlining the
proper sequencing of tasks, as shown in Appendix C.

The RF that was to be used as the base unit was inspected, along with the additional parts
needed to complete the design. ORNL provided a detailed sketch of locations for thermocouples
and pressure transducers.

The base RF and the hardware required for its conversion to this dual-loop design were
sent to Thomas in March 1991. Shakedown tests of the reconfigured unit using R-12 were
performed in May, and the rebuill refrigerator was delivered to ORNL in June 1991.

5.3.2 Air- or Refrigerant-Switching Dual-Loop Modeling Analysis

Using the same cabinet loadings, compariment temperatures, rating conditions, and
component efficiencies outlined in Merriam’s analysis of the dual-circuit, dual-loop design
(Appendix A), an analysis of two dual-loop RF concepts (the "one-evaporator air-switching” and
the "one-compressor, one-condenser, two-evaporator refrigerant-switching” designs) was performed
using the CYCLE-Z model and the [30°/—10°F compressor rating data.

The modeling assumptions for the dual-loop analysis were as follows.

» Cabinet load assumptions Fresh food compartment: 40°F
Freezer compartment: 5°F
Freezer load: 184.9 Btu/h
Fresh food load: 128.1 Btu/h
Auxiliary heaters; 5 W
Heater on time: 50%
Defrost: 570 W/10 min/10 h
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Rating condition: 90°F
Doors: closed

« Cycle model assumptions Condenser fan; 15 W
Evaporator fan: 13 W
Evaporator UA: 100 Btu/(h/Sf-°F)
Condenser UA: 50 Btu/(h/Sf-°F)

« Compressor Rated capacity: 896 Btu/h
EER: 4.58

The work sheet displayed as Table 5.6 indicates that the best energy savings predicted for
either design is 15 to 16% over that of a conventional R-12 system. Assumptions present in the
original analysis and the present work would favor inflated efficiency predictions.

An 800-900 Btu/h compressor, like the Panasonic used in this analysis, was recommended
for either the air- or refrigerant-switching designs to ensure adequate pull-down performance.
Larger-capacity compressors generally have better efficiency ratings, also.

R-152a appeared to be a logical choice for an alternative dual-loop refrigerant because of
its thermophysical similarities to R-12 and its comparable performance in R-12 compressors. The
air- or refrigerant-switching designs do not permit using a different refrigerant in the freezer and
fresh food loop as was possible in the dual-circuit, dual-loop design.

5.3.3 Refrigerant-Switching Construction

A circuit schematic and transducer map for this refrigerant-switching, dual-loop RF design
is shown in Fig. 5.3. The subcontractor chosen to build this prototype had two main problems
in the construction and shakedown tests of this unit. He could not get adequate refrigerant flow
through the Danfoss 3-way valve we supplied him, and the thermostat we provided with the RF
hardware supplies could not be adjusted to effectively control the temperature of the fresh food
compartment.

After the subcontractor tried unsuccessfully (o use Sporlan No. 180 pilot control valves
as replacements for the refrigerant-switching device, he eventually reinstalled the Danfoss 3-way
valve originally supplied. This valve has small tubing connections and orifices sized for
refrigerant flow rates typical in European refrigerators.

A versatile Ranco No. 016-104 thermostat was ordered by ORNL on the advice of
Bohman for use in the fresh food compartment. The cut-in temperature for this control could be
adjusted to any temperature between 0°F and 55°F with an adjustable dead band of 3°F to 20°F.

Run-in tests at the subcontractor’s shop after installation of this equipment indicated that
the combined restrictions of the Danfoss valve and the originally selected capillary lengths were
too great to permit sufficient refrigerant flow rates. The unit was shipped back to ORNL for more
thorough testing and modification. Bohman suggested that these problems can be solved by
shortening capillary tubes.
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5.3.4 Initial Test Results with R-12

We fitted the built-up refrigerant-switching dual-loop RF received from the local
subcontractor with the required transducers and circuit relays to make it compatible with ORNL’s
data acquisition system and staried with R-12 refrigerant and baseline testing. A set of
mid/mid/ON and mid/mid/OFF 90°F closed door tests were performed with the long and short
capillary tubes for fresh food operation (Table 5.7).

We discovered that one reason the compressor run times were so long and energy
consumption was so high for these tests was because the freezer evaporator fan ran whenever the
compressor ran, even when refrigerant was being diverted to the fresh food circuit. This fan
added to the parasitic electrical load and also contributed an unnecessary heat load to the freezer
compartment.

Another system problem experienced after about 4-5 days of operation was that the check
valve in the freezer suction line began to leak and allowed warmer refrigerant to back up into the
freezer evaporator during the fresh food portion of the compressor on cycle.

The test unit was modified by:

. re-circuiting the freezer fan so that it runs only when liquid refrigerant is flowing

to the freezer evaporator, and
. installing a new magnetic check valve in the freezer suction line at an orientation

that should help prevent leaks.

Results from this incomplete series of runs were sent to Bohman to get his opinion on
circuit and operating modifications that may improve energy efficiency.

5.3.5 Refrigerant-Switching Dual-Loop RF Performance after Initial Modifications

Tables 5.8 and 5.9 summarize some "before" and "after" performance results on the
diverter-valve dual-loop RF. Table 5.8 contains the AHAM 90°F closed-door results on this unit
before it was modified into a two-evaporator RF with a liquid-line diverter valve. Table 5.9 is
a complete set of 90°F, closed-door runs obtained on the test unit after control problems with the
freezer fan and a faulty check valve were corrected. The overall test rating of 2.90 kWh/d
obtained in Table 5.9 is 15% higher than that of the unmodified unit.

As a result of his analysis of this data, Bohman suggested the following circuit
modifications:

. replace the 7-8 ft length of 0.028 in. ID capillary in the freezer circuit with 10 ft 0of 0.031
in. capillary to allow more refrigerant circulation, and

. double the size of the fresh food evaporator to help balance the charge size
required for efficient freezer and fresh food operation.

5.3.6 Refrigerant-Switching Dual-Loop RF Performance after Second Phase Modifications

After the fresh food evaporator in this refrigerant-switching (diverter-valve), dual-loop RF
was enlarged to accommodate approximately the same charge size as the freezer circuit and the
0.028 in. ID capillary on the freezer circuit was replaced with the recommended length of 0.031
in, ID capillary, R-12 and R-152a were tested at the AHAM 90°F, closed-door test conditions.
Results from these tests are given in Tables 5.10 and 5.11.
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Table 5.7. Refrigerant-switching, dual-loop baseline R-12 testing, 90°F ambient
closed-door procedure—refrigerator-freezer as received from Tillery Mechanical

Average
Power Compressor  Run time on  Average freezer fresh food Average fresh  Freezer defrost

consumption run time fresh food temperature temperature food humid. cycle time
Control/Setting (kWh/d) (%) load (%) (°F) (°F) (Rel. %) (h)
Mid/mid/on
(longer fresh 3.327 60.10 38.98 3.76 36.18 30.37 78.603
food capillary)
Mid/mid/on
(shorter fresh 3.328 61.08 39.11 343 35.44 30.20 77.668
food capillary)
Mid/mid/off
(longer fresh 3.010 59.28 36.75 4.10 36.98 32.39 79.697

food capillary)

1. The "Mid/mid" condition indicates that thermostats are adjusted to give freezer temperature <5.00°F; "on™ and "off” refer 1o the mullion heater

switch position.

