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FOREWORD

Foster-Miller, Inc., has contracted with Martin-Marietta
Energy Systems, Inc., to perform the following work in the
research and development of a highly energy-efficient super-
market refrigeration system:

Task 5 - Engineering Evaluation: An engineering evalua-
tion of the unequal parallel compressor system with
microprocessor-based compressor control and floating head
pressure was undertaken. The work done in this task can be
divided into the following two subtasks:

a. Subtask 5A - Prototype System Design: Based upon
previous work performed, a prototype refrigeration
system was designed. A thermodynamic, mechanical, and
cost analysis was done to determine the optimum
commercially viable design.

A design of the instrumentation packages for the
engineering evaluation was also undertaken. In
conjunction with the development of the instrumenta-
tion packages, a complete test plan was prepared.

b. Subtask 5C - Prototype System Evaluation: A prototype
refrigeration system was fabricated. The system was
installed and instrumented at a selected supermarket.

A second reference refrigeration system at another
selected supermarket was also instrumented for the
purpose of comparing the evaluation test system to a
reference system.

A long-term system evaluation test was then performed.

Appropriate computer models were developed to analyze
the engineering evaluation test results.

Recommendations for design changes to the prototype
refrigeration system were made and documented.

The Volume III report consists of an executive summary and
the following task reports:

a. Design of the Engineering Evaluation System

b. Engineering Evaluation Test Plan

c. Engineering Evaluation.
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ABSTRACT

This report covers in detail the engineering evaluation of
a highly energy-efficient supermarket refrigeration system.
The primary components of this system were a set of three
unequal parallel compressors, a microprocessor-based compressor
controller, and floating head pressure for condenser operation.
For this evaluation, such a system - referred to here as the
test system - was designed, fabricated, installed and instru-
mented in a supermarket operated by the H.E. Butt Grocery Co.,
in San Antonio, TX. At the time of this installation, a second
refrigeration system - referred to here as the reference system
and located in another HEB supermarket in San Antonio - was
also instrumented so that comparative measurements between the
two systems could be made. The major components of the refer-
ence system were two equal parallel compressors, a solid state
compressor controller, and conventional head pressure control.
The two systems were monitored for a period of approximately
one year.

The test results showed that the test system produced a
system EER (energy efficiency ratio) that was on the average
15.9 percent higher than that of the reference system. Further
analysis of the performance data showed that the following
parameters (presented in descending order of importance)
contributed to this improvement:

a. Operation of the test system at higher suction pressure

b. Cycling control strategy for the test system con-
denser fans

c. Fewer defrosts experienced by the test system

d. Operation of the test system at lower condenser
pressure.

Similar analyses were carried out for the power consumptions
and refrigeration loads of both the test and reference systems.
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1. INTRODUCTION

The Volume III report covers the work performed in the
final phase of a three-phase program to develop a highly
energy-efficient supermarket refrigeration system.

The primary components of this system are:

a. Three unequal parallel compressors operating between
common discharge and suction.

b. A microprocessor-based compressor controller capable
of selecting the correct combination of compressors
for best system performance.

c. Floating head pressure control which allows the system
to operate at the lowest possible condensing pressure.

The initial analysis, design, and testing done on this system
is described in the Volume I and II reports (1-2). The work
done in the final phase of the program consisted of an engi-
neering evaluation of the refrigeration system.

For the engineering evaluation, a highly energy-efficient
refrigeration system was installed and instrumented in a
supermarket operated by the H.E. Butt Grocery Co. in
San Antonio. Texas. Concurrently, a conventional refrigeration
system located at another HEB supermarket in San Antonio was
instrumented for the purpose of making comparative measure-
ments. System performance measurements, as well as other
pertinent data, were collected for both systems for
approximately one year.
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2. DESIGN OF THE ENGINEERING EVALUATION TEST SYSTEM

The site chosen for the engineering evaluation of the
highly energy-efficient refrigeration system was a supermarket
operated by the H.E. Butt Grocery Co. in San Antonio, TX. The
unequal parallel compressor system was used to supply refriger-
ation to the display cases in the frozen food aisle of the
store. The total length of display case connected to the test
system was 136 ft, consisting of 88 ft of multi-deck type and
48 ft of closed-door type display cases. The design refriger-
ation load estimated for this system was approximately 142,000
Btu/hr. The specified design conditions for the refrigeration
system were an evaporator temperature of -23°F and a con-
densing temperature of 107°F. The refrigerant used was R-502.

There were two important considerations in the selection of
the compressors for the unequal parallel compressor system.
They were:

a. The refrigeration capacity must be properly
distributed over the three compressors.

b. The total refrigeration capacity must be capable of
supplying the design refrigeration load at design
conditions.

The analysis work performed earlier in this program sug-
gested a one-, two-, and four-capacity distribution for the
unequal compressors. On this basis the compressors chosen
for the engineering evaluation system had nominal capacity
ratings of 6-1/2, 10, and 20 hp. At the specified design
conditions, the refrigeration capacities of these compressors
are:

a. 6-1/2 hp compressor - 24,700 Btu/hr.

b. 10 hp compressor - 44,100 Btu/hr.

c. 20 hp compressor - 81,800 Btu/hr.

The total rated capacity at design is 150,600 Btu/hr. The
capacity distribution of the three compressors is 1, 1.9,
and 3.4.

The floating head pressure control used for the engineering
evaluation system employs the McQuay Seasonmiser system. The
key element of this system is a thermally-actuated, three-way
valve that is located in the outlet piping of the condenser
before the inlet to the receiver. Upon actuation of the valve,
the liquid flow to the receiver is stopped while the receiver
is pressurized with refrigerant hot gas. In this fashion, the
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head pressure is controlled. Two sensors located on the liquid
refrigerant lines actuate the three-way valve. These sensors
determine if there is adequate subcooling of the refrigerant to
prevent it from vaporizing before reaching the expansion
valves. If adequate subcooling is not present, the sensor
closes an electrical circuit, actuating the three-way valve.

Included in the liquid refrigerant piping is an air-cooled
subcooling coil. The liquid refrigerant, after leaving the
receiver, passes through the subcooling coil. The refrigerant
temperature leaving the coil approaches the ambient tempera-
tures. maximizing the subcooling of the refrigerant. This
additional subcooling at the air-cooled coil helps to prevent
liquid flashing and allows system operation at a lower
condensing pressure.

The unequal parallel compressors are mounted on a rack
which has all necessary electrical and control hardware
required for operation. The compressor rack is located in one
end of a housing on the roof (Figure 1). In the remainder of
the housing are the condenser coils, which are air-cooled by
fans located on the roof above the coils, the receiver, and the
subcooler. The piping for the six refrigeration circuits is
run from the compressor rack along the roof, and then down to
the display cases located below.

ES-3



25 ft 6 in.

15 ft 6 in. 10 ft 0 in.

CONDENSER SECTION COMPRESSOR SECTION

I '_-- .V<- ACCESS DOOR

r----
* ~<~~~~~~~~~~~~~~~~~~~~~~ 

I

8 ft O in. I

I J

COMPRESSOR
RACK

RECEIVER _ / LOCATION

PLAN VIEW

CONDENSER FAN NO. 1 CONDENSER FAN NO. 2 CONDENSER FAN NO. 3

iT T-_^JJ^ 1 <\j7 ^
s

^_________________

! qii I

jj~I �IIIIIIIIIISIIIIIFII RECEIVER a||||I\ , I ICOMPRESSORI
1--I~~ ~ RECEI V E R | I IRACK

Vrl
ll

·
j

!
l
l.

:
!

i
l, lll~illiil:'1___________________/'"A ILOCATION

SUBCOOLER /\ I ,
COIL

' '/ I _ _I

I I

[.. L - t-.__--- -_ - -L- - L-; -".-. -

SIDE ELEVATION

FIGURE 1. - Housing for the unequal parallel
compressor rack.

ES-4



3. CONTROL DEVELOPMENT AND ANALYSIS

The purpose of the microprocessor-based controller devel-
oped in this program is to select the optimum compressor
combination for each operating condition. By doing so, the
best match of compressor capacity to refrigeration load is
maintained. Suction pressure is kept at maximum value at all
times which maximizes the EER of the system.

Initial control development performed earlier in this
program (1) used suction pressure only as the basis of com-
pressor selection. It was later formulated that a potential
for energy savings existed if the evaporator temperature of the
display case could be changed in response to varying refriger-
ation load. Evaporator temperature variation could be achieved
by allowing the suction pressure to rise or fall as required.
The refrigeration system could, therefore, be operated at the
highest possible suction pressure at all times while main-
taining display case temperature at the correct value.

The performance of the unequal parallel compressor system
with a varying suction pressure was analyzed in detail. For
this analysis it was assumed that the refrigeration load is
proportional to the temperature difference between the display
case and the evaporator. As the refrigeration load varies.
the case temperature is held constant by adjusting the system
suction pressure to change the evaporator temperature. An
annual load model based on outside ambient temperature was used
to establish the refrigeration load. The power consumption of
the refrigeration system was then determined.

A comparison was made between the following three
compressor systems:

a. Three equal compressors.

b. Three unequal compressors with suction pressure
control only.

c. Three unequal compressors with suction pressure and
case temperature control.

The three systems have the same total compressor capacity of
35 hp. Two refrigerants were considered in the analysis, a
medium temperature system operating with R-12 and a low tem-
perature system operating with R-502.

The results of the analysis are shown in Table 1 for the
three compressor systems operating as low and medium tempera-
ture systems. In both cases, the energy savings achieved by
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TABLE 1. - Results of the analysis of unequal parallel
compressors with various control types

R-12 medium R-502 low
temperature temperature

Annual Life Annual Life
energy cycle energy cycle

Compressor Control consumption savings consumption savings
configuration type (103 kW-hr) ($) (103 kW-hr) ($)

Three equal Pressure 96.2 - 90.6

Three unequal Pressure 83.8 8,114 86.7 2,567

Three unequal Pressure 70.3 13,070 78.7 6,010
and
temperature

the unequal parallel compressor system employing a pressure
and temperature control were 2 to 3 times greater than that
achieved by an unequal parallel compressor system using pres-
sure control only. The life cycle savings for the three
systems were also calculated and are also shown in Table 1.
For the life cycle savings, the system with three equal com-
pressors is considered the base case. A significant increase
in savings is seen when the pressure and temperature control is
employed.

The compressor control program is broken up into the
following routines:

a. Data Validity Routine - Tests suction pressure and
case temperature sensors for valid readings. Sensor
readings are compared to preset limit values. Sensor
readings outside these limits are ignored.

b. Pressure Test Level Modification Routine - Employs the
case temperature control algorithm to modify suction
pressure settings..

c. Compressor Control Routine - The pressure control
algorithm is used in this routine to select the
compressor combination needed to maintain the correct
suction pressure.

The arrangement of these routines within the program is shown
in the diagram in Figure 2.
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FIGURE 2. - Flow chart for unequal parallel
compressor control.
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4. THE ENGINEERING EVALUATION TEST PLAN

The purpose of the engineering evaluation test was to
compare the performance of the highly energy-efficient super-
market refrigeration system with that of a conventional refrig-
eration system. For the test, two supermarket refrigeration
systems in stores operated by the H.E. Butt Grocery, Co. in
San Antonio, Texas were chosen. At the first store, referred
to as the test site, the highly energy-efficient refrigeration
system was installed and instrumented. At the second store,
referred to as the reference site, a conventional refrigeration
system was instrumented for comparative measurements with the
test system.

A comparison of the pertinent features of the test and
reference refrigeration systems is presented in Table 2.

The test refrigeration system consists of three unequal
parallel compressors with a combined nominal horsepower of
36.5 hp. The reference refrigeration system employs two
compressors with a nominal horsepower of 40 hp. At design
conditions, suction temperature of -20°F and condensing
temperature of 107°F, the EER of both systems is very close,
with the test system being about 3 percent higher. Both
systems use R-502 as the refrigerant. While the reference
system is equipped with heat reclaim, the test system is not.
The store personnel agreed to shut off the heat reclaim during
the test so that no effects of heat reclaim would be noted in
the performance of the refrigeration system.

Both the test and reference refrigeration systems supply
refrigeration to the display cases in the frozen food aisle of
their respective stores. In the test store, the cases attached
to the refrigeration system consist of a mix of multi-deck and
glass door types. At the reference store, the refrigeration
system supplies refrigeration to multi-deck cases only. At
both stores these cases are maintained at a temperature
of 0°F.

Hot gas defrost is used on both systems. On the reference
system, defrost is initiated by time clock. On the test
system, defrost sensors are employed to initiate defrost when
frost thickness reaches a predetermined level.

The reference store has a standard HVAC system consisting
of two air handlers equipped with gas-fired space heating
and vapor compression air-conditioning used for cooling and
dehumidification. The test store is also equipped with two
air handlers having space heating and air conditioning capabi-
lities. Each air handler is also equipped with a gasfired
desiccant dehumidification system that is capable of lowering
store humidity to a level lower than is achievable
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TABLE 2. - Comparison of test and reference
refrigeration systems

Test Reference
system system

1) Compressors

a) Number 3 Unequal 2 Equal
b) Nominal horsepower, hp 6.5, 10, 20 20
c) Capacity at design.

Btu/hr 150,600 137.300
d) Power at design, kW 25.95 26.80
e) EER, Btu/W-hr 5.03 4.90
f) Manufacturer Carlyle Copeland
g) Rack manufacturer Friedrich Hussmann

2) Operating conditions

a) Suction pressure. Variable 18.5
psig

b) Condenser pressure, Floating 180.0
psig

3) Heat reclaim No Shut-off

4) Refrigerant R-502 R-502

5) Display case types Multi-deck Multi-deck
and glass
door

6) Display case 0 0
.temperature, O F

7) Defrost control Demand Timed

8) Store Desiccant Air-
dehumidification and air- conditioning

conditioning
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with vapor compression air-conditioning. The effect of this
lower humidity on refrigeration system performance was
considered in this field test.

Both the test and reference systems were thoroughly instru-
mented for the purpose of comparison and evaluation. Since the
primary purpose of the energy-efficient refrigeration system is
to lower electrical energy consumption, energy usage is an
important measure of comparison. Because the refrigeration
loads are different between the two systems, however, energy
consumption measurement alone is not adequate. For this
reason, a better method of comparison is to examine the energy
efficiency ratio (EER) of each of the two systems. EER is
defined as:

EER = Refrigeration load supplied (Bt/W-hr) (1)
Power input

To determine the EER it is necessary to find both the
refrigeration load supplied and the power consumed.

A diagram showing the location of instrumentation used for
refrigeration load and power measurements for the test system
are shown in Figure 3.