2. 95 inch, 0.036" 1. D. fresh food capillary
3. 72 inch, 0.031" L. D. fresh food capillary

Table 5.8. Refrigerant-switching dual-loop R-12 baseline data—before modification

Average
Power Compressor Average freezer fresh food Freezer defrost
consumption run time lemperature temperature cycle time

Control/setting (kWh/d) (%) °F (°F) (h)
Mid/mid/fon 2.86 533 1.8 37.0 14.48
Mid/mid/off 2.49 51.1 2.1 372 14.96
Warm/warm/on 245 420 10.0 44.6

18.07
Warm/warm/on 2.05 40.5 10.0 44.5 18.83

Overall American Home Appliance Manufacturers test rating: 2.52 kWh/d.

The "Mid/mid" condition indicates that thermostats are adjusted to give average freezer temperatures <5.0°F and fresh food
temperatures of about 38.0°F. "Warm/warm thermostat settings give freezer temperatures >5.0° and fresh food temperatures of about
40.0°F. "On" and "off" refer to the antisweat heater switch position.
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Table 5.9. Refrigerant-switching dual-loop R-12 baseline data after freezer
fan and check valve modifications—longer fresh food capillary’

Average
Power Compressor  Run time on  Average freezer fresh food Relative Freezer defrost

consumption run fime fresh food temperature temperature humidity cycle time
Control setting? (kWh/d) (%) load (%) (°F) (°F) (%)
Mid/mid/on 3.037 64.73 38.28 4.61 40.02 325 73.094
Mid/mid/off 2.755 65.36 35.06 4.50 40.04 3942 72398
Warm/warm/on 3.067 65.99 42.00 6.96 40.24 30.73 71.777
Warm/warm/off 2.749 64.77 41.51 6.66 40.58 31.80 73.055

Overall American Home Appliance Manufacturers test rating: 2.90 kWh/d.

1. The "Mid/mid" condition indicates that thermostats are adjusted to give average freezer temperatures <5.0°F and fresh food temperatures of about
38.0°F. "Wam/wam" thermostat settings give freezer temperatures >5.0°F and fresh food temperatures of about 40.0°F. "On" and "off” refer to the

antisweat heater switch position.
2. 95 inches of 0.036 in. ID fresh food capillary.

Increasing the size of the fresh food evaporator permitted its operation at +20°F rather
than +10°F as initially proposed. This change decreased the compressor power required during
fresh food operation and obviated the necessity for defrosting the fresh food evaporator.

The R-12 results in Table 5.10 give a 2.55 kWh/d overali rating that is roughly
equivalent to the 2.52 kWh/d obtained with R-12 in the unmodified RF (Table 5.8). There is
no improvement in energy consumption due to the more complex refrigerant-switching cycle
unless the parasitic loads for added electrical components and the added cabinet heat loads
resulting from these additions are subtracted from the 2.55 kWh/d value. Using averages for
the compressor run times and the percentages of time satisfying the fresh food load listed in
Table 5.7 together with rated wattages for the diverter valve and fresh food evaporator fan, a
daily energy consumption value of 2.47 kWh/d can be computed for this R-12 data. This
would suggest a 2.3% savings in energy due to the more complex, refrigerant-switching cycle
operating with R-12.

Comparing compressor run times in Tables 5.8 and 5.10 indicate they went from
40-54% in the unmoditied RF to 52-57% in the diverter-valve design. This increase in run
time may be due to the additional thermal inertia associated with added heat exchangers,
tubing, and valving in the diverter-valve design. Very litlle dilference is seen between
compressor run times in going from the R-12 mid/mid to warm/warm conditions in Table 5.7,
suggesting a threshold inefficiency.

Table 5.11, which summarizes the R-152a results from the diverter-valve, dual-loop
RF design, shows an overall 2.37 kWh/d rating. This was a 7.1% improvement over R-12 in
the same circuit and a 6.0% improvement over baseline R-12 in the unmodified RF. Almost
all of this improvement is due to the refrigerant because of the minimal cycle improvements
discussed above in connection with the R-12 results.

The longer compressor run times seen for R-152a at the mid/mid conditions are
explainable in terms of the decreased volumetric capacity of R-152a as compared to R-12.
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Table 5.10. Refrigerant-switching dual-loop R-12 baseline data after fresh food
evaporator enlargement—longer fresh food capillary’

Average
Power Compressor Run time on  Average freezer fresh food Relative Freezer defrost
consumption run time fresh [ood temperature temperature humidity cycle time

Control setting? (kWh/d) (%) load (%) (°F) (°F) (%) (h)

Mid/mid/on 2765 56.52 31.57 227 37.53 37.53 83.00
Mid/mid/off 2.499 56.71 30.20 2.03 39.64 38.06 82.68
Warm/warm/on 2.653 53.28 32.65 6.16 42.43 3538 88.14
Warm/warm/off 2.386 52.32 32.53 5.81 42.14 33.39 88.68

Overall American Home Appliance Manufacturers test rating: 2.55 kWh/d.

1. 95 inches of 0.036" 1.D. fresh food capillary.

2. The "Mid/mid" condition indicates that thermostats are adjusted 10 give average freezer temperatures <5.0°F and fresh food
temperatures of about 38.0°F.
"Warm/warm" thermostat seltings give freezer temperatures >5.0° and fresh food temperatures of about 40.0°F. "On" and "off" refer to the
antisweat heater switch

position.
Table 5.11. Refrigerant-switching dual-loop R-152a data after fresh
food enlargement—Ilonger fresh food capillary’
Average
Power Compressor  Run time on Average freczer fresh food Relative Freezer defrost
consumption run time fresh lvod temperature temperature  humidity cycle time

Control setting’ (kWh/d) (%) load (%) °F) (°F) (%) ()
Mid/mid/on 2811 63.85 27.06 -0.85 40.80 2473 73.51
Mid/mid/off 2.554 64.46 27.63 -0.92 39.97 34.65 72.90
Warm/warm/on 2.537 53.24 34.16 5.40 40.87 37.66 88.15
Warm/warm/off 2.183 52.10 34.09 5.09 40.82 38.02 89.88

Overall American Home Appliance Manufacturers test raling: 2.37 kWh/d.

1. 95 inches of 0.036" [.D. fresh food capillary.

2. The "Mid/mid" condition indicates that thermostats are adjusied to give average freczer temperatures <5.0°F and fresh food temperatures
of about 38.0°F.

"Warm/warm" thermostat settings give freezer temperatures >5.0° and fresh food temperatures of about 40.0°F. "On" and "off" refer to the
antisweat heater switch position.



Surprisingly, very similar R-152a and R-12 compressor run times are seen at the warm/warnn
rating points, also suggesting some determinate inefficiency in the R-12 results.

On reviewing these data, Bohman suggested thalt performance may be further improved
by using a larger displacement compressor for the R-152a tests and blocking off the return
bends on the freezer evaporator to improve air distribution across the coil.

5.3.7 Final Laboratory Tests on Refrigerant-Switching Dual-Loop Refrigerator Freezer

We installed a new thermostat and freezer loop check valve on this RF to replace
damaged and inoperative components. We also blocked the return bends on the ends of the
freezer evaporator with styrofoam wedges to force more air flow through the heat exchanger
fins. A larger displacement compressor was not installed on the RF because any additional
capillary or heat exchanger modifications necessitated by this change would have further
extended the project.

The 90°F, closed-door tests were repeated with R-12 and R-152a. We saw no
improvement in the overall RF energy consumption rating for either refrigerant as a result of
these modifications. Slight improvements were seen in the warm/warm test results for R-12
(Table 5.12) but the overall rating was 5.1% poorer than the previous test with this refrigerant.
Testing with R-152a (Table 5.13) gave essentially the same rating obtained for data in
Table 5.11.

5.3.8 Conclusions and Discussion

Once appropriately sized capillary tubes have been selected tor the compressor, heat
exchangers, and compartment temperature conditions of this refrigerant-switching dual-loop
RF, the most important design consideration is to balance the charge size required for the
freezer and fresh food circuits. Obviously, performance and efficiency were degraded when
the refrigerant charge was a compromise between a starved freezer circuit and a flooded fresh
tood circuit (Table 5.9). In this prototype unil, the initially installed fresh food evaporator had
to be doubled in size to match the internal volume of the freezer evaporator.

Ten to thirty percent longer compressor run times were required tor the refrigerant-
switching dual-loop RF to handle the same loads with the same refrigerant (Table 5.8 versus
Table 5.10). Other than the larger thermal masses associated with additional tubing and heat
exchanger surface in the dual-loop design, we can cite no good reasons for this inconsistency.

The magnetic check valves used to prevent warmer refrigerant from backing up into
the freezer loop during fresh food operation were a weak point in this design. Three of these
valves failed during the testing performed at ORNL, but we performed no additional analyses
on the valves to further define the mode of failure.

Surprisingly good compartment temperature regulation was obtained with the simple
compressor/diverter-valve control algorithm described in the refrigerant-switching dual-loop
design section. Maximum range of the freezer and tresh food temperatures as measured by an
average of the three weighted thermocouples required tor the DOE 90°F closed-door test was
less than 2°F and 4°F, respectively, over a compressor on cycle. A small amount of
compressor run time at the start of every on cycle was needed to satisfy the fresh food load.
Usually, after switching to freezer operation, the freezer thermostat was satisfied before the
fresh food compartment reached the cut in temperature of the fresh food thermostat, so only
one fresh food segment and freezer segment was needed for each compressor on cycle. This
would change if door openings and changing compartment contents were factored into the
testing.
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Table 5.12. Refrigerant-switching dual-loop R-12 data after fresh food evaporator enlargement—Ilonger

fresh food capillary', better air distribution in freezer evaporator

Average
Power Compressor ~ Run time on Average freezer . fresh food Relative Freezer defrost
consumption run time fresh food temperature temperature humidity cycle time

Control setting’ (kWhyd) (%) load (%) (°F) (°F) (%) (h)

Mid/mid/on 3.507 72.59 28.88 -1.29 3742 20.21 64.62
Mid/mid/off 3.188 71.05 27.50 ~1.57 3740 19.44 65.82
Warm/warm/on 2572 48.81 35.86 8.82 43.08 2352 96.67
Warm/warm/off 2.187 46.63 30.20 7.18 43.48 2392 101.04

Overall American Home Appliance Manufacturers test rating: 2.68 kWh/d

1. 95 inches of 0.036 in. 1D fresh food capillary.

2. The mid/mid condition indicates that theninostals are adjusted 1o give average [reezer temperatures <5.0°F and fresh food
temperatures of about 38.0°F. "Warm/warm™ thermostat settings give {reezer temperatures >5.0° and fresh food temperatures of about

40.0°F. "On" and "off" refer to the antisweat heater switch position.

Table 5.13. Refrigerant-switching dual-loop R-152a data after fresh food enlargement—longer

fresh food capillary', better air distribution in freezer evaporator

Average
Power Compressor Run time on Average freczer fresh food Relative Freezer defrost
consumption run time fresh foad temperature temperature humidity cycle time
Control setting® (kWhy/d) (%) load (%) °FH °F (%) (h)
Mid/mid/on’ — — — — — — —
Mid/mid/off* — — — — — — —
Warm/warm/on 2534 5422 31.78 4.16 43.64 20.61 86.65
Warm/warm/off 2.192 52.70 30.70 3.90 43.84 22.08 89.09

Overall American Home Appliance Manufacturers test rating: 2.36 kWh/d.

1. 95 inches of 0.036 in. ID fresh food capillary.

2. The mid/mid condition indicates that themmostats are adjusted to give average freezer temperatures <5.0°F and fresh food temperatures of about
38.0°F. "Warm/warm" thermostat settings give freezer temperatures >5.0°F and fresh food temperatures of about 40.0°F. "On" and

"off" refer to the antisweat heater switch posttion.

3. Because the warm-warm settings resulted in freezer temperatures less than 5°F, the mid-mid data is not required to calculate an

overall rating.
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Small increases in the cycle efficiency of this dual-loop design were obtained when the
parasitic and heat loads of the diverter valve and fresh food evaporator fan were subtracted for
the kilowatt hour per day rating. Real energy savings of approximately 6.0% over R-12 in the
conventional RF design were obtained when R-152a was used as a refrigerant in this unit.

This represents an "apples-to-apples" comparison of R-152a to R-12 in an actual refrigerator.
Using a larger (higher displacement) compressor and/or a more restrictive capillary tube for the
R-152a testing have been suggested as methods to further improve performance.