For the refrigeration load measurements, each refrigeration
circuit was equipped with a flow meter and temperature and
pressure measurements at the inlet and outlet of the display
case evaporators. Similar temperature and pressure measure-
ments were taken at the liquid and suction manifolds at the
refrigeration rack and a flow meter was installed at the system
discharge to measure total system refrigerant flow.

For power measurements each compressor was equipped with a
watt transducer. A watt transducer was also installed to
measure total system power input.

At the reference site, similar instrumentation was instal-
led for refrigeration load and power consumption measurements.
The location of this instrumentation is shown in Figure 4.

Many of the measurements taken at both the test and refer-
ence sites are used to characterize the performance of the
systems. Data of this nature are used to correlate refriger-
ation load and power consumption to such things as ambient
temperature, store humidity, etc. A description of the charac-
teristic measurements taken at the test site is provided in
Table 3 and Figure 5. A similar description of the charac-
teristic measurements taken at the reference site is shown in
Table 4 and Figure 6.
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TABLE 3. - Characteristic measurements of the unequal
parallel compressor test system

Location Measurement

Compressor rack

Liquid manifold Pressure
Liquid manifold Temperature
Liquid refrigerant

lines (circuits 1-6) Temperature
Suction manifold Pressure
Suction manifold Temperature
Suction lines

(circuits 1-6) Temperature
Compressor discharge Pressure
Compressor discharge Temperature

Condenser

Condenser inlet Pressure
Condenser inlet Temperature
Condenser outlet Temperature
Subcooler outlet Temperature

Outside ambient

Store rooftop
(3 locations) Temperature

Outside humidity Dew point

Display cases

Discharge air curtain
(6 locations) Temperature

Product area
(12 locations) Temperature

Sales area

Above display cases
(3 locations) Temperature

Below display cases at
floor level Temperature
(3 locations)

Store humidity Dew point
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TABLE 4. Characteristic measurements of the
reference system

Location Measurement

Compressor rack

Liquid manifold Pressure
Liquid manifold Temperature
Liquid refrigerant

lines (circuits 1-5) Temperature
Suction manifold Pressure
Suction manifold Temperature
Suction lines

(circuits 1-5) Temperature
Compressor discharge Pressure
Compressor discharge Temperature

Condenser

Condenser inlet Pressure
Condenser inlet Temperature
Condenser outlet Temperature

Outside ambient

Rooftop (3 locations) Temperature
Humidity Dew point

Display cases

Discharge air curtain
(1 locations) Temperature

Sales area

Above display case
(1 location) Temperature

Below display case
(1 location) Temperature

Humidity Dew point
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Both the test and reference sites were equipped with data
acquisition systems for the purpose of monitoring and recording
instrument measurements. The data acquisition system consisted
of a data logger and a data cassette recorder. The function of
the data logger was to scan the instrumentation at regular
intervals and transfer the measurements in serial format to the
cassette recorder. Data transmitted to the recorder were
stored on a digital cassette tape for later processing.

Data was collected from both refrigeration systems by the
data acquisition system under the three following formats:

a. At 1-hr intervals all instrument channel measurements
were transmitted.

b. At 1-hr intervals time averages for certain selected
channels were sent.

c. At occurrence, the channels exceeding or returning to
preset limits were recorded. This technique was
employed to track compressor cycling and hot gas
defrosts.

The data readings were transferred by the cassette recorder to
a data cassette tape. Each data tape had data storage capacity
for approximately 10 to 14 days. At regular intervals the
cassettes were collected from the two sites and returned for
processing.

The data collection proceeded for approximately a one-year
period from January, 1983 through January, 1984.
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5. TEST SYSTEM DESIGN MODIFICATIONS

After the initial installation and operation of the test
refrigeration system, it was found that certain modifications
were required to the design and planned operation of the
system. Modifications were made to the microprocessor-based
compressor control and to the floating head pressure system.
For the microprocessor-based compressor control the following
modifications were made:

a. The time interval between pressure setting changes due
to case temperature measurement was shortened from
1 hr to 10 min.

b. Originally it had been planned that the case thermo-
stats would be used to control display case tempera-
ture. It was found that the use of these thermostats
conflicted with the pressure-temperature algorithm of
the microprocessor-based controller. To correct this
the thermostats were taken out of service and the
display case temperatures were controlled entirely by
the compressor cycling, which, in turn, was controlled
by the microprocessor-based compressor controller.

c. To counteract the effect of defrost on the control
algorithm, only five of the six case temperature
measurements were considered at any time. The highest
case temperature observed was ignored.

The initial plan for the operation of the test refriger-
ation system called for continuous operation of the condenser
fans. In this fashion minimum condenser pressure and maximum
subcooling from the subcooler coil could be achieved. The
initial measurements comparing the performance of the test and
reference systems showed that while the test system compressor
EER was greater and compressor power consumption was less than
that of the reference system, the reference system was able to
achieve better overall performance because of condenser fan
cycling. This suggests that while operation at minimum conden-
sing pressure is desirable in terms of compressor energy
consumption, it cannot be justified if the fan energy consump-
tion required to reach this minimum pressure exceeds the
savings in compressor energy. It was, therefore, decided that
condenser fan cycling would be employed with the test
refrigeration system.

The test refrigeration system was equipped with a demand
defrost system consisting of a set of frost sensors and a
specially designed defrost controller. The frost sensors are
located on the tubing of the display case evaporators. The
presence of a frost buildup is sensed when the frost breaks a
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beam of light shown by the sensor across the top of the
tubing. When the light beam is broken, the sensor closes an
electric circuit. It is the function of the controller to
initiate the defrost based upon sensor input, to terminate the
defrost at the appropriate time, and to present more than one
defrost from occurring at any given time.

The use of demand defrost for the test refrigeration system
presented an excellent opportunity to examine the effect of
defrost on system operation. In particular, a direct com-
parison could be made between the test and reference systems in
terms of defrost method employed, since the reference system is
equipped with a scheduled defrost controlled by a time clock.
With this arrangement each refrigeration circuit is defrosted
four times per day or a total of twenty defrosts per day for
the entire system.

During the test period, problems developed with the frost
sensors in two of the refrigeration circuits in the test
system. Because of the failure of these sensors, these two
circuits were placed on scheduled defrost and were defrosted
four times per day. These two circuits were on scheduled
defrost for the remainder of the test.
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6. DATA REDUCTION AND ANALYSIS

The data reduction process is summarized in Figure 7. Raw
data on the cassette tape are first processed to organize the
data into useful data arrays and reduced into desired meaning-
ful quantities. During this initial processing, hourly sum-
maries of results are produced. The hourly summaries are
averaged or totaled as required and reformatted into daily
summaries. The data and reduced quantities are then placed
into one of two data bases consisting of an hourly data base
and a daily data base.

The hourly data base contains all data collected concerning
compressor operation (i.e., cycling) and occurrence of
defrosts. The information contained in this data base is used
to track and analyze these events.

The daily data base contains various quantities that are
averages or totals of hourly values processed on the basis of
24-hour days. Listings of the quantities contained in the
daily data bases for the test and reference sites are shown in
Tables 5 and 6. respectively. The information in the daily
data base is used to compare the performance of the two systems
and, in conjunction with a linear multi-variable regression
routine, is used to determine the functionality of certain
variables.
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FIGURE 7. - Data processing sequence.
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TABLE 5. - Data base variables, test store

Variable
Number Description Units

1 Refrigeration load case B1 Btu/hr
2 Refrigeration load case B2 Btu/hr
3 Refrigeration load case B3 Btu/hr
4 Refrigeration load case B4 Btu/hr
5 Refrigeration load case B5 Btu/hr
6 System refrigeration load Btu/hr
7 Refrigeration load case D2 Btu/hr
8 Refrigeration load case E3 Btu/hr
9 Compressor power kW

10 System power kW
11 Compressor energy consumption kW-hr
12 System energy consumption kW-hr
13 Compressor rack EER Btu/W-hr
14 System rack EER Btu/W-hr
15 Inside temperature daily high OF
16 Inside temperature daily low OF
17 Inside temperature daily avg OF
18 Outside temperature daily high OF
19 Outside temperature daily low OF
20 Outside temperature daily avg OF
21 Inside humidity gr/lb
22 Outside humidity gr/lb
23 Number of defrosts - system per day
24 Air curtain temperature, case B1 OF
25 Air curtain temperature, case B2 OF
26 Air curtain temperature, case B3 OF
27 Air curtain temperature, case B4 OF
28 Air curtain temperature, case B5 OF
29 Air curtain temperature, case B6 OF
30 Suction pressure psig
31 Condenser pressure psig
32 Suction superheat OF
33 Condensate subcooling OF
34 Number of transactions per day
35 Number of defrosts - case 1 per day
36 Number of defrosts - case 2 per day
37 Number of defrosts - case 3 per day
38 Number of defrosts - case 4 per day
39 Number of defrosts - case 6 per day
40 Number of compressor cycles per day
41 On time for 6.5 hp compressor min
42 On time for 10 hp compressor min
43 On time for 20 hp compressor min
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TABLE 6. - Data base variables, reference store

Variable
Number Description Units

1 Refrigeration load Btu/hr
2 Compressor power kW
3 System power kW
4 Compressor energy kW-hr
5 System energy kW-hr
6 Compressor EER Btu/W-hr
7 System EER Btu/W-hr
8 Suction pressure psig
9 Suction temperature OF

10 Condenser pressure psig
11 Condenser temperature, inlet OF
12 Condenser temperature, outlet OF
13 Temperature above case OF
14 Temperature below case OF
15 Inside humidity gr/lb
16 Air curtain temp C1 OF
17 Air curtain temp C2 OF
18 Outside temperature,

daily high OF
19 Outside temperature.

daily low OF
20 Outside temperature,

daily avg OF
21 Number of defrosts per day
22 Suction superheat OF
23 Condensate subcooling OF
24 Number of compressor cycles per day
25 On time for 20 hp compressor (1) min
26 On time for 20 hp compressor (2) min

ES-23



7. RESULTS OF THE ENGINEERING EVALUATION

A summary of the system and compressor EER's for both the
test and reference systems is presented in Table 7. Also
presented in this table is the percent improvement seen in the
test system and compressor EER's in comparison to that of the
reference system. The results show that an overall increase in
system and compressor EER's of 15.9 percent and 10.6 percent
was achieved by the test system on an annual basis.

TABLE 7. - Summary of the compressor and system EER's
for the Test and Reference Systems

Percent Percent
Compressor EER improvement System EER improvement

(Btu/W-hr) in test (Btu/W-hr) in test
compressor system EER

Month Test Reference EER (%) Test Reference (%)

January 7.97 5.80 37.4 7.10 5.31 33.7

February 7.72 5.86 31.7 6.99 5.32 31.4

March 6.85 5.69 20.4 6.20 5.12 21.1

April 6.69 5.66 18.2 5.78 4.91 17.7

May 6.05 5.59 8.2 5.24 4.66 12.4

June 5.84 5.54 5.4 5.04 4.44 13.5

July 5.51 5.67 -2.8 4.72 4.37 8.0

August 5.39 5.68 -5.1 4.57 4.37 4.6

September 5.57 5.96 -3.5 4.98 4.72 5.5

October 6.08 5.93 2.5 5.42 4.94 9.7

November 6.48 5.70 13.7 5.93 5.00 18.6

December 7.65 5.87 30.3 7.12 5.26 35.4

Average 6.36 5.75 10.6 5.60 4.83 15.9
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An attempt was made to correlate the EER improvements seen
in the results to the difference in values of the following
parameters recorded at the test and reference sites:

a. Suction pressure.

b. Condensing pressure.

c. Daily number of defrosts.

d. Daily number of compressor cycles.

e. Condense fan power.

f. Suction superheat.

g. Subcooling.

For the compressor EER. the following correlation was found
which describes the difference between the test and reference
systems:

WEERC = 0.126 + 0.235 WPS - 0.014 WPC

- 0.022 WDEF

where

APS = the difference in suction pressure.

APC = the difference in condensing pressure.

ADEF = the difference in number of defrosts.

For the system EER difference, the following correlation was
determined:

WEERS = 0.24 + 0.197 WPS - 0.011 WPC

- 0.011 WDEF - 0.118 WKWF (2)

where

WKWF = the difference in condenser fan power consumption.

Sensitivity analyses were then carried out on the equa-
tions to determine the significance of each parameter on the
EER difference. The range of values observed for each
parameter was considered.
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The results of the sensitivity analysis for the difference
in compressor EER show that the suction pressure difference
accounted for 41.7 percent of the EER difference, while the
difference in number of defrosts accounted for 26.2 percent.
Also, the difference in condenser pressure accounted for
16.7 percent and the correlation constant contributed
15.5 percent of the difference in EER between the two systems.

The results of a similar analysis performed for the dif-
ference in system EER show that the largest portion of the
system EER difference is attributable to the difference in
suction pressure, which accounted for 33.0 percent of the
difference. The difference in condenser fan power caused by
fan cycling accounted for 16.5 percent of the EER difference,
while the differences in condensing pressure and number of
defrosts each contributed 12.1 percent of the EER difference.
The correlation constant accounted for 26.4 percent of the
system EER difference. As with the analysis of the compressor
EER difference, the correlation constant represents differences
in system operation not accounted for in the analysis. The
effect of this constant is least significant during off-design
operating conditions. During periods when conditions approach
design value, the operating parameters such as suction and
condensing pressures tend to approach the same respective
values for both systems. Under these conditions, the signifi-
cance of the constant becomes more apparent and accounts for
the largest portion of the EER difference.

The system power consumption for the test and reference
systems along with an adjusted value for the test system based
on the reference system refrigeration load are shown in Table 8
and Figure 8. The system power consumption consists of the
electrical power consumed primarily by the refrigeration
compressors and the condenser fans. For the test system, the
average daily power consumption was 621.43 kW-hr/day (adjusted
to the reference store refrigeration load) while the average
consumption of the reference system was 720.24 kW-hr/day. The
percent savings in energy consumption achieved by the test
system is 13.7 percent.

The power consumption of the test refrigeration system was
found to correlate with:

a. The system refrigeration load, LD.

b. The outside ambient temperature, T.

c. The daily number of system defrosts, Def.
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TABLE 8. - Summary of. the system power consumptions

Percent
improvement

System power consumptions in test
(kW-hr/day) system power

consumption
Month Test Adjusted* Reference (%)

January 461.76 441.80 590.88 25.2

February 504.96 443.61 582.48 23.8

March 578.64 529.16 640.80 17.4

April 616.56 587.13 691.68 15.1

May 734.64 683.36 768.00 11.0

June 803.28 723.33 821.52 12.0

July 847.44 806.95 871.68 7.4

August 849.60 822.41 859.92 4.4

September 812.40 755.18 796.32 5.2

October 773.04 657.57 721.20 8.8

November 722.40 571.87 677.76 15.6

December 547.44 465.51 630.00 26.1

Average 687.60 621.43 720.24 13.7

*Adjusted to reference store refrigeration load.
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The following correlation was found:

Power consumption
of the test
system (kW-hr/day) = 1.885 x 10- 3 LD

+ 7.080 To + 7.272 Def

- 1.675 x 102 (3)

The sensitivity of the system power consumption to changes
in the above quantities was then considered. The largest
variation in power consumption was found to be due to the
change in outside ambient temperature which accounted for a
variation of 36.6 percent. The variations in power consumption
due to change in number of defrosts and refrigeration load were
12.5 percent and 11.3 percent, respectively.

The power consumption of the reference system was
correlated with the following:

a. The system refrigeration load. LD.

b. The outside ambient temperature, To .

The resulting correlation is:

Power consumption
of the reference
system (kW-hr/day) = 1.216 x 10-3 LD

+ 6.648 To + 81.36 (4)

The results of the sensitivity analysis for the reference
system power consumption showed that the largest variation is
attributed to changes in outside ambient temperature which
accounted for 38.9 percent. The variation in power consumption
due to change in refrigeration load was found to be 5.0 percent.

The compressor power consumption of the test and reference
systems are shown in Table 9. The average compressor power
consumption of the test system was 547.17 kW-hr/day (adjusted
to the reference store refrigeration load). For the reference
system, the average compressor power consumption was
605.76 kW-hr/day. This results in an annual savings in
compressor power consumption of 9.7 percent.
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TABLE 9. - Summary of the compressor power consumptions
the test and reference systems

Percent
improvement

Compressor power consumptions in test system
(kW-hr/day) compressor

power
consumption

Month Test Adjusted* Reference (%)

January 411.36 393.58 540.48 27.2

February 457.20 401.66 528.96 24.1

March 523.68 478.95 576.48 16.9

April 532.80 507.27 599.76 15.4

May 636.24 591.87 640.56 7.6

June 693.36 624.25 658.56 5.2

July 726.00 691.25 671.76 -2.9

August 720.48 697.29 661.20 -5.5

September 703.68 654.05 631.44 -3.6

October 689.04 586.18 601.44 2.5

November 661.20 523.33 594.72 12.0

December 509.52 433.26 564.48 23.2

Average 605.28 547.17 605.76 9.7

*Adjusted to reference store refrigeration load.
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The average refrigeration loads for each month of the test
period for the test and reference systems are shown in Table 10
and Figure 9. The average refrigeration loads for the entire
test period were found to be 160.300 Btu/hr and 145.000 Btu/hr
for the test and reference systems, respectively.

The refrigeration load for the test system was correlated
as a function of:

a. The inside dry bulb temperature of the store,
Ti.

b. The inside humidity of the store, Hi.

c. The number of defrosts incurred by the system, Def.

TABLE 10. - Summary of the refrigeration loads for
the test and reference systems

Refrigeration load
(101 Btu/hr)

Month Test Reference

January 136.6 130.7

February 147.1 129.2

March 149.5 136.7

April 148.5 141.4

May 160.4 149.2

June 168.7 151.9

July 166.7 158.7

August 161.8 156.6

September 168.6 156.7

October 174.6 148.5

November 178.5 141.3

December 162.4 138.1

Average 160.3 145.0
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The resulting correlation describing the refrigeration load is:

Average refrigeration
load of the test
system (Btu/hr) = 1,496.4 Ti + 444.3 Hi

+ 1,273.4 Def + 21,010 (5)

A sensitivity analysis showed that the change in the number
of defrosts experienced by the system had the greatest effect
on the system refrigeration load. The change in load due to a
change in number of defrosts was 15,280 Btu/hr or 9.4 percent
of the average refrigeration load. The change in inside store
humidity accounted for the next largest change in refrigeration
load with a variation of 9,766 Btu/hr or 6.0 percent. The
change in refrigeration load due to change in inside dry bulb
temperature was 8,679 Btu/hr or 5.4 percent.

The refrigeration load for the reference system was cor-
related to inside dry bulb temperature and humidity. The
resulting correlation:

Average refrigeration
load of the reference
system (Btu/hr) = 1,270.1 Ti + 444.4 Hi

+ 33,498 (6)

A sensitivity analysis showed that the reference system
refrigeration load varied most because of change in inside
humidity which accounted for 13.1 percent variation in load.
The change in dry bulb temperature accounted for a 7.5 percent
variation in load.
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8. CONCLUSIONS AND RECOMMENDATIONS

A comparison of the performance data collected for both
systems has shown that the system employing the unequal
parallel compressors with floating head pressure and micro-
processorbased control produced significant energy savings over
the conventional refrigeration system. Comparison of the
system EER's of the two systems showed that the test system
produced an EER that was 15.9 percent higher than that of the
conventional system. For the average refrigeration load
addressed by the reference system, this translates to an annual
energy savings of 36,066 kW-hr or a savings in power consump-
tion of 13.7 percent.

Analysis of the EER improvement showed that the superior
performance of the test system can be attributed to:

a. Operation at higher suction pressure - It was
estimated that the increase in suction pressure
accounted for 33.0 percent of the improvement in
system EER.

b. Savings in condenser fan power - The use of fan

cycling to control the power consumption of the
test system condenser fans saved an average of
31.2 kW-hr/day over the reference system. It is
estimated that on the average this savings contributed
16.5 percent ot the EER improvement.

c. Reduction in number of defrosts - The number of
defrosts experienced by the test system was
considerably less than that experienced by the
reference system. It was found that this reduction in
the number of defrosts accounted for 12.1 percent of
the EER improvement.

d. Operation at lower condensing pressure - Operation of
the test system at lower condensing pressure also
contributed to the improvement in EER. Lower
condensing pressure operation accounted for
12.1 percent of the EER improvement.

In general, it can be concluded that the use of the unequal
parallel compressor system in conjunction with floating heat
pressure, and microprocessor-based compressor control can
achieve significant energy savings for the following reasons:

a. The ability of the unequal parallel compressor system
to closely match system capacity to required
refrigeration load allows the use of more advanced
control strategies which, in turn, produce significant
energy savings.
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b. The use of floating head pressure lowered the
condensing pressure of the test system, particularly
during the winter months of the year. This was shown
to significantly improve the EER of the best system.
By using the unequal parallel compressors in
conjunction with the floating head pressure,
condensing pressure could be lowered without fear of
excessive compressor cycling.

Condenser fan cycling also was shown to have a significant
effect on system energy savings. While this control strategy
is not unique to the system investigated here, the impact of
fan cycling on the operation of the condenser is significant
since one of the objectives of the test system was to minimize
condenser pressure. With the fan cycling strategy employed for
the test system, it was found that the performance of the
floating head pressure system was compromised to some extent,
particularly during the summer months. But the net energy
savings achieved by the combination of fan cycling and floating
head pressure were positive. This suggests that some optimum
mix of minimum condenser pressure and minimum condenser fan
power must exist.

Because the test system was equipped with demand defrost
sensors, the number of defrosts experienced by this system was
significantly less than that experienced by the reference
system. This reduction in number of defrosts was shown to
significantly increase the energy savings achieved by the test
system through improved EER. It should also be noted that the
number of defrosts influenced the system refrigeration load,
increasing the load significantly when the number of defrosts
also increased. It can, therefore, be stated that an attempt
should be made to minimize the number of defrosts experienced
by a refrigeration system to minimize energy consumption.

It is also significant to note that no major system com-
ponent failures occurred during the engineering evaluation test
period. This suggests that an unequal parallel compressor
system can be operated with little or no increase in the cost
of operation and maintenance. It also suggests that the
unequal parallel compressor system is no more complex to
operate than any conventional refrigeration system now com-
mercially available.

The results of the engineering evaluation have shown that
the highly energy efficient supermarket refrigeration system
employing unequal parallel compressors, floating head pressure,
and microprocessor-based compressor control can produce signi-
ficant energy savings when compared to a conventional refriger-
ation system of the type presently employed in many super-
markets. The test results have also suggested areas of further
development for this system and other systems in general that
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could increase energy savings. Of particular interest are the
following:

a. Improved demand defrost.

b. Advanced compressor control strategies.

c. Optimization of floating head pressure systems.

Another area concerning floating head pressure operation
that was not investigated during the engineering evaluation is
the use of heat reclaim. To achieve maximum heat reclaim, the
standard procedure is to artificially raise the condensing
pressure so that heat is reclaimed at a useful temperature.
Such a procedure causes the refrigeration system to use more
energy than if that system were employing floating head pres-
sure. Some type of optimization is, therefore, required to
attempt to minimize the head pressure for refrigeration while
recovering as much reject heat as possible.

The use of floating head pressure with more advanced
refrigeration system concepts and components should also be
considered. Examples of such items include:

a. Mechanical subcooling.

b. Electronic expansion valves.
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APPENDIX A

STATEMENT OF WORK

Introduction

Grocery stores and supermarkets are a fertile area to
develop energy saving devices. However, before singling out
one or more units within the store for this devleopment. it is
necessary to study and understand the relations between the
different systems in the store. In a typical supermarket,
refrigeration will account for 40 to 60 percent of electricity
consumption, environmental control will account for 15 to
20 percent; lighting, 20 to 25 percent; and miscellaneous uses,
5 to 10 percent. It is no wonder that energy management has
become one of the most active programs throughout industry. In
the face of this serious energy situation, examination of the
patterns of energy use must be accomplished and ways looked for
to conserve energy without sacrificing the appeal and effi-
ciency of the stores. All supermarkets' energy-using systems
are related both to one another and to the building structure
which means that an adjustment to one affects the other. This
shall be a three-phased program designed to accomplish the
following:

a. Review of overall energy requirements in grocery
stores and supermarkets.

b. Develop a thermodynamic computer program for analysis
of supermarket energy utilization requirements and
optimization.

c. Develop a marketing strategy.

d. Develop a prototype system.

e. Evaluate a preproduct prototype system.

f. Prepare a commercialization and marketing analysis.

Phase III:

The purpose of Phase III shall be to provide an engineering
evaluation of a preproduction prototype system(s) installed in
a supermarket. It is requested that the services of
William M. Toscano as a consultant to the project be retained
to aid in the transition period resulting from a change in
program managers.
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Task 5. Engineering Evaluation:

Conduct an engineering evaluation in accordance with the
approved Task 3 - Engineering Evaluation Test Plan. Task 5 is
divided into three major subtasks which are described below:

a. Preproduction system design.

b. Preproduction prototype system engineering evaluation.

c. Deliverables 5D1, 5D2, 5D3, and 5F.

Subtask 5.A. Preproduction Prototype System Design:

From the testing results of Subtask 2.C., a preproduction
prototype system shall be designed. The aforementioned test
results will be incorporated into the Marketing/System Computer
Program described in Task 1. A thermodynamic, mechanical, and
cost analysis, similar to the one conducted for Task 2, will be
performed to determine the optimum commercially viable design.
Recommended design changes resulting from the prototype system
testing (Subtask 2.C.) shall be made by FMI.

For the preproduction prototype system design, a table of
mechanical design, thermodynamic and manufacturing specifica-
tions, and estimated performances shall be prepared. The table
shall include a summary of thermodynamic losses, component
efficiencies, operating state points, process flow specifica-
tions, estimated seasonal performance factors for selected
supermarket applications, manufacturing technology require-
ments, and material specifications.

A description of the instrumentation packages for the
engineering evaluation test shall be provided for review by the
ORNL-TM. A minimum of two different instrumentation subsystems
are projected; one, a basic set to monitor overall performance,
the second being a continuous recording system for continuously
monitoring and recording critical performance parameters.

The system design and instrumentation requirements shall be
reviewed with the ORNL-TM prior to the fabrication of the
preproduction prototype system.

Subtask 5.B. Manufacturing Facility Development/Modification:

Deleted from the statement of work.

Subtask 5.C. Preproduction Prototype System Evaluation:

One or more preproduction prototype systems shall be
fabricated. The systems shall be delivered and installed at a
selected supermarket. FMI engineers shall install the instru-
mentation subsystems and check the entire system. In
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addition, they shall perform preliminary testing which includes
system design point operation and off-design point operation.

FMI engineers shall install instrumentation to a second
supermarket refrigeration system for the purpose of comparing
the evaluation system to a reference system.

Afterwards, long-term system engineering evaluation testing
shall be performed. Trained technicians shall periodically
inspect the system and gather data from the instrumentation
package. Reports will be submitted to FMI on a regular basis
which include:

a. Mechanical/electrical condition.

b. Cassette tapes of system performance data.

Servicing to the instrumentation and control systems shall
be provided by FMI as needed. Faulty components will be
returned to FMI for analysis.

Appropriate computer programs shall be developed to analyze
the engineering evaluation test results and to help provide
corrective actions in the event operating difficulties occur
with certain components and subcomponents. Performance data
shall be based on testing and evaluation methods compatible
with ASHRAE specifications. The test results will be prepared
in graphical and tabular form and shall be reviewed with the
ORNL-TM.

Depending on the outcome of the engineering evaluation
testing, recommendations for design changes shall be made and
documented in Deliverable 5D3.

Any unused channels of the data acquisition system utilized
at the San Antonio test site may be utilized by FMI under an
agreement between FMI and Thermo-Electron for the GRI pursuant
to the UCCND-GRI Memorandum of Understanding as amended.

Copies of any data generated by the Seller using the
government property under this subcontract through
December 31, 1983, shall be provided to the Company.

Subtask 5.D - Deliverables 5D1, 5D2, 5D3, and 5F:

Deliverable 5D1 - Submit, for review by the ORNL-TM, a
report describing the design and supporting evaluations of the
preproduction prototype system.

Deliverable 5D2 - Submit, for review by the ORNL-TM, a
report describing planned test procedures, installed
instrumentation, and evaluation techniques for the engineering
evaluation test.
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Deliverable 5D3 - Submit, for review by the ORNL-TM, a
report describing the results and evaluations of the
engineering evaluation tests.

Deliverable 5F - Submit a final report for Task 5
reflecting resolution of comments from the ORNL-TM reviews of
Deliverables 5D1, 5D2, and 5D3.

Schedule and Distribution

Deliverable Schedule Copies to ORNL-TM

5D1 December 1982 3
5D2 December 1982 3
5D3 December 1983 3
5F February 1984 8

Task 6 - Final Report

Deliverable 6 - Prepare a final report which shall include
(a) a summary covering all aspects of the project which
reflects resolution of comments from the ORNL-TM based on
review of a draft copy (allow 2 weeks for ORNL review), and (b)
Deliverable 5F.