Realistically, domestic RF manufacturers would be reluctant to market a product that
incorporates so much additional cost and complexity for such marginal increases in efficiency.
Increased evaporator surface area and enhanced heat transfer surfaces are other familiar areas
where energy efficiency improvements can be made using the conventional design.® The
refinement and component balancing that has gone into mass production of millions of
conventional single-evaporator RFs has resulted in a high degree of reliability over broad
operating ranges. Any new design would have to overcome a tremendous backlog of
confidence and operating experience.

6. CLOSING OBSERVATIONS

In retrospect, the goal of this project may have been overly ambitious. We attempted
1o go from several different energy saving concepts 10 a working prototype with very little
product development. Many of the refinements and innovations in the current RF design were
arrived at after many years of production and field experience. Anyone attempting to build
and demonstrate a RF embodying "new" features and energy saving innovations has to take
advantage of this large database of information and experience, most of which is proprietary or
undocumented.

The chronology of the L-M RF provides a sharp contrast to the work done on the
refrigerant-switching dual-loop design. With the L-M refrigerator, the refrigeration circuit
schematic and some preliminary results and hardware development done by Lorenz et. al. and
Dr. Kruse in Hannover were all that was available at the start of the project. Additional
development work on small intersystem heat exchangers, a modulating expansion valve,
counter-flow refrigerant-to-air heat exchangers and more sophisticated compartment and charge
management controls is needed to adequately demonstrate this RF concept under the variety of
operating conditions typically seen.

Commiitted involvement by the system and component manufacturers in the RF
industry is needed to efficiently and satisfactorily accomplish this L-M development work.
Using a breadboard RF approach would have been a more productive method of researching
the L-M design, because the performance of individual components could have been more
carefully documented rather than total system performance.

Early in the project we hired a consulttant with 30 years of experience in the RF
industry for the refrigerant-switching dual-loop RF work to design and critique laboratory data
obtained from this test unit. This prototype RF used pure refrigerants, conventional heat
exchangers, commercially available controls, and a valve that a major refrigeration components
manufacturer designed for use with refrigerants. As a result, more predictable laboratory
results were obtained initially with this design, and, ultimately, a test unit that showed modest
energy saving capabilities over the normal range of operating conditions was built and tested.

It is important to note, as Bohman has suggested, that the RF systems researched in
this report are not likely to be readily accepted by refrigerator manufacturers despite a squeeze
being crealed by the CFC phaseout and tightening appliance efficiency standards. Increased
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system costs, added complexity, and reduced reliability all have to be weighed against
relatively small improvements in efficiency that may be achievable in conventional systems
with familiar modifications. Nevertheless, Bohman agrees that side-by-side comparisons of
novel and conventional systems on a fair and equal basis are necessary for industry to make
informed business decisions.

Finally, the AHAM/DOE 90°F closed-door test employed exclusively in this report to
rate RFs is probably the one best test method to us for comparing the performance of test
units, but many other important criteria are needed for a commercially successful RF. Some
of these are mentioned above. In addition, pull down performance, stability in a broad range
of operating environments, and good compartment temperature control are other generally
accepted and expected features for this appliance.
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APPENDIX A: ADL'’s Dual-Loop Modeling Work

We have been carrying out analyses in support of developing specific recommendations to Amana
foran experimental design involving adual loop system. To baseline the system, we have performed
a cabinet loads analysis and cycle analysis for both the current design (Model TX-18M) and
alternative designs. As background, a brief summary of the study results and assumptions is provided
here. Our recommendations for a viable experiment are then developed for your consideration.

Cabinet loads model inputs were developed from physical measurements we made on a model
TX-18M refrigerator in our lab, from the service manual, and from data supplied by Amana. The
following table summarizes this information and the results of the analysis:

Cabinet Loads Assumptions Fresh Food Compartment: 40 F
Freezer Compartment: 5 F
Door Gasket Heater: 7.3 w
Auxiliary Energy: 5w
Average on-time for heaters: 50%
Defrost: 570 w, 3 min per 10 hours
Rating Conditions: 90 F
Doors: Closed

Cycle Model Assumptions Compressor Fan: 15 w
Evaporator Fan: 13 w
Evaporator Air Flow: 44 cfm
Condenser Air Flow: 150 cfm
Evaporator UA: 100 Btuh/Sf-F
Condenser UA: 50 Btuh/Sf-F

Compressor Panasonic DA103FR
Rated Capacity: 869 Btuh
Rated EER: 4.58
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We obtained the following results from the models for the loads and energy consumption:

Loads Fresh Food; 128.1 Btuh
Freezer: 184.9 Btuh

Cycle Capacity: 824 Btuh, before fan
Capacity: 780 Btuh, net fan heat
Evap Temp: -9.7 F
Cond Temp: 1143 F

COP: 1.30 (Compressor Only)

Duty Cycle: 0.40

Daily Compressor Energy: 1.781 kwh
Daily Total Energy: 2.290 kwh

Amana Test Results Evap Temp: -7.6 F (average of tests)
Cond Temp: 114.0 (average of tests)
Daily Energy: 2.293 kwh

Duty Cycle: approx 0.4 (depending on test con-
dition)

The agreement between the predicted and measured data provides a good starting point forevaluating
the design tradeoffs.

The following pages summarize the trade-off analyses we have done. We looked at: refrigerants,
forced vs free convection (fresh food section only), fan powers vs cfm’s and UA’s, effects of cfm’s
and UA’s on energy requirements, and compressor models.

The studies provide a partial basis for the recommended system. Other factors taken into account
were:

. The experimental design should be relatively close to a configuration likely to be
accepted in the market place, and should enable good performance, not only according
to the DOE 90 F closed door test, but also according to the AHAM RF-1 test;

. Temperature and humidity control of the unit should be viable;

. Delivery of cooling to the fresh foods section should be in such a manner as to maintain
desired conditions in the door compartments; '

. Required defrost of the fresh food evaporator should be minimized;
. Loss of storage volume in the fresh food section should be minimized;

. The design should show promise for a significant energy efficiency improvement over
the current design under the standard test conditions;

. The experimental design should facilitate control of fan speed, refrigerant charge,
evaporator superheat, and compressor operation.
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The system we recommend is a dual loop cycle, with forced fan evaporators in both compartments.
For the purposes of the experiment, the freezer compartment would not be changed from the current
design, other than to block off the air passages between the freezer and fresh food sections (changes
in the design would doubtless results from an detailed development program aimed at producing a
marketable product). A small air flow passage would be added to the fresh food compartment, at
the top of the cabinet, to house a small fan and an evaporator. Air flow would be directed at the
door. Variable fan speed operation would be available (through the use of a shaded pole fan, and
voltage control during the experiment using a rheostat) in both compartments. Manually controlled
expansion devices would be used for the experiment. High efficiency Embraco compressors would
be used in the two loops. (The specific units, which are not yet commercially available, are being
provided to us by Embraco.)