Schedule and Distribution - Submit to the ORNL-TM within
1 month after completion of Task 5 a photo-ready copy and
550 copies.

Additional Deliverables - Submit eight copies of a monthly
report to the ORNL-TM by the tenth day of each calendar month.
The report shall include completed DOE forms 533, 534, and 535
showing costs, personpower, and schedule as estimated in the
approved plans. A narrative of progress and events shall be
included as part of the monthly report and shall highlight any
problems and the subcontractor's solution. A newsletter shall
be provided on a quarterly basis summarizing the findings of
the engineering evaluation test. The newsletter shall be
submitted to the ORNL-TM for review. Distribution shall be to
the Advisory Committee, ORNL-TM, and DOE program manager.

Conduct informal briefings at the subcontractor's facility
as required. It is anticipated that these will occur at the
completion of each task following ORNL-TM reviews of the
deliverables due at these times.

Present formal briefings, at UCCND's option, of the project
semiannually at meetings to be held at either Washington, DC,
or Oak Ridge, TN.

A Project Advisory Committee shall be established and shall
consist of representatives from the supermarket industry. This
committee shall meet with the development program manager and
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engineers and be convened approximately every 6 months (during
all three phases of the project) either in Waltham, MA, or
San Antonio, TX. The purpose of the committee shall be to
evaluate and critique the development project. The development
program manager shall submit, to the ORNL-TM, letter summaries
of the committee meetings and any resulting recommendations.

Proprietary Information - Any proprietary information
furnished shall be incorporated in separate reports and not
subject to unlimited distribution.
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1. INTRODUCTION AND SUMMARY

This report describes the design of a test refrigeration
system for evaluation in a supermarket. The design work
undertaken consisted of the following:

a. Selection of appropriately sized compressors for the
best operation of the unequal parallel compressors.

b. Floating head pressure control design.

c. Design and development of a microprocessor-based
compressor controller for field use.

The controller used for the test system is of a different
design than previously used in this project. Originally, only
suction pressure was used to select the operating compressor
combination. The new controller uses both suction pressure and
case temperature for the compressor selection. The controller
measures the display case temperature, and then adjusts the
suction pressure settings to either increase or decrease the
amount of refrigeration provided to the case. By doing so, the
compressor system will not over-refrigerate the display cases.

An analysis was made of the use of suction pressure and
case temperature for compressor control and the effect of this
control on system energy consumption. This analysis showed
that energy savings can conceivably be doubled when pressure
and temperature control is used rather than control based on
suction pressure alone.
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2. REFRIGERATION SYSTEM DESIGN

2.1 Engineering Evaluation Site Description

The site chosen for the engineering evaluation of the
unequal parallel compressor system is located in San Antonio,
Texas. The supermarket chosen as the site is operated by the
H.E. Butt Grocery Co. The store is a retrofitted building
originally used as a department store. It has a total floor
area of 60,000 ft 2 of which 45,000 ft 2 is used as a sales
area.

The unequal parallel compressor system is used to supply
refrigeration to the display cases in the frozen food aisle of
the sales area. The display cases include eight multi-deck
type cases with a total length of 88 ft. and four closed-door
cases with a total length of 48 ft. The general arrangement of
these cases in the frozen food aisle is shown in Figure 1.

2.2 System Design Conditions

The design refrigeration load for the display cases is
141,980 Btu/hr. This was determined from the display case
manufacturer's specification. The ambient design conditions
for the San Antonio area is a dry bulb temperature of 75°F.
and a relative humidity of 55 percent. The refrigeration load
is specified at a case evaporator temperature of -23°F which
corresponds to a suction pressure of 13.6 psig. The desired
display case temperature to be maintained is 0°F.

The design conditions for the refrigeration system are:

a. A maximum condensing temperature of 107°F. This
temperature will occur at an outside ambient tempera-
ture of 100°F.

b. A minimum evaporator temperature of -23°F.

The refrigerant used in the system is R-502.

2.3 Compressor Selection

There are two important considerations in the selection of
compressors for an unequal parallel compressor system. They
are:

a. The refrigeration capacity must be properly distrib-
uted over the three compressors.

b. The total refrigeration capacity must be capable of
supplying the design refrigeration load at design
conditions.
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FIGURE 1. - Layout of the frozen food department at the
engineering evaluation site.



In general, it is also good design practice to slightly over-
size the total capacity of the system as a safety factor
against increased refrigeration load due to unusually high
outside ambient temperatures.

The analysis performed earlier in this project suggests a
1, 2, 4 capacity distribution for the unequal parallel compres-
sors. The distribution is determined by first finding the
capacity of the smallest compressor to be used. The capacity
of the intermediate sized compressor is twice the capacity of
the smallest. The capacity of the largest compressor should be
four times this value.

The compressors chosen for the engineering evaluation
system were manufactured by the Carlyle Compressor Company.
They have capacity ratings of 6-1/2, 10, and 20 hp. The
operating curves for these compressors are shown in Fig-
ures 2, 3. and 4, respectively. At the design conditions
described previously, the rated capacities of these compressors
are:

a. 6-1/2 hp compressor - 24,700 Btu/hr.

b. 10 hp compressor - 44,100 Btu/hr.

c. 20 hp compressor - 81,800 Btu/hr.

The total rated refrigeration capacity for the system at design
is 150,600 Btu/hr. The capacity is 106 percent of the design
refrigeration load. The capacity distribution of the three
compressors is 1, 1.8, and 3.3.

2.4 Floating Head Pressure Control

The floating head pressure control used for the engineering
evaluation system employs the McQuay Seasonmiser system. The
key element of this system is a thermally-actuated, three-way
valve. The valve is located in the outlet piping of the
condenser, upstream of the inlet to the receiver (Figure 5).
Upon actuation of the valve, the piston in the valve closes the
outlet of the condenser, which backs liquid refrigerant into
the condenser, raising the condensing pressure. As the conden-
ser outlet is closed, a third valve port is opened, allowing
hot gas to pressurize the receiver.

The actuation of the three-way valve is controlled by two
sensors located on the liquid refrigerant lines at the display
cases. These sensors determine if there is
adequate subcooling of the refrigerant to prevent it from
vaporizing before reaching the thermostatic expansion valves.
If adequate subcooling (30 F or more) is not present, the
sensor closes an electrical circuit, actuating the three-way
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valve. The electrical diagram for the control circuit is shown
in Figure 6. With each sensor is a lock-out relay that
deactuates the sensor when the refrigeration circuit is shut
down by the display case thermostat. A pressure switch is also
provided to control liquid refrigerant pressure. In this
fashion, a reasonable pressure difference is maintained across
the thermostatic expansion valves. The initial setting for the
pressure switch is 70 psig, which will provide approximately a
50 psi pressure difference across the expansion valves which
should be large enough to prevent erratic behavior in the
operation of the expansion valves.

Proper expansion valve sizing must be performed when using
a floating head pressure system. For conventional refrigera-
tion systems, the expansion valves are sized to deliver the
required refrigerant flow rate at a pressure difference of
100 psi or more. When the head pressure is allowed to track
with the ambient temperature, the expansion valves may not be
able to supply adequate refrigerant during low head pressure
conditions. The expansion valve must, therefore, be resized
for low head pressure operation. The resizing was performed
for the engineering evaluation system.

Included in the liquid refrigerant piping is an air-cooled
subcooling coil (Figure 7). The liquid refrigerant, after
leaving the receiver, passes through the subcooling coil. The
refrigerant temperature leaving the coil is close to ambient.
maximizing the subcooling of the refrigerant. By subcooling
the liquid, the minimum condenser pressure can be lowered
before liquid flashing will occur.

During defrost, a high head pressure is required to provide
high temperature refrigerant to the defrosting display case.
High temperature refrigerant is required to minimize defrost
time and to insure complete frost removal. With the floating
head pressure system, during low ambient temperature periods.
it is necessary to raise the head pressure during defrost.
This is accomplished by cycling the condenser fans. When
defrost is initiated, the condenser fans are shut off until
condenser pressure rises to a value of 200 psig (95°F). The
condenser fans are then cycled to maintain this temperature
through the defrost.
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2.5 Layout of the Refrigeration System

The unequal parallel compressors are mounted on a rack
which has all necessary electrical and control hardware
required for operation. The compressor rack was fabricated by
the Friedrich Refrigeration Company.

A schematic of the compressor rack is shown in Figure 7.
The compressors are connected to common suction and discharge
manifolds. Suction gas is collected from the six refrigeration
circuits and compressed to discharge pressure. The discharge
gas passes through an oil separator where compressor oil is
collected and piped to an oil reservoir. The oil is later
returned to the compressors as required. The discharge gas
flows to the condenser where it is condensed to a liquid. The
liquid returns to the compressor rack and is distributed to the
refrigeration circuits through the liquid manifold. Each
liquid line is equipped with a solenoid valve that is actuated
by a thermostat in the corresponding display case. When the
case temperature drops below the set point, the valve is
closed, stopping the flow of refrigerant. When defrost is
called for, the defrost supply valve opens, allowing discharge
gas to flow into the hot gas defrost manifold. The differen-
tial pressure regulator maintains a pressure difference between
the discharge line and the liquid manifold to control the flow
of this gas. On the circuit to be defrosted, the defrost
solenoid valve opens while the suction line solenoid valve
closes. The defrost gas travels down the suction line and
returns to the rack through the liquid line.

The unequal parallel compressor rack is located in a
housing designed specifically for it. The details of the
housing are shown in Figure 8. The housing is designed for
rooftop application. The compressor rack is located in one end
of the housing, while the remainder of the housing consists of
the condenser coils. The condenser is air-cooled by fans
located in the roof above the coils. The receiver is located
on the floor below the condenser coil. The subcooler is
located along the wall of the housing below the condenser
coil. The compressor rack, condenser, subcooler, and the
receiver are shop-piped and wired. The entire unit is then
shipped to the store where it is mounted on the roof.

The compressor/condenser housing is located on the roof of
the store as shown in Figure 9. The suction and liquid piping
for the six refrigerated circuits are run from the compressor
rack along the roof, and then down to the display cases located
below.
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3. CONTROL DEVELOPMENT AND ANALYSIS

3.1 Control Function and Operation

The purpose of the microprocessor-based controller devel-
oped in this project is to select the optimum compressor
combination for each operating condition. By doing so, the
best match of compressor capacity to refrigeration load is
maintained. Suction pressure is kept at maximum value at all
times which maximizes the EER of the system. The microproces-
sor-based controller is superior to mechanical pressure or
solid-state controllers because it has the capability of
combining both sensor input and previous operating history in
order to make the compressor selection.

Initial control development involved the use of suction
pressure only as the basis of compressor selection. Laboratory
testing showed that the EER of the unequal parallel compressor
system was increased by 5 to 10 percent by the use of this
control. This same testing also showed that the unequal
parallel compressor system was able to maintain a very narrow
suction pressure band, which enabled the system to maintain a
narrow display case temperature band as well through changing
compressor capacity states.

It was later determined that a tremendous potential for
energy savings existed if the evaporator temperature within the
display case could be changed in response to a varying refrig-
eration load. By so doing, the suction pressure could also be
varied. The refrigeration system could, therefore, be operated
at the highest possible suction pressure while maintaining case
temperature at the correct value. A second control algorithm
was then developed that incorporated both suction pressure and
display case temperature to select proper compressor operation.

3.2 Analysis of Combined Suction Pressure -
Case Temperature Control

The standard refrigerated display case is cooled by passing
air over an evaporator where heat is transferred to a refrig-
erant. The size of the evaporator is such that it can supply
refrigeration requirements under the worst conditions. For
this reason, the evaporator is oversized for the amount of
refrigeration actually required for a large portion of the
time. To prevent over-refrigeration, auxiliary control is
normally provided to regulate case temperature. Standard
controls include:

a. Thermostat connected to a solenoid valve. When the
case is at proper temperature, the flow of refrigerant
is shut down.
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b. Evaporator pressure regulator (EPR) - The flow of
suction gas is modulated to maintain a minimum evapor-
ator pressure.

c. Case temperature regulator (CSR) - The flow of suction
gas is modulated to maintain a preset case temperature.

An alternate control scheme suggested is to change the
suction pressure to correspond to the refrigeration require-
ments of the system. By altering the suction pressure, the
temperature difference between the display case air and the
evaporator can be varied by changing the amount of refrigera-
tion supplied. When less than maximum refrigeration is
required, the suction pressure can be raised. This raises the
EER of the compressors, which in turn increases available
capacity and lowers the required compressor operating state.
Significant energy savings should result.

The performance of the unequal parallel compressor system
with a varying suction pressure was analyzed using the computer
model developed earlier in this project. The model was modi-
fied in the following fashion. The refrigeration load on the
display case was assumed to be proportional to the temperature
difference between the display case and the evaporator. As the
refrigeration load varies, this temperature difference was also
allowed to vary. The case temperature was held constant so
that the evaporator temperature is changed by adjusting the
suction pressure of the system. The power consumption of the
refrigeration system was then determined. An annual load
model, based on outside ambient temperature, was used to
determine the refrigeration load.

A comparison was made among the following three compressor
systems:

a. Three equal compressors.

b. Three unequal compressors with suction pressure
control only.

c. Three unequal compressors with suction pressure and
case temperature control.

The three systems have the same total compressor capacity of
35 hp. Two refrigerants were considered in the analysis. A
medium temperature system operating with R-12 was examined
where the display case temperature was maintained at 30°F,
and the maximum temperature difference between the case and
evaporator was 15°F. A low temperature system was also
considered. The refrigerant employed was R-502, and the case
temperature was set at 0°F and the maximum temperature
difference was 20°F.
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The results of the analysis are shown in Table 1 for the
three compressor systems operating as low and medium tempera-
ture systems. The increase in energy savings by using a
pressure and temperature control with the unequal parallel
compressor system is significant in both cases. The energy
savings are two to three times greater than for the unequal
systems with pressure control only.

TABLE 1. - Results of the analysis of unequal parallel
compressors with various control types

R-12 medium R-502 low
temperature temperature

Annual Life Annual Life
energy cycle energy cycle

Compressor Control consumption savings consumption savings
configuration type (x103 kW-hr) ($) (x103 kW-hr) ($)

Three equal Pressure 96.2 - 90.6

Three unequal Pressure 83.8 8,114 86.7 2,567

Three unequal Pressure 70.3 13,070 78.7 6,010
and tem-
perature

The life cycle savings for the three systems were also
calculated and are also presented in Table 1. For this life
cycle calculation, the same procedures and assumptions were
used as previously reported for similar analyses (1). The
major assumptions were the following:

a. System useful life is 15 years.

b. Initial electrical energy cost is $0.05/kW-hr.

c. Annual electrical energy cost escalation rate is 0.08.

d. Discount rate is 0.10.