With the reduced load on the freezer evaporator, it might be somewhat oversized. If so, ORNL
could either block off part of the evaporator, or pull some of the fins, during the test.

We recommend a forced fan evaporator, rather than a free convective design, in the fresh food
section to provide better evaporator performance with less evaporator surface needed and with
installation simplified over that needed for the static design. In addition, it should provide better
temperature control. The cycle analyses, shown on the following pages, indicated that, even taking
into account the fan heat and additional electrical energy required to operate the fan, the forced fan
configuration can compete with a static evaporator design with up to 6 square feet of available
surface area. With improved fans in the future, it could provide similar performance expected with
larger static evaporators. Our thinking was that it may be hard to get 6 to 8 square feet of unobstructed
evaporator surface in the cabinet without a major redesign of the fresh food compartment.

For the purposes of the experiment, we suggest using the same evaporator in both the fresh food
and freezer compartments. A more desirable arrangement for the fresh food section might be a
single row finned tube evaporator if one is available. Howeverto investigate the concept, the current
evaporator should be sufficient.

To date, our analysis assumed the use of, and accounted for the energy from, a fan forced condenser
for both loops. This would require additional fan power and require additional considerations
relative to the location of the condenser. For the experiment, we recommend the use of a static
condenser for the fresh food loop, mounted on the back of the cabinet. It could be the same as
Amana has used on other units in the past. The specific size would be roughly 60% that normally
associated with an 18 cu-ft refrigerator.

We are presently upgrading our model now to deal with static condensers. So, at this point, I don’t
really know how the system performance would be affected by this type of condenser. On the other
hand, it would seem simpler to use this type of condenser for the experiment than to worry about
how to configure a forced fan design into the current design.

We are obtaining some (relatively) high ERR small compressors from Embraco in the 200 and 400
Btuh range. They will be provided to you for the experiment.

These experiment design recommendations are offered in general terms for your consideration. I
would like to call you (with Jane Bare) this afternoon to discuss this further with you. (We will try
you about 4:00 pm your time.) If you think that the approach has merit, then we can discuss what
additional specific information you need. The detailed experimental hardware design specification
function will then shift to ORNL, with help provided by ADL as need and as we are capable.

If a static condenser can be used, the theoretical energy savings obtained in the DOE closed door
test is about 13%. We note that this is relatively modest, given the additional hardware. However,
two factors tend to make this a conservative figure:
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. The closed door test does not account for humidity and frosting loads. With the two
compartments completely separated, the defrost energy requirements should be lower
under normal operating conditions;

. These savings are achieved using current technology compressors. Even the state-
of-the-art Embraco compressors have a low EER relative to the larger compressor used
in the current unit (3.4 EER for the fresh food loop compressor vs 4.6 EER in the current
unit). As more design attention is paid in the future to the smaller compressors, the
performance potential of the dual-loop system should improve relative to the standard
design. For example, if the EERs of the two smaller compressors improved by 10%
(to 3.7 for the fresh food loop compressor and to 4.8 for the freezer compressor) the
net energy reduction over the current unit would be 18%.

Given these two considerations, there should be considerable future interest in this type of system.
The performance potential should be at least as favorable as other system concepts now being
investigated either theoretically or in the laboratory.
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Compressor:
Fans:
Evap
Ref  cfm
R12 44
35
26
44
R152a 44
R134a 44

Summary of Analyses for Freezer Compartment

Embraco EM-SC Series

420 Btuh Capacity. 4.35 EER at Rated Conditions
Displacement: 0.23 cu-in

Freezer Evap: 0.3 w/cfm (13 w for baseline)

Condenser: 0.1 w/cfm (15 w for baseline)

Evap UA Cond

(Btuh/F)
100

90

80

100
100

100

cfm
150

100

100

100

Cond UA Cap
(Btuh/F) (Btuh)
50 487

" 460

" 460

40 481

40 430

40 440
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Pwr
(Btuh)

330
323
310

334

286

297

Duty
418
436
469

423

479

467

Compr + Fan
Energy
(kWh/day)

1.25
1.26
1.28

1.23
1.23

1.23



Summary of Analyses for Fresh Food Compartment

Compressor: ~ Embraco EM-20 Series

Fans:

Refrigerant
R-12

R-142b

R-142b

202 Btuh Capacity. 3.4 EER
Displacement: 0.138 cu-in

Freezer Evap: None if Natural Convection
0.2 watts/cfm if forced fan

Condenser: 10 w

100 cfm

UA =40
Area UA Cap Pwr

Evap Type (Sf) (Btuh/F) Cfm  (Btuh) (Btuh) Duty

Natural Conv 4 256 209
6 320 241
8 369 262
10 407 279
Natural Conv 4 188 116
6 228 130
8 258 139
10 281 146
Forced 100 44 388 146
90 35 370 172
80 26 345 169
70 17 304 165
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500
400
347
315

681
562
497
456

358
370
391
438

Compr/Fan
Energy
(kWh/day)

.86
17
12
69

12
.65
61
58

.64
.64
65
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Final Experiment Design Recommendation

Hardware Implementation

Freezer Section:

Mullion;:

Fresh Food Section:

Controls:

Predicted Performance Data

Retain current heat exchanger and fan. Replace compressor with
Embraco 0.23 cu-in model (high efficiency unit). Resize cap-tube
as required and add manual expansion valve for experimental
purposes. R12 can be used as the refrigerant.

Remove damper and air passages to the fresh food section. Provide
air tight separation of the compartments. Reduce thickness to
partially accommodate space requirements for the fresh food
section fan and air flow passage.

Install horizontal evaporator at top of cabinet with a flow passage.
Direct air towards door. Use current freezer section evaporator or
a 1 row type finned tube evaporator of similar area if available.
Cut small area in the mullion to partly accommodated fan and
motor. Replace compressor with Embraco 0.138 cu-in model
(highefficiency unit). Size cap-tube with manual expansion valve
for experimental purposes. R142b is preferred refrigerant.

Provide seperate temperature sensing control module for the
freezer section. Control operates in same manner as in the fresh
food section. Oak Ridge may choose to provide its own control
to investigate advantages of fan operation after compressor shut
off. To be determined.

Energy

Section Compressor  Refrigerant Duty (kWh/day)
Freezer Embraco R-12 418 1.25

0.23 Cu-in
Fresh Food Embraco R-142b 370 .64

0.138 Cu-in
Heaters 17
Defrost 07
Total Energy 2.13 kWh/day

If Static Condenser,
Total Energy

2.00 kWh/day
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APPENDIX B: ADL’s Duel-Loop Design Specifications

Per our phone conversation today, we are providing additional design information for
the dual-loop breadboard refrigerator. This information should facilitate your costing
for breadboard fabrication, due in mid-May.

Compressors

The compressors, supplied by Arthur D. Little, are:
Fresh Food Compartment:
Embraco Model EM 20NR-200 (0.138 cu. in.)
Freezer Compartment:
Embraco Model EM 40SC-420 (0.23 cu. in.)

We have requested physical dimensions of the compressors. We expect these data by
May 10, and we will forward as soon as possible.

Expansion Device

Amana should install capillary tubes on both the freezer compartment and
fresh-food-compartment loops. Do only a first-cut sizing of the capillary tubes. Do not
fine tune the cap tubes experimentally. It is likely that ORNL will modify the
expansion device during their testing.

Condenser

Fresh Food Compartment:

Use Amana static condenser, mounted on the back of the refrigerator cabinet.

B-1
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Freezer Compartment:

Use the existing condenser in the Top Mount 18 unit.
Evaporator
Fresh Food Compartment:

The attached sketches (Figures 1 - 3) show the design and installation of the
fresh-food evaporator, fan, drain pan and defrost heater. The evaporator is 2" x 8" x
21", and will be supplied by Arthur D. Little. (Peerless of America is sending us the
evaporator.) The fan and fan motor are the same as currently used for the Top
Mount 18 evaporator. The defrost heater will be controlled by a Variac or rheostat
provided by ORNL. The defrost heater is (TBD).

Freezer Compartment:

Use the existing evaporator, defrost heater, fan and fan motor as installed in the Top
Mount 18. Plug the existing air supply duct to the fresh-food compartment.

Allowances should be made to permit rheostat control of both evaporator fan motors.
ORNL will provide rheostats.

Controls
Fresh Food Compartment:

Use the existing controller in the Top Mount 18.
Freezer Compartment:

Install in the freezer compartment a controller of the same design as used in the
fresh food compartment.

Charging
Both refrigeration loops should be delivered charged with R-12.
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APPENDIX C: Refrigerant-Switching Dual-Loop Design

SUBCONTRACTOR REPORT

ENGINEERING AND DESIGN OF AN EXPERIMENTAL

REFRIGERATOR/FREEZER

USING A

DUAL LOOP, SWITCHED REFRIGERANT TWO EVAPORATOR SYSTEM

Prepared for:

Subcontractor:

Subcontract No.

Martin Marietta Energy Systems, Inc.
Oak Ridge National Laboratory
Oak Ridge, TN

Raymond H.Bohman, P.E.
Consulting Engineer

4701 Carrousel Drive, SW
Cedar Rapids, IA 52404
(319) 396-8035

80X-s8G282V

Period of Performance: 10-25-90 to 9-21-91
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I. BACKGROUND AND WORK STATEMENT

This project was undertaken by the 0Oak Ridge National
Laboratory (operated by Martin Marietta Energy Systems, Inc.)
under a contract with the Environmental Protection Agency.
EPA's objective in sponsoring this project was to determine the
viability of, and practical application of novel dual loop,
switched refrigerant refrigerator systems. This report deals
exclusively with a switched refrigerant system which utilizes a
3-way refrigerant valve and two evaporators.

ORNL issued subcontract No. 80X-SG282V to the writer for the
development of this system. The test vehicle selected for this
feasibility study and actual application was a Whirlpool model
ET18NKXSN0O2 Top Mount Automatic Defrosting
Refrigerator/Freezer. It had been previously tested by ORNL as
manufactured, thus had an excellent data base which could be
used for performance comparison. In addition, the cabinet
structure and the method of assembly used for this model made
for easy and straight-forward rework, always a plus in any
engineering research project of this nature.

The work statement issued with this subcontract is quoted
below:

STATEMENT OF WORK

Mr. Bohman shall provide personal services to develop designs
for one or two dual circuit refrigerator-freezer (RF) systems.
One design shall be for a switched refrigerant concept (Fig.1l).
This concept has one compressor with separate evaporators for
freezer and fresh food compartments. The second design shall
be for an air-switching concept (Fig. 2). This concept has one
compressor and one evaporator which communicates alternately
with the two compartments via a system of air dampers.

The designs shall provide sufficient detail such that ORNL can
have existing RFs modified to incorporate the concepts for lab
testing. Mr. Bohman will make at least one trip to ORNL to
review the designs prior to modification of the RFs. In
addition, Mr. Bohman shall provide a suggested control logic to
be implemented for the tests of the modified RFs.

Note: Development of the air-switched concept described above
was later dropped from this work statement with the agreement
of Mr. Van Baxter. The consensus of all involved in this

project: this concept had a very low probability of
successfully reducing energy usage for a refrigerator-freezer.
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II. SYSTEM DESCRIPTION

A ~ GENERAL BACKGROUND

Historically, two evaporator refrigeration systems have used
the evaporators in a series arrangement. Generally the
freezer evaporator is first in the low side circuit and after
the refrigerant has flowed through this evaporator, it enters
the fresh food compartment evaporator (usually a cold plate
design). There it cools the fresh food compartment and
returns to the compressor. Evaporation of the single
refrigerant (universally CFC-12) takes place at substantially
one evaporating pressure and temperature, regardless of the
ambient temperature surrounding the coil. Since the
evaporators are assembled in series in the system, and since
the fresh food compartment cooling comes after the freezer
cooling, this type of system has become known as a '"tail-off
system'. It has been, and still is, widely used in partial
automatic defrosting refrigerator-freezers. Industry
experience, however, has proven that '"cold plate' type
refrigerators do not perform as well as the single evaporator
auto-defrost models in the larger sizes. For this reason,
partial automatic defrost models are generally limited to
models that have 15 cubic feet or less storage volume.

B - DUAL LOOP CONCEPT

To achieve an energy efficiency improvement in a two
evaporator system, another approach is needed. In its most
direct form a system concept as outlined on ORNL drawing 89-
15407D offers the potential for increasing the efficiency of a
two evaporator refrigeration system. In this system concept,
the refrigerant flow is switched alternately between
evaporators in the freezer and fresh food compartments. With
this arrangement, it should be possible to effect a higher
refrigerant evaporating temperature in the fresh food
evaporator where the compartment temperature is 35 to 40 F,
than in the freezer evaporator which needs to maintain a 0 to
+5 F compartment temperature.

The energy required for the cycle is directly related to the
"thermal 1ift" (the temperature difference between evaporating
and condensing temperatures). It follows then, that an
improvement in total unit energy efficiency should be possible
if cooling of the individual compartments can be accomplished
at a refrigerant evaporating temperature that is "more
appropriate" for that compartment. Thus, if cooling of the
fresh food compartment can be done at an evaporating
temperature of +10 to +15 F, less energy will be required than
cooling it using a -15 F evaporating temperature. The dual
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loop refrigerant circuit designed for this project attempts to
achieve this potential gain. Simulation modeling results by
Dr. James Sand indicated that an energy usage reduction of
approximately 10% may be possible using CFC-12 as the
refrigerant. Other refrigerants modeled also indicated energy
use reductions, but at different levels.