For the life cycle savings, the three-equal compressor system
is considered the base case. A significant increase in savings
is seen when the pressure and temperature control is employed.

The allowable first cost of the controller is taken as the
life cycle savings after a 3-year period. This value was
calculated for the unequal parallel compressor system with
pressure control only, and with pressure and temperature
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control. Both the medium temperature R-12 and the low tempera-
ture R-502 systems are considered. The results of these
calculations are shown in Table 2. It is significant to note
that the allowable cost increases dramatically when a combined
pressure and temperature control scheme is employed. This
increased value justifies any added cost required to measure
case temperatures.

TABLE 2. - Estimated first cost for unequal parallel
compressor controls of various types

Allowable first
cost ($)

Control type R-12 R-502

Pressure 1.000 500

Pressure and 3,700 1,700
temperature

3.3 Suction Pressure Control Algorithm

The advantage of three unequal parallel compressors for
capacity control is that eight different capacity steps are
possible. These are achieved by the various combinations of
compressors that can be operated as shown in Table 3. The
change in capacity between each step is 14.3 percent of the
total capacity of the system. For this discussion, each of the
capacity states shown in Table 3 is referred to as L.

The suction pressure control algorithm operates on six set
points. Three of these, PCO(0)-PCO(2) are cut-out pressures
used to decrease capacity state. The remaining three,
PCI(0)-PCI(2), are cut-in pressures used to increase capacity
state. The positioning of the set points within the control
algorithm is shown in Figure 10. The inner control band
PCO(0)-PCI(0) represents the pressure level at which the system
is desired to operate. If the suction pressure should change
and deviate from this band, the capacity state of the system is
incremented or decremented by the value AL corresponding to
the band where the suction pressure now resides. As an exam-
ple, it is assumed that the system is operating with the 6-1/2
and 10 hp compressors operating. The value of L is 3. If
the suction pressure were to increase to a value falling
between PCI(O) and PCI(1), the capacity state would be
increased by AL = 1. The new capacity state is L = 4, or
the 20 hp compressor is turned on while the 6-1/2 and 10 hp
compressors are shut off.
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TABLE 3. - Three unequal parallel compressor
system capacity states

Capacity Compressor size (hp) Percent of
state total
(L) 6-1/2 hp 10 hp 20 hp capacity

0 0.0

1 x 14.3

2 x 28.6

3 x x 42.9

4 x 57.1

5 x x 71.4

6 x x 85.7

7 x x x 100.0

PRESSURE LEVEL CAPACITY INCREMENT

PCI(2) AL = 3

AL = 2
PCI(1) AL 2

PCI(O) A 1

.---..---. --------- ---- DESIGN SUCTION
PCO(O) AL ° PRESSURE

INCREASING AL = -1
SUCTION PCO(1)
PRESSURE

AL = -2
PCO(2)

AL = -3

FIGURE 10. - Suction pressure settings for the suction
pressure control algorithm.
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The flow chart describing the operation of the suction
pressure control algorithm is shown in Figure 11. The suction
pressure is measured and compared to the preset values. The
initial comparison is made to determine if the suction pressure
is higher (capacity increase) or lower (capacity decrease) than
the desired value. If the pressure falls within the desired
control band, the pressure comparison is by-passed and the
program is continued. Two pressure comparison loops are
provided for an increase or decrease in capacity state. The
comparison process is the same in both. The measured suction
pressure is compared with the set points to determine which
band it falls in. The change in state, AL, is then sel-
ected. A minimum elapsed time of 30 sec is required before a
state change is initiated. If this minimum time has not
elapsed, the control program returns to the beginning and
measures suction pressure before repeating the comparison. In
this fashion, compressor change is only incurred when a def-
inite trend in the suction pressure is noted.

3.4 Case Temperature Control Algorithm

The purpose of the case temperature control algorithm is
to provide a means of modifying the suction pressure of the
refrigeration system in response to refrigeration load
changes. The case is equipped with a thermostat that typically
has a deadband of ±5°F of the set point. When the case
temperature falls below the desired set point, refrigerant flow
to the case ceases. Another condition that can occur is that
the case temperature can float between the limits of the dead-
band. The temperature control algorithm must be able to sense
both of these conditions. The case temperature is, therefore,
measured and then used to calculate the:

a. Average temperature for the case.

b. The RMS value of the case temperature.

The average case temperature is determined from

(n-l) T + T
T = ------- (1)

where

To = the previous average temperature calculated.

T = the measured case temperature.

n = the number of readings taken.
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control algorithm.
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If the case temperature is varying between limits of the dead
band, it is possible that the time average value of the temper-
ature will be close to the set point. To measure temperature
variation, the RMS value of the temperature is determined from

(n- 1) Trms + (T + T) 1 / 2

rmsm
T (2)rms °n 2 )

where

Trms = the rms value previously calculated.
o

Modification of the suction pressure is called for if the
average or rms value of the temperature exceeds preset limits.
The control algorithm responds to this by changing the values
of the pressure set points used in the suction pressure control
algorithm. In this fashion, the suction pressure is raised or
lowered to maintain the correct display case temperature.

A flow chart describing the temperature control algorithm
is shown in Figure 12. Upon entry into the routine, the
average and rms case temperatures are updated. The delay timer
is then advanced. The routine will modify the suction pressure
for a preset time delay. This allows true average and rms
values to be calculated and gives the system time to respond to
previous changes. The estimated delay time is on the order of
one hour. When adequate time has passed, the average and rms
temperatures are tested against preset values. Changes in
pressure set points occur as follows:

a. When the average case temperature is low or the rms
value is high, the pressure set points are increased
to raise the suction pressure.

b. When the average case temperature is high, the pres-
sure set points are decreased to lower the suction
pressure.

A set of maximum and minimum pressure set points are included
in the routine. The pressure set points cannot be raised above
the maximum settings, nor lowered below the minimum settings.
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FIGURE 12. - Flow chart- for the temperature
control algorithm.
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3.5 Control Software

The control program is broken up into the following
routines:

a. Data validity routine - Tests suction pressure and
case temperature sensors for valid readings. Sensor
readings are compared to preset limit values. Sensor
readings outside these limits are ignored.

b. Pressure test level modification routine (PTLMR) -
Employs the case temperature control algorithm to
modify suction pressure settings.

c. Compressor control routine (CCR) - The pressure
control algorithm is used in this routine to select
the compressor combination needed to maintain the
correct suction pressure.

The arrangement of these routines within the program is
shown in the diagram in Figure 13. Upon entry into the pro-
gram, the PTLMR is applied first. This routine sets the
pressure test levels for the CCR by checking the values of the
case temperatures. In the CCR. the suction pressure is mea-
sured and the necessary compressor combination is selected.
The appropriate I/O commands are then formulated to activate
the compressors. A time-out routine is then imposed to insure
minimum run time for the compressors. If the compressors
selected are not available because of this time out, the actual
compressor operation is by-passed and the control program is
repeated. If the compressors are available, the output to turn
the compressors on or off is put into effect.

The compressor time-out incorporated in the control program
is used to insure that compressors have adequate run time to
allow adequate lubrication. This is accomplished by imposing a
two minute delay before a compressor is turned on.

3.6 Control Response to Defrost

When a display case is defrosted, the temperature of that
case will rise. This rise in temperature could trick the
control algorithm into lowering suction pressure. To avoid
this, a single case temperature that is above the set point is
ignored by the control algorithm. Suction pressure is not
lowered until at least two case temperatures are above the
preset limit.
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3.7 Controller Hardware

A diagram describing the configuration of the unequal
parallel compressor controller is shown in Figure 14. The
primary component of the controller is the central processing
unit (CPU) card. Contained on it are the CPU, a programmable
read-only memory (PROM) of 4K capacity, a random access memory
(RAM) of 2K capacity, and a timer. The CPU is the unit that
processes and executes all steps of the program. The program
itself is stored on the PROM of the CPU card and on an auxil-
iary PROM card with 16K capacity. The RAM is used for tempo-
rary storage during program execution. The timer is used to
trigger the step changes in the program and for all timing
functions specified by the program. The function of the
digital I/O card is to handle all digital inputs and outputs of
the controller. Attached to this card are:

a. Compressor relays.

b. Temperature meter.

c. Panel lights.

d. Key pad.

e. Operating mode switch.

The function of universal asynchronous receiver/transmitter
(UART) is to connect the display to the controller. The
suction pressure transducers are attached to signal condition-
ing cards. The output of these cards passes to analog-to-dig-
ital (A/D) converters to produce digital signals for use in
the program. All of the boards are interconnected by a
standard bus.

The pressure transducers used for the controller are
solid-state. They have an effective range of 0 to 100 psig
damage. The sensitivity of the transducer is 10 mV/V. They
are powered by a 12 Vdc supply.

The temperature sensors are also solid-state. Temperature
measurement is accomplished through calibrated drift of a
transistor. A measurable current is produced as the output of
this device. The current output is 1 iamp/K 0. The temper-
ature sensors are attached to a digital panel meter which has
the capability of signal conditioning, multiplexing, and
displaying the sensor measurements. The temperature meter also
provides the controller with the temperature measurements
required for control. The meter sends these values in the form
of binary coded decimals (BCD). The BCD input is handled by
the digital I/O board. Six temperature sensors are employed.

1-26



CPU CARD

CPU PROM RAM PROM
(8085A) (4 K-BYTES) (2 K-BYTES) TIMER (16 K-BYTES)

STD. BUS

AI- D----t-- A/D

; ,_L_ i _i
I/O

N SIGNAL SIGNAL
CONDITION CONDITION TEMPERATURE METER D IS PL AY

L MODE
- MULTIPLEXER ° SWITCH
- SIGNAL CONDITION

(P1, 2(P>~~~ < COMPRESSOR KEY PAD
v - / .19 ~~ v K-'~ JRELAYS

SUCTION PRESSURE
TRANSDUCERSTRANSDUCERS O )00 0 0 0 0C)O6 | PANEL LIGHTS

DISPLAY CASE
TEMPERATURE SENSORS O

FIGURE 14. - Hardware configuration for the unequal parallel compressor controller.



The packaged controller is shown in Figure 15. The front
panel of the controller consists of:

a. A display that shows the inner cut-in and cut-out
pressures of the pressure control algorithm and the
present value of the suction pressure.

b. Temperature meter showing the display case tempera-
tures. The temperatures are displayed on an auto scan
mode.

c. Key pad used to operate the controller and to input
program or parameter changes.

d. Panel lights. Four such lights are used. Three
indicate compressor operation. The fourth indicates
malfunction of the controller.

e. Mode Switch. Three modes are selectable. They are:

1. Debug - Used to alter the software or operating
parameters.

2. Calibrate - Sensor value can be checked in either
hexidecimal or decimal format.

3. Auto - Normal operating mode for the controller.

f. Power Switch. This switch is key operated.
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1. INTRODUCTION AND SUMMARY

This report describes the plan to evaluate a highly energy-
efficient supermarket refrigeration system in a commercial
store. Comparison between a test system and a reference system
is made on the basis of the energy consumption and the system
Energy Efficiency Ratio (EER). These quantities will be
determined through measurements taken on both systems. Instru-
mentation has also been provided to monitor operation of the
display cases, the compressor racks, and the condensers asso-
ciated with the two systems. Ambient temperature and humidity
both inside and outside the stores will also be measured.
Monitoring is to progress for a 1-year period.

The data collected from the two systems falls into three
categories:

a. Hourly data - All data points are measured at l-hr
intervals.

b. Time averaged data - Certain data points that vary
faster than 1 hr are measured at 1-min intervals and
the average for a l-hr period is recorded.

c. Limit data - To track events such as defrost or
compressor cycling, limit values are placed on certain
data points. When these values are exceeded, the time
of the occurrence is noted. Event tracking is accom-
plished in this fashion.

Data collection is done through the use of a data logger.
Upon reading the data, the data logger transfers the data to a
cassette recorder. The cassette tapes allow for up to 1 week
of data storage capability.

The data is read from the tape and is reduced by a computer
program. The program provided an hourly description of system
operation. This hourly presentation is then used to generate
daily and weekly summaries of system performance and to
correlate this to such things as ambient conditions, store
operation, etc.
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2. TEST PROGRAM DESCRIPTION

2.1 Purpose of Testing

The purpose of the testing is to compare energy consumption
and overall performance of the unequal parallel compressor
system with the reference system. Both systems have been
instrumented to measure:

a. Refrigeration supplied.

b. Power consumption by the compressors.

c. Total system power consumption.

From these measurements, both energy consumption and system EER
can be established.

The EER of the system is defined as:

EER = Refrigeration load supplied (Btu/W-hr) (1)
Power input

The EER can be used as a measurement of the performance of the
refrigeration system. While lowering energy consumption is the
ultimate objective, simple comparison of consumption by both
systems will not show the entire picture. If any difference in
refrigeration load exists, the energy consumption will be
biased in favor of the system with less load. The EER is a
measurement of specific energy consumption since it shows the
amount of refrigeration produced per unit of energy consumed.

Because of the variability of conditions experienced by the
two systems, it is necessary to measure energy consumption and
EER over a long time period. It is the intent of this test to
establish annual performance characteristics for both systems.

The EER of the system is affected by many factors which can
be characterized in the following categories:

a. Store conditions.

b. Store HVAC operation.

c. Refrigeration system operation.

d. Outside ambient conditions.

Measurements will therefore be included to evaluate the effects
of these influences on EER and energy consumption of the
refrigeration system.
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2.2 Store Conditions

Previous work in this project has shown that the refrigera-
tion load of a supermarket refrigeration system is a variable
quantity dependent on ambient temperature, humidity, and the
general operation of the store. Variations in refrigeration
load due to store temperature and humidity are significant. In
general, the refrigeration load is lowered when the temperature
and/or the humidity are lowered. These ambient conditions are
varied in response to the comfort requirements of customers and
store personnel. During summer operation when store tempera-
ture and humidity are high, the highest refrigeration loads are
experienced. During winter months, it is common practice to
lower store temperature to accommodate customers wearing winter
clothing. The store humidity is also lower due to the lower
outside humidity conditions experienced during the winter.
Discussions with supermarket personnel and refrigeration
manufacturers have suggested that at low ambient conditions,
the refrigeration load can be as small as 40 to 50 percent of
the design value.

Daily operation of the supermarket also greatly affects
refrigeration requirements. Store operation varies on an
hourly basis. The effects of high occupancy and the accom-
panying increase in refrigerated product sales on refrigeration
cannot be ignored. It is also expected that during periods of
low store occupancy, a decrease in refrigeration will occur.
All of these effects on refrigeration system performance will
be examined.