C - SPECIFICS OF THE DUAL LOOP SYSTEM

Following the general outline of the dual loop concept
disclosed on ORNL drawing 89-15407D, a system schematic
diagram was developed. A sketch of this system and the basic
elements of a control circuit are included on Sketch #01.
(Copies of all sketches are included elsewhere in this
report.) Further estimates of how the unit might function
using the control logic indicated on Sketch #01 were
diagrammed (Sketches #02 and #03). While the graphs are only
estimates of a cycling situation, the general data, shapes of
the curves and response times can be considered typical for
automatic defrosting refrigerators. When a final prototype is
tested, the nuances of operation of this type of system can be
confirmed by actual test data.

The refrigerant system for this unit utilizes a 3~way diverter
valve, two evaporators, each with its own capillary and heat
exchanger/suction tube, and a check valve located in the
freezer evaporator suction tube. The check valve serves to
prevent the re-pressurization of the freezer evaporator (with
a loss of cooling effect) during that part of the cycle when
refrigerant flow is directed to the fresh food evaporator.

D - CONTROL SYSTEM

The electro-mechanical control system devised uses two
thermostats to control the refrigerator. In operation, the
freezer thermostat serves to establish the cycling pattern for
the unit by controlling the compressor. It also enables the
fresh food thermostat to energize the diverter valve and fresh
food evaporator fan. Using a SPDT switch in the fan motor
circuit will allow selection of fresh food fan operation
either cycling with cooling or on a continuous basis. Final
testing will determine the best mode of operation.

When the diverter valve is energized, refrigerant flow is
directed to the fresh food evaporator to accomplish cooling
for this compartment. When the thermostat for this
compartment is satisfied, it opens the diverter valve circuit
and refrigerant is now directed to the freezer evaporator.
When its thermostat i1s satisfied, it opens the compressor
circuit and the unit shuts off. Sketches #02 and #03 outline
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the probable sequence of events using this control logic.

Sketch #01 depicts the basic control wiring diagram for
refrigerant system operation only. Sketch #05 is a final
schematic wiring diagram for the complete unit. It includes
the accessory electrical components needed for the unit such
as the defrost timer, anti-sweat heaters and cabinet door
switch and lighting. Sketch #09 presents a "point to point"
wiring diagram which was developed to achieve the desired
electro-mechanical control system using as much of the
existing wiring in the Whirlpool test unit as possible.

E - FRESH FOOD EVAPORATOR COIL AND COIL HOUSING DESIGN

In order to achieve the type of cooling performance which is
typical for 18 cubic feet top mount refrigerator-freezers, a
decision was made to design a forced air, fin and tube
evaporator for this unit. Brazeway, Inc. of Adrian, MI agreed
to provide sample coils if the design conformed to their
existing fin tooling. With these parameters, a coil was
designed. 1In order to keep the added low side volume to a
minimum, 5/16 diameter tubing was selected for this coil. The
final design is outlined on Sketch #04.

To appropriately mount this coil in the fresh food compartment

of the test unit, a coil housing was needed. This was
designed to allow mounting of the evaporator coil and the
fresh food evaporator fan and fan motor. The housing was

mounted to the ceiling of the fresh food compartment, with a
planned air flow pattern that would tend to enhance the
natural convection air currents within that compartment.
Sketch #07 outlines the required configuration.

F - VALVE AND TUBING SPECIFICATIONS

The diverter valve used for this test unit was placed at the
outlet of the condenser, with the object of feeding seperate
capillary tubes to each of the evaporators alternately. As
first assembled, a Bosch-Siemens 3-way diverter valve was
used. Later, this valve was replaced with a Danfoss valve of
similar design. The Danfoss valve exhibited better diverting
characteristics with no unwanted leakage to the circuit being
-diverted.

Each of the two evaporators had its own suction tube with
capillary tube(s) soldered to it in a heat exchange
relationship. As noted above, a check valve was installed in
the freezer evaporator suction tube to prevent undesired re-
pressurization of that evaporator. As a starting point, the
existing capillary tube for the freezer section (72 inches x
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.026 I.D.) was specified. In order to evaporate at a higher
pressure and temperature in the fresh food evaporator, a
higher refrigerant flow rate was needed. This required a less
restrictive capillary tube. In order to have the capability
to change capillary restriction easily, two tubes were
specified for the initial construction, assembled with shut-
off valves, so that change could be accomplished during test
runs. The capillary sizes selected were:

71 inches x .031 I.D.
96 inches x .036 I.D.

The longer, larger bore tube was estimated to allow a
refrigerant flow rate that is approximately 1.5x that of the
smaller bore tube.

G - COMPRESSOR, CONDENSER AND FREEZER EVAPORATOR

For the test unit, the originally installed compressor,
condenser, and freezer evaporator were not changed. This
strategy will allow direct comparison of the test results from
this system with those that were obtained using a conventional
single coil.
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INSTRUCTIONS AND CHECK 1LIST
FOR

ASSEMBLY OF 2-EVAFORATOR, DIVERTER VALVE TEST UNIT

FARBRICATE EVAFORATOR COIL HOUSING FER SKETCH #O07.
FABRICATE AIR BLOCKING WEDGE FER SKETCH #07.
INSTALL F. FOOD EVAF. FAN MOTOR INTO HOUSING.
FREFARE MOUNTING MEANS FOR F. FOOD EVAF. COIL.

INSTALL OFF-CYCLE EVAFORATOR HEATERS ON RETURN ERENDS
AT LOWER SIDE OF COIL WHEN ASSEMBLED.

WHEN HOUSING IS COMPLETE AND REFRIGERANT CONNECTIONS
ARE MADE, ASSEMBLE INTO TEST UNIT. (USE SELF THREAD-
ING SCREWS TO ATTACH.)

CONTROL EOX ASS"Y

DISMOUNT ASS"Y FROM CENTER DIVIDER FANEL.

REPLACE COLD CONTROL WITH THE G.E. SPDT SAMFLE THERMO-
STAT OETAINED FOR THIS PROJECT.

INSTALL SPDT SELECTOR SWITCH THROUGH BOTTOM FANEL.

REVISE WIRING AS SHOWN ON SKETCH #09.



6]

7)

a8

()

(1)

(11)

(12H

INSTRUCTIONS AND CHECE LIST (CONT'D.)

FREFARE SUCTION LINE HEAT EXCHANGER PER SEETCH #10.

IF DIVIDER PANEL MUST EBE INSTALLED BEFORE COIL HOUSING
ASSEMBLY, FORM HX, THEN BRING EVAPDRATOR END THROUGH
DIVIDER FANEL AND ADJUST FOR HOOK-UP TO F. FOOD EVAF-
ORATOR COIL.

BRAZE SUCTION LINE AND CAFP TUEBES TO COIL EXTENSION
TURES. FABRRICATE CONNECTOR TO RECEIVE CAFP TUBES AS
NEEDED.

ATTACH DIVERTER VALVE TO CARINET IN CONVENIENT LQCA-
TION ON LOWER BACK.

PURGE EXISTING SYSTEM CHARGE.

MAKE HOOK-UFP OF DIVERTER VALVE. (REFER 70O SKETCHES
#08 AND #10.)

INSTALL CHECK VALVE INTO FREEZER SUCTION LINE. (MAKE
CERTAIN FLOW AND ORIENTATION ARE CORRECT.)

ROUTE BOTH SUCTION LINES TO A SUCTION TEE. (FAEBRICATE
FROM A 1 TO 2" LENGTH OF 5/8 0.D. COFPER TUERING.)

MAKE ALL TURING HOOK-UFS AND BRAZE IN FLACE.

INSTALL SHUT-0OFF VALVE AT ENTRY OF EACH F. FOOD HX
CAFP TURE. M™MAKE CONNECTIONS AS NEEDED.

WHEN ALL CONNECTIONS ARE COMFLETE, CHARGE SYSTEM WITH
A TEST CHARGE TO LEAK TEST ALL NEW JOINTS.

WHEN SYSTEM FROOVES TO BE LEAK FREE, IT IS READY FOR
FINAL EVACUATION AND CHARGING.
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(2)

(3)

(4)

(3

(&)

(7)

INSTRUCTIONS AND CHECK LIST (CONT"D.)

o btk e S e ter Ty e o i e Smmt TS Mver bhiry o S P et SO Pt Sevit P 1oy ke it e e e e o s P Mam ses e e
= e R R

DISASSEMELE REFRIGERATOR AS NEEDED TO MAKE REVISIONS.
a. REMOVE DOORS

b. " CENTER MULLION AND DIVIDER PANEL
C. " FREEZER COMFARTMENT REAR FANEL
d. " BACK. COVER FOR TUBE AND WIRING ENTRY

e. OFEN ENTRY AREA FOR ACCESS TO CABRINET INTERIODR.
REMOVE BAFFLE CONTROL MECHANISM FROM DIVIDER FANEL.

FILL AIR PASSAGES IN CENTER DIVIDER FPANEL WITH INSUL-
ATION AND SEAL WITH TAFE.

DETERMINE ROUTING REQUIREMENTS OF F. FOOD SUCTION LINE
HX THROUGH CENTER DIVIDER FANEL. FREPARE PANEL AS
NEEDED. (MAY USE AIR FPASSAGE OR FORM NOTCH IN FPANEL.)

MOUNT FREEZER THERMOSTAT BRACKET, THERMOSTAT AND
HOUSING IN UPFER LEFT CORNER OF FREEZER. (USE SELF-
THREADING SCREWS TO ATTACH TO LINER.)

FREFARE ADDITIONAL HARNESS WIRES NEEDED TO REVISE
EXISTING HARNESS. MAKE REVISIONS TO HARNESS.
(REFER TO SKETCH #09.)

WHEN ALL REVISIONS ARE COMPLETE, REASSEMELE CARINET
WITH NEW COMFONENTS INSTALLED.
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“re
o

EILL OF MATERIAL -- ELECTRICAL COMFONENTS

COMFRESS0R

F.T.C. RELAY

RUN CAPACITOR

OVER LOAD

FREEZER THERMOSTAT

FRZR FAN MOTOR

F. FOQD THERMOSTAT
DIVERTER VALVE

SPDT SELECTOR SWITCH
F. FOOD FAN MOTOR

OFF-CYCLE F.F. EV. HTR.

DEFROST TIMER
DEFROST HEATER
DEFROST TERMINATOR
APFPLIANCE WIRE
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Do

ON UNIT

8] 1
H "

R.HBH. HAS SAMFLE

ON UNIT

G.E. SAMPLE
D.R.N.L. HAS SAMPLE
O0.R.N

RoNGL. ()
' HAS ORDERED

R.B. HAS SAMFLES
ON UNIT

0.R.N.L. LAE.



ITEM

(11)
(18)
41
42
43

44
45
46
47
48

49
50
51
52

=T
oI

54

=9

S6
S7

o8

59
60
61

62
-
-

BILL OF MATERIAL -- SYSTEM COMFONENTS
DESCRIFTION Qv SOURCE / OTHER NOTES
COMFRESSOR 1 (INCL. IN ELEC. B/M)
DIVERTER VALVE 1 ¢ v " " ")
CONDENSER 1 ON UNIT (WIRE & TUERE)
SUCTION LINE - FRZIR 1 " " (5714 0.D.)
CAF TUBE — FRZR EVAF. 1 " " (026 1I.D. % 72")
EVAF. ~ FREEZER 1 ON UNIT
SUCT. LINE - F.F. EVAP 1 5/16 0.D. CU.
CAF TURE "a" v n 1 71" =« ,03( 1.D,
CAF TURE "g" " " 1 96° % 036 1.D.
SHUT-0OFF VALVES - C.T. 2 0.R.N.L. LAE
F. FODD EVAFORATOR 1 BRAZEWAY SAMFLE
SUCTION LINE TEE 1 FAE. FROM 5/8 CU. TUEE
CHECK VALVE 1 R.B. HAS SAMFLE
STRAINER 1 ON UNIT
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RILL OF MATERIAL —-- OTHER COMFONENTS

ITEM DESCRIFPTION avy. SOURCE 7/ OTHER NOTES

71 HOUSING - F.F. EVAP 1 FAE. FER SKETCH #07
72 HOUSING - FRZR THERM. 1 R.E. HAS SAMFLE
3 BRACKET - " g 1 " " "
74 WEDGE - AIR ELOCKING 1

75

FAEB. FER SKETCH 07

76
77
78
79
80

81
82
84

85
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Fig. C.1. Test unit — Whirlpool top mount model ET18NKXSNO2.
Front view.
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Fig. C.2. Test unit — Whirlpool top mount model ET18NKXSN02.
Back view.
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Fig. C.3. Freezer compartment.
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Fig. C.4. Refrigerator interior.
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Fig. C.5. Freezer evaporator.



Fig. C.6. Wiring and tubing entry, left end of
freezer evaporator.



Fig. C.7. Fresh food compartment ceiling.



Fig. C.8. Fresh food compartment.
C-33



Fig. C.9. Controls and control housing (dismounted).



Fig. C.10. Access port to interior (cover removed).
Rear view.
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Fig. C.11. Cabinet rear view; static condenser
(wire and tube).
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Fig. C.12. Machine compartment.