2.3 Store HVAC Operation

Heating, air conditioning, and ventilating of the store are
considered in the test plan of this program. The HVAC system
significantly contributes to the conditions under which the
refrigeration system operates. It controls the store tempera-
ture and humidity. Careful tracking of these quantities will
be undertaken. An attempt will also be made to correlate
system performance and refrigeration load characteristics with
store ambient conditions.

At the test site, another significant factor of the HVAC
system is the inclusion of the desiccant dehumidification
system. This system is capable of lowering the store humidity
to a considerably lower level than can be achieved by a stand-
ard air conditioning unit. This will have a significant effect
on the operation of the refrigeration system because of:

a. Decreasing the latent portion of the refrigeration
load.

b. Decreasing the number of defrosts required.
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The amount by which the refrigeration load is reduced has not
been determined but should be on the order of 5 percent.
Defrost has several effects on refrigeration performance and
energy consumption. Under standard operating procedures, low
temperature display cases require four defrosts per 24 hr.
Typically, a defrost requires 20 min. For a six circuit
system, such as the test system, the amount of time spent in
defrost is about 25 percent of the total operating time. Less
than optimum compressor performance can be expected during
defrost. When a circuit comes out of defrost, a significant
rise in suction pressure occurs. To compensate for this, all
compressors on the rack will turn on. A period of high energy
consumption occurs at this time. A marked decrease in total
energy consumption can be noted when the number of defrosts
incurred by the system is minimized.

While the test store is equipped with desiccant dehumidifi-
cation, the reference store is not. Dehumidification in the
reference store is done by a standard air conditioning unit.
To compensate for this, it is planned that dehumidification of
the test site will be performed alternately by the desiccant
and air conditioning systems. The period of operation for each
system is 2 weeks.

2.4 Refrigeration System Operation

Several significant differences exist in the refrigeration
systems at the test and reference sites. These include:

a. Compressor configuration.

b. Compressor control.

c. Condenser pressure control.

d. Defrost control.

At the test site, the unequal parallel compressors are in
operation. Three compressors sized at 6-1/2, 10 and 20 hp are
employed. At the reference site, two compressors, each sized
at 20 hp, are employed. It is expected that the operating
characteristics of these two configurations will be different.
Therefore, such things as compressor power consumption, com-
pressor cycling, etc., will be monitored and an attempt will be
made to correlate these to such parameters as:

a. Compressor control operation.

b. Suction pressure.

c. Refrigeration load.

2-4



Two different compressor controllers are employed at
the test and reference stores. At the test store, the
microprocessor-based compressor controller will be used to
regulate compressor operation. This unit selects compressor
combinations based upon suction pressure. It has the added
feature of varying the suction pressure setpoints according to
case temperatures. In the reference store, a solid-state
pressure controller is employed. This unit monitors suction
pressure and controls compressor operation according to the
value of the pressure and total run-time of the compressors.
Setpoints on this unit are operator-adjusted but are not
changed at any time by system conditions. Performance of the
system due to these controls will be monitored in the test
measurements.

The condenser pressure control schemes employed at the test
and reference stores are also different. At the test site, the
floating head pressure control is employed. In this arrange-
ment, the condenser pressure is allowed to vary with the
outside ambient temperature. The minimum head pressure is
controlled by sensors located at the display cases. In this
fashion, the head pressure is held at the minimum value that
allows a sufficient amount of liquid refrigerant to be provided
to the display cases. At the reference site, the head pressure
is controlled by a regulator located in the outlet piping of
the condenser. The regulator maintains the head pressure at a
minimum value of 180 psig. It is expected that compressor
power consumption will be lowered by the use of floating head
pressure control. It is also likely that refrigeration system
performance will be more affected by variation in outside
ambient temperature. Monitoring condenser performance and
correlating it to refrigeration system performance is a key
part of the test plan.

Defrost control is also an important factor when comparing
the refrigeration system performance at the test and reference
sites. At the test site, defrost initiation is controlled by
demand defrost sensors. Frost formation is measured by the
sensor. When the buildup reaches a certain level, defrost is
initiated. At the reference store, defrost is controlled by a
time clock. The cases are defrosted according to a preset
schedule. The primary difference between the two methods is
that the demand defrost allows only the minimum amount of
defrosts to occur while the time clock initiates defrost
regardless of actual requirements. Monitoring of defrost
occurrences will be performed in order to determine the effect
of defrost on system performance for the two refrigeration
systems.
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2.5 Outside Ambient Conditions

Outside ambient conditions to be monitored in the test plan
are temperature and humidity. Outside ambient temperature
affects the refrigeration load, condenser performance, and,
therefore, compressor power consumption. Outside humidity
contributes to store humidity and, therefore, will be monitored
to determine its effect.

2.6 System Measurements

A summary of the significant measurements required to
evaluate the performance of the refrigeration systems in the
test and reference sites is given in Table 1. The table shows
the measurements to be taken, the purpose of each measurement,
and the information gained from the particular measurement.

In general, the measurements fall into five categories
which are:

a. Refrigeration load measurements.

b. Power consumption measurements.

c. Display case operation measurements.

d. Refrigeration system performance measurements.

e. Ambient condition measurements.

Required for refrigeration load measurement are refrigerant
mass flow and inlet and outlet enthalpies at each of the
display cases. Refrigerant enthalpy is determined by measure-
ment of temperature and pressure.

The total refrigeration load for the system is determined
from measuring the enthalpy difference between the liquid and
suction manifolds on the compressor rack along with the
refrigerant mass flow. Enthalpies are determined by measuring
temperature and pressure at the two manifolds.

Compressor and system power are measured by the use of watt
transducers. Each compressor is equipped with a separate watt
transducer and a single transducer is used to measure total
system power. Power measurements are used for several pur-
poses. The primary purpose is the determination of system
energy consumption. Compressor cycling and total compressor
run-time can also be traced by power measurements.
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TABLE 1. - System measurements required for the engineering
evaluation refrigeration system

Measurement Purpose of Informational use
description measurement of measurement

Refrigerant mass flow Refrigeration load Display case load
Total heat rejection System load

EER
Total heat rejected
Component performance
System performance

Compressor power System energy consumption Energy consumption
consumption Compressor cycling profile

System power EER
consumption Control performance

Component performance
System performance

Display case Display case load
Liquid subcooling

Liquid pressure Evaporator inlet Suction superheat
Liquid temperature enthalpy Coil performance versus

case temperature
Suction pressure Evaporator outlet Ambient temperature
Suction temperature enthalpy Humidity

Case load versus case
type

Defrost performance

Condenser Floating head control
versus

Pressure Condenser performance - EER
Inlet temperature - Energy consumption
Outlet temperature Condenser pressure versus
Subcooler - Compressor performance

temperature - Controller performance
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TABLE 1. - System measurements required for the engineering
evaluation refrigeration system (continued)

Measurement Purpose of Informational Use
description measurement of measurement

Inside ambient Display case load Temperature and humidity
temperature versus

- ER
Inside humidity Defrost - Energy consumption

- Refrigeration load
- Defrost performance

Outside ambient Condenser performance Temperature and humidity
temperature versus

- EER
Outside humidity Refrigeration load - Energy consumption

- Refrigeration load

Display case Case temperature
versus

Display air curtain Display case operating - Case load
temperature conditions - Ambient temperature

- Humidity
Storage area Control performance

temperature Defrost performance

Compressor rack System refrigeration
load

Liquid pressure Liquid enthalpy Control performance
Liquid temperature Defrost performance

Gas enthalpy
Suction pressure Defrost initiation and Suction pressure versus
Suction temperature termination - Compressor operation

- Energy consumption
Suction pressure Control setpoint - EER

Compressor rack
Total heat rejection Defrost performance

Discharge pressure Defrost operation
Discharge Compressor operation System performance

temperature
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The purpose of the refrigeration system is to maintain
display cases at the correct temperature. To assess the
performance of the refrigeration system, instrumentation with
the display cases is required. Temperature measurements of the
discharge air curtain and of the food storage area will provide
this information.

2.7 Test Procedure

The general test procedure is to monitor both the test and
reference sites on a continuous basis. The minimum monitoring
time is 1 year. This will allow the two systems to be exposed
to all changes in ambient conditions and provide a complete set
of measurements to estimate annual EER and energy consumption.

Because of the desiccant dehumidification system's effect
on refrigeration, it was decided to alternate operation of the
desiccant dehumidification and air conditioning systems for
dehumidifying the store. Each system will operate alternately
for a 2-week period. In this fashion, performance data can be
collected to determine the effect of lower humidity on the
refrigeration system.

2.8 Data Collection Procedure

All instrumentation at the test or reference site is
connected to a data logger. The function of the data logger is
to read the instrumentation at predetermined intervals and
transfer the readings to a cassette recorder for storage. The
data logger collects data at three distinct intervals. All
data channels are read at a 1-hr interval. Certain data points
are read at 1-min intervals. These points are averaged over
time and the average values are transferred to the cassette
recorder at a 1-hr interval. Continuous scanning of certain
channels is also performed to locate events, such as compressor
cycling, or defrost initiation.

Data points that are time averaged are those that vary more
quickly than 1 hr. Measurements that are averaged include:

a. Refrigerant mass flow.

b. Compressor power.

c. Total system power.

d. Suction pressure.

e. Liquid manifold pressure.

f. Liquid refrigerant temperature.

g. Suction temperature.
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3. INSTRUMENTATION

3.1 Description of Instrumentation

A summary of the types of instrumentation used for this
field evaluation is presented in Table 2. Also shown is the
expected accuracy for each of these instruments expressed as a
percentage of a full-scale reading. This information is
provided by the instrument manufacturer. The percentage has
been converted to show the actual effect on the reading. A
certain inaccuracy can be expected in the reading of the
instrument by the data logger. This added inaccuracy is also
shown in the table along with the combined effect.

Temperature measurements are made with iron-constantin
(Type J) thermocouples. Thermocouple bayonets are used for
direct refrigerant temperature measurement by inserting them
into the refrigerant piping. All air temperature measurements
are made with exposed thermocouple beads. The expected error
in temperature measurement is ±4°F. This will be improved
by calibrating all thermocouples before installation.

Pressure measurements are made using semiconductor strain
gauge type pressure transducers. The expected error for these
units is ±2.5 psi. These transducers will also be calibrated
before installation.

Liquid refrigerant mass flow measurement is done with an
impellar type flow meter. The speed of the impellar sets up a
light pulse output. The light pulses are converted to a dc
square wave. The frequency of this wave can be transformed to
a 0 to 10 Vdc signal by a frequency transducer. Two different
size meters are required. The expected errors for these meters
are ±0.18 and ±0.57 gal/hr. The frequency transducers will
be field calibrated.

For the reference system, the mass flow is measured by a
turbine flow meter located in the discharge piping of the
compressors. The expected error in the reading of this meter
is ±0.08 cfm.

Power measurements are made with watt transducers. Three
different size transducers are employed. The expected error
ranges from 0.06 to 0.6 kW. depending upon transducer size.

The dew point transducer determines the dew point of the
air based upon the evaporation rate of moisture from a sensor
saturated with lithium chloride salt. The 0 to 5 Vdc analog
signal is generated by the transducer that is proportional to
the dew point temperature of the air. The accuracy of the dew
point measured is ±1°F.
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TABLE 2. - Instrumentation for the engineering
evaluation test

Accuracy

Instrument Output Percent of Reading Data logger Total
full-scale accuracy accuracy

Thermocouple
Type J mV - ±4.0°F f0.8F° ±4.08°F

Pressure
transducer:

(0-500 psi) 0-120 mV ±0.5 ±2.5 psi ±0.09 psi ±2.50 psi

Temperature
sensitivity - ±0.2/F° ±0.1 psi/F° -

Flow meters:

E 50 16,000 ±0.05 ±0.05
(7-100 cycles/gal gal/hr
gal/hr)

E 100 3,300 ±0.05 ±0.17
(0.4-6 cycles/gal gal/hr
(gal/min)

Frequency
transducers:

0-300 Hz 0-10V ±0.25 ±0.17 ±0.02 ±0.18
(E 50) gal/hr gal/hr gal/hr

0-200 Hz 0-10V ±0.25 ±0.54 ±0.05 ±0.57
(E 100) gal/hr gal/hr gal/hr

Turbine
flow meter:

(0-30 cfm) 0-5V ±0.25 ±0.08 cfm ±0.01 cfm ±0.08 cfm

Watt
transducers:

0-12 kW 0-100 my ±0.5 ±0.06 kW ±0.003 kW ±0.06 kW
0-40 kW 0-100 mV ±0.75 ±0.30 kW ±0.01 kW ±0.30 kW
0-80 kW 0-100 mV ±0.75 ±0.60 kW ±0.02 kW ±0.60 kW

Dew point
transducer:

(0-100°F 0-5V - ilOF ±0.040 F ±1.0°F
D.P.)
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3.2 Error Analysis

The impact of instrument accuracy on measurement of refrig-
eration supplied, energy consumption, and EER is considered
here. The error in the total measurement of each of these
quantities was determined through standard error analysis
techniques.

For the refrigeration load, the characteristic equation for
the load on each circuit is:

Q = m(h 2 - hi) (2)

where

m = the mass flow of refrigerant (lb/hr)

h2 = the outlet enthalpy (Btu/lb)

hl = the inlet enthalpy (Btu/lb)

The expected error in the determination of this quantity is
found from the following equation:

u6) 2)2 + (a 2 1/2= [m m + ) + h (3)a -[iain a)'ah h2h 2h 1uh 1

where

a8/a8 = (h2 - h 1)

u. = the uncertainty in the mass flow
m

Q/ah2 = m

2Uh2 = the uncertainty in the outlet enthalpy

aQ/8hl = -i

u = the uncertainty in the inlet enthalpy

h1 ~2-12
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For typical operating conditions, the following uncertainties
apply (see Appendix A):

u. = ±6.95 lb/hr
m

h = ±0.61 Btu/lb
2

Uh = ±1.2 Btu/lb

A reasonable estimate for an average refrigeration load for
each circuit is about 20,000 Btu/hr. Representative inlet and
outlet enthalpies are 31.7 and 79.8 Btu/hr. The corresponding
mass flow is 415 lb/hr. Using Equation 3. the uncertainty in
the measurement of this refrigeration load is ±651 Btu/hr or
3.2 percent.

The total refrigeration load is the sum of the loads for
the six circuits. The uncertainty in this total measurement is:

UQ [(u )2 (u) 2 +--+ (u)2] 12

= 6 u* (4)

For the above example, this amounts to an uncertainty of
±1.595 Btu/hr or 1.3 percent.

For the power consumed by the three compressors, the
uncertainties in the measurements for each compressor are
±0.06. ±0.06 and ±0.30 kW. The total uncertainty is
±0.31 kW. This is found from:

kW (U) + + (u+ (5)

where

U1 = ±0.06 kW

U2 = ±0.06 kW

U3 = ±0.30 kW
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A typical total power measurement is 20 kW; therefore, the
expected error is ±0.31 kW or 1.6 percent.

For the EER of the refrigeration system, the uncertainty is
found from:

UEER [( ER ) + (EER6)
UEE R =* /O

where

aEER/aQ = l/w

UQ = the uncertainty in the refrigeration load
(±1,595 Btu/hr)

aEER/aw = -6/W 2

u4 = the uncertainty in the power measurement

Applying this equation to the example case gives an uncertainty
of ±0.12 Btu/W-hr or 2 percent.

This same analysis can be applied to the reference store
measurements. The expected error in the refrigeration load is
±4,140 Btu/hr or 2.8 percent. This is based on an expected
refrigerant mass flow of 3,000 lb/hr for the system and inlet
outlet enthalpies of 37.2 and 87.2 Btu/lb, respectively. Error
in power measurement should be on the order of ±0.42 kW. The
error in EER measurement is expected to be ±0.17 Btu/W-hr or
3.2 percent.
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4. DATA ACQUISITION SYSTEM

The function of the data acquisition system is to read all
of the system measurements and to store this information for
later processing. To do this, two pieces of equipment are
required. They are a data logger and a cassette recorder. The
system instrumentation is attached to the data logger and is
scanned by the logger at regular intervals. At each scan, the
measurements of the instrumentation are read and then trans-
ferred serially to the cassette recorder. The cassette
recorder writes the data onto a cassette tape. The tape can
later be read by a computer for data reduction.

4.1 Data Logger

The data logger chosen for the data acquisition system is a
Fluke Model 2240C. It will process any millivoltage. voltage
(to 40 Vdc), or milliampere signal, including direct thermo-
couple input. The unit is designed to read up to 1,000 input
channels when equipped with an extender chassis. For the test
system, 120 channels are required. For the reference system,
30 channels are needed.

One of several scan rates can be selected. They include:

a. Single channel monitoring - A single channel is
monitored on a continuous basis.

b. Interval scanning - All channels are read at a pre-
determined interval.

c. Continuous scanning - All channels are read serially
on a continuous basis.

For the test and reference systems, the continuous scanning
mode will be employed.

The data logger is capable of outputting data to either a
paper tape printer, through an RS-232 port, or both simul-
taneously. The output is the same to either the printer or the
RS-232 port. An output contains the following elements:

a. Time of day including calendar day, hour, minute, and
seconds.

b. A digital code that is selected by the user.

c. A listing of each channel number and corresponding
reading.
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The data logger is equipped with several other useful
functions that will be employed. They include:

a. Data scaling of measurements - The data logger is
capable of converting thermocouple outputs to tempera-
tures. Other transducers can also be scaled for
direct readout of measured values.

b. Time averaging - The measurements of up to 30 channels
can be time averaged by the data logger. The values
of a predetermined number of scans are summed in
memory and then averaged for a selected time interval.

c. Limit detecting - Limit values may be selected for any
number of channels. If a limit is exceeded, the time
when this occurs, along with the channel number and
value, are outputted. When the value falls back into
limit, this is noted in the same way.

These various functions will be utilized in the test and
reference systems. All of the instrumentation will be scaled
by the data logger to cut down on data reduction and to allow
field examination of system measurements. The time averaging
function is used to monitor quantities of varying value. These
include refrigerant mass flow, compressor power consumption,
suction pressure, etc. The limit detecting function is used to
determine compressor cycling and the occurrence of defrost. By
setting a zero power value for each compressor, the on and off
times of each one are noted. Hot gas defrost is detected by
monitoring suction line temperature for each circuit. When hot
gas is introduced into the suction line, the corresponding
temperature rise is noted as the beginning of the defrost.
The defrost ends when the suction line temperature drops below
800F.

Several other features of the data logger that should be
noted include a battery backup of the data logger program. The
front control panel can be deactivated with a key which pre-
vents tampering with the unit.

4.2 Output Format of the Data Logger

The instrumentation is read by the data logger in a con-
tinuous scanning mode. Beginning with Channel 0, each of the
120 channels is read. At the end of the 120 channels, the
scanning immediately returns to Channel 0 and the read process
continues.

Output to the cassette recorder occurs only for the fol-
lowing specific situations:
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a. At 1-hr intervals all of the channels are outputted to
the cassette recorder.

b. At 1-hr intervals all of the time averages for the
first 30 channels are outputted.

c. Shut down of a compressor or the beginning of hot gas
defrost. This is indicated by a limit being exceeded.

d. When a channel that has previously exceeded a preset
limit returns back to within limit.

For each of the above conditions, the output has the following
format:

a. The time of day is given.

b. The fixed code identifying the store is shown.

c. The channels are then outputted. The channel number
and the value of the reading are given for each
channel.

4.3 Cassette Recorder

The cassette recorder chosen is manufactured by Quantex and
is referred to as a model 1000. It is a microprocessor con-
trolled device that can be interfaced with any RS-232 device.
The unit has dual drive capability and a total tape storage
capacity of 1.2 Mb.

The features that make this unit attractive for this
application are the high storage capacity and the method used
in buffering data from the data logger to the cassette tape.
It was desired to have enough tape storage capability to allow
changing of the cassette tapes on a 7-day basis. This was
considered desirable to avoid confusion by the store per-
sonnel. The number of compressor cyclings and defrosts for
7 days were estimated. The number of interval and averaging
outputs were also determined for this same period. The minimum
tape capacity of 500 K-bytes was deemed necessary. The number
of tape units of reasonable cost that have this capacity is
very small. Of these, the Quantex appeared best. The dual
drive allows extra storage capability so that loss of data can
be minimized. The unit is capable of automatically switching
between drives. The switching will occur if the end of tape is
reached and no end of tape is indicated at the alternate drive.

The tape recorder receives data from the data logger by
sending the data to a buffer for temporary storage before
writing to the tape. The write operation occurs when the
buffer is filled with 1,024 bytes of data.
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When less than this amount of information is sent to the
recorder, the information is stored in the buffer until the
buffer is filled. This method is better than that employed by
other tape recorders. In other units, when a partial fill of
the buffer occurs, the remainder of the buffer is filled with
characters. The contents are then written on the tape. In
this particular application, this alternative method would
result in much wasted tape and require that tapes be changed
more frequently.

The cassettes used by the tape recorder are a type DC-100A
cartridge. Each cartridge contains 140 ft of tape. Data are
written to two tracks on the tape. When the first track is
filled, the recorder rewinds the tape and then writes to the
second track.
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5. DATA REDUCTION AND PRESENTATION

5.1 Data Reduction Computer Program

The data collected on cassette tapes will be analyzed by a
computer program written for this purpose. The elements of the
data reduction program are shown in Figure 1. The functions of
the program are:

a. Read the cassette tape and generate a data file.

b. Sort the data file into categories.

c. Perform any data reduction required such as determin-
ing refrigeration loads, etc.

d. Identify defrosts and compressor state changes.

e. Organize the data and output the results in the format
desired.

Certain thermodynamic properties of the refrigerant are
required for data reduction. The program is equipped with
several subroutines capable of generating these properties from
temperature and pressure measurements.

The data on the cassette tapes fall into three general
categories of hourly interval, time averaged, and limit
values. The hourly interval data contain readings from all
instrumentation. Most of the data collected here are used to
characterize the operating conditions of the display cases,
compressor rack, and condenser. Some data reduction involving
the use of refrigerant properties is performed here to deter-
mine such quantities as subcooling. superheating, etc. The
time averaged data are utilized to determine:

a. Refrigeration load.

b. Power and energy consumption.

c. EER.

Suction pressure is also monitored on a time averaged basis.
This averaged pressure is used to characterize controller
performance. Limit data are used to determine compressor state
operation and to identify initiation of defrost. The computer
program performs the following functions with the limit data:

a. It determines if the data are concerned with com-
pressor operation or defrost.
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FIGURE 1. - Block diagram of the data reduction
computer program.
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b. For compressor operation, it determines the operating
state of the compressors and records run-time.

c. For defrost, it determines which circuit is defrosted
and the length of the defrost. The time of day for
the initiation and termination of the defrost is noted.

5.2 Data Presentation

The data reduction program generates an output containing
information in the following categories:

a. Display case operation.

b. Compressor rack operation.

c. Condenser operation.

d. Power, energy consumption, and EER.

e. Ambient conditions.

The output is generated on an hourly observation basis.

Subsequent reporting is then based on these hourly observa-
tions and will take a summarized format. Summaries of system
performance will be made on a weekly basis. Plots can be made
describing quantities such as refrigeration load, EER, etc., on
a long-term basis.
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APPENDIX A

DETERMINATION OF UNCERTAINTIES FOR ERROR ANALYSIS

Mass flow:

V
v

where

V = volumetric flow (gal/hr)

v = specific volume (gal/lb) of liquid refrigerant

u = ±0.57 gal/hr (from instrument literature)

v = f (T.P)

av
Ta = 0 liquid is incompressible

ap T

av av
aT -aTT p T SAT

From the properties tables for R502:

T (OF) v (gal/lb)

70 0.0951

72 0.0955

av 0.955 - 0.0951 = 0.0002 gal/lb/F
8T - 72 - 70

SAT

u = T U = (0.0002)(+4.08) = ±0.00082 gal/lb

v aT T2-22
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1/2
(UV)2 +2

m = v v + ( v

For example, from Section 3:

V = 39.7 gal/hr

v = 0.0957 gal/lb

u v = *0.008 gal/lb

uv = ±0.57 gal/hr

um = ±6.95 lb/hr

Outlet enthalpy:

h2 = f (T.P)

(ah) = Cp = 0.15 Btu/lb/Fo

(ah) can be approximated from properties of
(ap T the refrigerant

At a temperature = OOF:

Pressure (psia) Enthalpy (Btu/lb)

30 80.8
32 80.7

ah / 80.7 - 80.8 0.05 Btu/lb/psi
T )T~- -32 - 30

2r (ah 2 1t^/2

2 [() + ( T Up

= ±0.62 Btu/lb
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Inlet enthalpy:

h 1 = f (T.P)

(ah) = Cp = 0.3 Btu/lb/F 0

S~p p

To determine (ah/8P)T.

h = u + Pv

u * f (P)

(ah\
(ap)T = v

at 75°F. v = 0.0128 ft 3 /lb

(-h) =v (144)= 0.002 Btu/lb/psi

__ 2 2hz1/2

1 ( [(.[ I( U "
= *1.2 Btu/lb
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1. INTRODUCTION AND SUMMARY

This report describes the work performed in the evaluation
of a highly energy-efficient supermarket refrigeration system.
The system consists of three major components that provide its
energy saving characteristics. They are:

a. Unequal parallel compressors - Three compressors of
different sizes are operated between a common suction
and discharge. By properly sizing and operating these
compressors, a close match of refrigeration capacity
to required load can be maintained

b. Floating head pressure control - The system is
equipped with floating head pressure control to allow
operation at the lowest possible condensing pressure

c. Microprocessor-based compressor control - A micro-
processor-based controller employing a specially
designed control algorithm is used for selection of
the compressor combination to best match operating
load.

A test system was installed in a supermarket in
San Antonio, Texas. Measurements were taken on both the test
system and a conventional system (reference system) of similar
size and operating conditions to determine and quantify the
energy savings achievable by the highly energy-efficient
system. The test site was a 60,000 ftl supermarket operated
by the H.E. Butt Grocery Company. The test system provided
refrigeration to 136 linear feet of frozen food display cases.
The reference system consisted of two equal parallel compres-
sors operated with conventional head pressure control. This
system provided refrigeration to 120 linear feet of frozen food
display cases.

For the evaluation, several modifications were made to the
test system. These included:

a. Modification of the compressor control algorithm to
include display case temperature as well as suction
pressure

b. Cycling of the condenser fans to reduce energy
consumption

c. Demand defrost sensors were installed to control
display case defrost.

The results of the testing, which lasted approximately
1 year, showed that the test system, when compared to the
reference system, achieved a system energy efficiency ratio
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(EER) that was 15.9 percent greater and a compressor EER that
was 10.6 percent greater. An analysis revealed that these
savings were attributed to:

a. A higher suction pressure

b. Lower condenser pressure

c. Fewer defrosts.

Fan cycling was found to be important in achieving better
system EER, but some compromise in system performance was noted
because of operation at raised condenser pressure.

During the testing, no major equipment failure occurred on
the test refrigeration system. The only exception to this was
the apparent failure of two defrost sensors which were not
replaced.

The results of the evaluation clearly showed that superior
performance can be expected from the highly energy-efficient
refrigeration system.

Based on the results of the testing, the following recom-
mendations have been made for future development work in this
area:

a. Development of a better demand defrost system - The
results of the test clearly show that significant
energy savings can be obtained by reducing the number
of defrosts incurred to the absolute minimum required.

b. Development of advanced compressor controls - The
superior flexibility in operation of the unequal
parallel compressor system allows the use of advanced
compressor control strategy. Further development
should be done on control strategies that take full
advantage of this capability. An example of such a
strategy would be one employing suction pressure, case
temperature, and defrost status.

c. Optimization of floating head pressure control - The
results of the evaluation showed that significant
energy savings are possible when condensing pressure
is minimized. Savings are also possible through such
condenser control strategies as fan cycling. It is
therefore necessary to determine the optimum use of
floating head pressure in conjunction with other
energy saving techniques for condenser operation to
achieve best overall energy usage for the entire
refrigeration system.
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d. Integration of heat reclaim with floating head pres-
sure control - The use of heat reclaim was not ad-
dressed during the evaluation. It is. however, an
important operating feature in many supermarkets.
Work should be undertaken to determine the best way of
integrating heat reclaim with floating head pressure
control to obtain optimum energy usage in a
supermarket.
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2. ENGINEERING EVALUATION TEST DESCRIPTION

For the evaluation of the unequal parallel compressor
system, testing was formulated in which the operation of the
test system was directly compared with a conventional super-
market refrigeration system. For this test, two refrigeration
systems were instrumented in supermarkets operated by the
H.E. Butt Grocery Co. in San Antonio. Texas. The test system
consists of three unequal parallel compressors with floating
head pressure control and microprocessor-based compressor
control. This system is mounted on the roof of the supermarket
and provides refrigeration to 136 linear feet of low temper-
ature display cases in the frozen food aisle.

The reference system has two equal parallel compressors,
conventional condenser pressure control, and solid-state
compressor control. The reference system is located in a
machine room in the back of the store and provides refrigera-
tion to 120 linear feet of low temperature display cases.

Both systems were instrumented to determine the following:

a. Refrigeration load.

b. Power consumption.

c. Inside and outside ambient conditions.

d. Compressor cycling and defrost occurrences.

The instrumentation was connected to a data acquisition system
at each supermarket consisting of a data logger and cassette
recorder. At regular intervals, the data logger scanned the
instrumentation and sent the measurements to a cassette recor-
der for storage.

2.1 The Test System

2.1.1 Test Site Description

The store chosen for the evaluation of the test system has
a total floor area of 60.000 ft2 of which 45,000 ft 2 is
used as sales area. The test system is used to provide refrig-
eration to the display cases in the frozen food aisle. This
consists of 88 linear feet of multi-deck, open-type, and
48 linear feet of closed-door type display cases. The desired
operating condition is to maintain the case temperature at
0° + 5°F.

Also of importance to this evaluation is the use of a
gas-fired desiccant dehumidification system in the store's HVAC
system. The unit is capable of reducing the store humidity to
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a level lower than can be achieved by conventional vapor
compression air-conditioning. With conventional air-
conditioning, store conditions of 75°F DB and 55 percent RH
can be maintained. With a desiccant system, a relative humid-
ity as low as 30 percent at a dry bulb temperature of 75°F
can be achieved. Because of the significant effect of humidity
on the refrigeration load of the display cases, special
arrangements were made so that the resulting data collected
could be properly interpreted. These procedures included:

a. Alternating between conventional air-conditioning and
desiccant operation on a 2-week basis. This guaran-
teed that both stores would have similar ambient
conditions for at least 2 weeks each month

b. During the period from June to October, a series of
test conditions were run with the desiccant system in
which the humidity level was varied on a weekly
basis. At this same time, the humidity within the
store was closely monitored. This data could then be
used to correlate the effect of humidity on refrigera-
tion load.

2.1.2 Test Refrigeration System

The compressors chosen for the test system were manufac-
tured by the Carlyle Compressor Co. and have nominal ratings of
6-1/2, 10, and 20 hp. At the design conditions of -23°F
suction temperature and 107°F condensing temperature, the
compressors have the following rated capacities:

a. 6-1/2-hp compressor - 24,700 Btu/hr

b. 10-hp compressor - 44,100 Btu/hr

c. 20-hp compressor - 81,800 Btu/hr.

The total rated capacity at the design conditions is
150,600 Btu/hr. For unequal parallel compressor systems, it is
important that the proper distribution of capacity exists among
the three compressors. Analysis in previous portions of this
project has shown that the optimum capacity ratios are where
the intermediate compressor has twice the capacity of the
smallest, and the largest compressor has four times the capa-
city. For the particular compressors chosen, the capacity
ratios are 1, 1.8, and 3.3.

The compressors are mounted on a rack which has all neces-
sary electrical and control hardware required for operation.
The compressor rack was manufactured by the Friedrich
Refrigeration Co. A schematic of the rack is shown in Fig-
ure 1. The compressors are connected to common suction and
discharge manifolds. Suction gas is collected from the six
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refrigeration circuits and compressed to discharge pressure.
The discharge gas passes through an oil separator where com-
pressor oil is collected and piped to an oil reservoir. The
oil is returned to the compressors when required. The dis-
charge gas flows to the condenser where it is condensed to
liquid. The liquid returns to the compressor rack and is
distributed to the refrigeration circuits. Each liquid line is
equipped with a solenoid valve that is actuated by a thermostat
located in the corresponding display case. When case temper-
ature drops below the set point, the valve is closed, stopping
the flow of refrigerant.

The test system is equipped with hot gas defrost for
removing frost from evaporator coils. When defrost is called
for, the defrost supply valve opens, allowing discharge gas to
flow into the hot gas defrost manifold. The differential
pressure regulator maintains a pressure difference between the
discharge line and the liquid manifold to control the flow of
hot gas. On the circuit to be defrosted, the defrost solenoid
valve opens while the suction line solenoid valve closes. The
defrost gas travels down the suction line and returns to the
rack through the liquid line.

The defrost for a particular display case circuit is
actuated by a demand defrost sensor located on the display case
evaporator coil. The sensors consist of an optical device that
triggers defrost when a light beam is refracted by an accumu-
lation of frost. In this fashion the display case is defrosted
when the frost accumulation reaches a preset point. The
control of the defrost sensors is handled by a defrost con-
troller provided with the compressor rack. The function of
this controller is to prevent simultaneous defrost of more than
one circuit.

2.1.3 Floating Head Pressure Control

For the control of condenser operation, a floating head
pressure control system was installed. The control used for
the engineering evaluation system is the McQuay Seasonmiser
system. The key element of this system is a thermally actu-
ated, three-way valve located at the outlet of the condenser
and the inlet of the receiver. In the open position, liquid
refrigerant is allowed to pass from the outlet of the condenser
to the receiver. When the valve is actuated, the refrigerated
liquid flow is stopped, allowing the liquid to back up into the
condenser, raising condenser pressure. At the same time, a
third port is opened in the valve that allows hot gas to pass
into the receiver, raising the pressure of the liquid
refrigerant.

Actuation of the three-way valve is controlled by sensors
located on the refrigerant liquid lines at the display cases.
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The sensors determine if the liquid is adequately subcooled
(3°F or more) to prevent the liquid from flashing before
reaching the expansion valve. With such an arrangement, the
refrigeration system can operate at the lowest condenser
pressure possible at any given time.

Included in the liquid refrigerant piping is an air-cooled
subcooling coil. After leaving the receiver, the liquid
refrigerant passes through the subcooler. The refrigerant
temperature leaving the coil is lowered considerably, increas-
ing the amount of subcooling experienced by the refrigerant.
The subcooler is an important component of the floating head
pressure system, since the additional subcooling gained here
also helps to prevent liquid flashing. Lower minimum condenser
pressure can thus be achieved in this fashion.

During defrost, a high head pressure is required to provide
high temperature refrigerant to defrost the display case. This
is required to minimize defrost time and to insure complete
frost removal. During low ambient temperature conditions, the
head pressure is raised to a value of 200 psig (95°F) by
shutting off the condenser fans. The head pressure is then
maintained at this level throughout the defrost by the fans.

2.1.4 Test System Layout

The compressor rack is located in a housing designed
specifically for it. The details of the housing are shown in
Figure 2. The compressor rack is located in one end of the
housing, while the remainder of the housing consists of the
condenser coils. The condenser is air-cooled by fans located
in the roof above the coils. The subcooler is located along
the wall of the housing below the condenser coil. The com-
pressor rack, condenser, subcooler, and the receiver are
shop-piped and wired. The entire unit is then shipped to the
store where it is mounted on the roof. The suction and liquid
piping for the refrigerated circuits are run from the com-
pressor rack along the roof, and then to the display cases
located below.

2.1.5 Test System Control

The purpose of the microprocessor-based control employed
with the test refrigeration system is to select the optimum
compressor combination for each operating condition. By doing
so, the best match of compressor capacity to refrigeration load
is maintained. The benefits derived from this close matching
include:

a. Tight suction pressure control which allows close
excess control of display case temperature with
minimal refrigeration.
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b. Operation at the maximum suction pressure possible.

c. Operation at the lowest possible condenser pressure
without excessive compressor cycling.

All of the above help to increase the EER of the refrigeration
system which, in turn, lowers energy consumption.

The control algorithm employed combines both suction
pressure and display case temperature in the compressor selec-
tion process. The actual compressor selection is done as a
result of the suction pressure control algorithm which compares
the suction pressure to six set points. The temperature
control algorithm is then used to change these set points in
response to the measured value of the display case temperatures.

The purpose of the suction pressure control algorithm is to
select the compressor combination, or capacity state, to be
operated by comparing measured suction pressure to six set
points. Three of these are cut-out pressures used to decrease
capacity state. The remaining three are cut-in pressures used
to increase capacity state. The inner control band represents
the pressures at which the system is desired to operate. If
the suction pressure changes and deviates from this band, the
capacity state of the system is incremented or decremented
accordingly.

The purpose of the case temperature control algorithm is to
provide a means of modifying suction pressure set point values
in response to refrigeration load change. In this fashion, the
suction pressure of the system is raised when the system
refrigeration load decreases, and is lowered when the refrig-
eration load increases. Use of the temperature control
algorithm maximizes the system suction pressure under any
operating condition, which, in turn, maintains a high system
EER. The display case temperature of each display case circuit
in the system is measured to determine the average and root
mean squared value of the case temperatures. Both values are
compared to preset values, and changes in pressure set points
occur when:

a. The average case temperature is lower or the rms value
is higher than preset values. The pressure set points
are then increased to raise the suction pressure.

b. The average case temperature is higher than preset
value. The pressure set points are then lowered to
decrease suction pressure.

A set of maximum and minimum pressure set points can be neither
raised nor lowered beyond these limits.
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The control program is broken up into the following
routines:

a. Data validity routine - Tests suction pressure and
case temperature sensors for valid readings.

b. Pressure test level modification routine (PTLMR) Em-
ploys the case temperature control algorithm to modify
suction pressure settings.

c. Compressor control routine (CCR) - The pressure
control algorithm is used in this routine to select
the compressor combination needed to maintain the
correct suction pressure.

The arrangement of these routines within the program is
shown in Figure 3. After the validity of the measurements has
been checked, the PTLMR is then applied. This routine sets the
pressure test levels for the CCR. In the CCR, the suction
pressure is measured, and the compressor combination needed is
selected. The appropriate I/O commands are then formulated to
activate the compressors. A time out routine is then imposed
to insure minimum run time for the compressors to prevent short
cycling. If the compressors selected are not available because
of this time out, no compressor change is made and the program
is repeated. If the compressors are available, the output to
turn the compressors on or off is put into effect.

2.2 The Reference System

2.2.1 Reference Site Description

The store chosen as the reference for the evaluation is
smaller than the test site with a total sales area of approxi-
mately 36.000 ft2 . The reference system is used to provide
refrigeration to the display cases in the frozen food aisle.
The total linear footage of display cases in this system is
120 ft. All of the display cases are of the multi-deck type.
The desired case temperature is also 0° + 5°F.

The air-conditioning system employed in the reference store
is a conventional vapor compression unit used for cooling and
dehumidification. The set points used for this store are
75°F DB and 55 percent RH for cooling. No modifications to
these set points were made during the test.

2.2.2 Reference System

The reference system is equipped with two compressors.
Each compressor has a nominal rating of 20 hp and is manu-
factured by the Copeland Corp. At design conditions the
capacity of each compressor is approximately 68,600 Btu/hr.
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As with the test system, the compressors are mounted on a
rack that holds all of the electrical and refrigeration control
hardware. The reference system is equipped to service five
refrigeration circuits. The basic control of the display case
temperatures is accomplished through the use of thermostats in
the display cases connected to solenoid valves in the refrig-
erant liquid lines at the rack.

The reference system is also equipped with hot gas
defrost. The defrost initiation is controlled by a time clock
that has been scheduled to defrost each circuit four times per
day. Each defrost lasts for approximately 20 min.

2.2.3 Reference System Layout

The reference refrigeration rack is located in a machine
room that is located in the back of the supermarket on a
mezzanine. The piping is routed beneath the floor to the
display cases. The system condenser is mounted on the roof
above the machine room.

2.2.4 Head Pressure Control

The reference system employs a conventional head pressure
control system. The primary control element in this system is
a back pressure regulator used to maintain the head pressure at
a preset minimum value of 185 psig (saturation temperature
of 90°F). When the head pressure drops below this value the
regulator closes forcing liquid refrigerant to back up into the
condenser. This filling of the condenser raises the condensing
pressure to the level desired. Because some of the condenser
tubes are filled with liquid in this process, a substantial
amount of liquid subcooling occurs during the condenser
pressurizing.

After passing through the pressure regulator, the liquid
refrigerant passes to a receiver located at the compressor
rack. The receiver is pressurized to a preset value to main-
tain a minimum liquid refrigerant pressure. Receiver pressuri-
zation is accomplished by passing hot discharge gas directly to
the receiver through a pressure regulator. During pressuriza-
tion, the liquid refrigerant is heated and much of the sub-
cooling gained at the condenser is lost. The liquid passing
from the receiver to the liquid manifold typically possesses
less than 5°F of subcooling.

Condenser fan cycling is employed in the reference systems
to reduce fan power consumption during low ambient temperature
situations. The condenser is equipped with four fans. Each
fan is connected to a temperature controller that measures
ambient temperature. As the temperature drops, fans are cycled

3-13



off in a preset sequence until a minimum of one fan is oper-
ating. Fans are cycled on when the temperature rises above the
set points of the temperature controller.

2.2.5 Reference System Compressor Control

The reference system employs a solid-state electronic
controller for control of compressor selection and operation.
The controller used is designed specifically for parallel equal
compressor systems and is manufactured by the Altech Controls
Corporation.

Compressor selection by the controller is made upon exam-
ination of suction pressure and elapsed compressor run time.
The controller attempts to maintain the system suction pressure
between two preset values referred to as the cut-in and cut-out
pressures. This is accomplished by cycling the two compres-
sors. The compressor cycling is divided evenly between the two
compressors by the controller to maintain the same total run
time for each machine.

The reference system is operated between the following
control set points:

a. Cut-in pressure - 21 psig

b. Cut-out pressure - 16 psig.

The desired system suction pressure is approximately 18.5 psig.

2.3 Comparison of the Reference and Test System

A comparison of the pertinent features of the test and
reference refrigeration systems is presented in Table 1.

The test system consists of three unequal parallel com-
pressors with a combined nominal horsepower of 36.5 hp. The
reference system employs two compressors with a nominal horse-
power of 40 hp. The rated capacity of the test system at
design conditions is 150,600 Btu/hr while the rated capacity of
the reference system is 137.300 Btu/hr. It should be noted
that the rated capacity of a refrigeration system is the amount
of refrigeration that will be produced at the highest expected
temperature and lowest expected evaporator temperatures. It
is, therefore, the minimum amount of refrigeration that will be
produced when all compressors of the system are operating.
During off-design conditions, the condenser temperature is
lower, and, in some instances, evaporator temperature is higher
than the design points. In such cases, system refrigeration
capacity is higher than rated and the importance of capacity
control becomes evident.
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TABLE 1. - Comparison of test and reference
refrigeration systems

Test Reference
system system

1) Compressors

a) Number 3 Unequal 2 Equal
b) Nominal horsepower.

hp 6.5, 10, 20 20
c) Capacity at design.

Btu/hr 150,600 137.300
d) Power at design, kW 25.95 26.80
e) EER, Btu/w-hr 5.03 4.90
f) Manufacturer Carlyle Copeland
g) Rack manufacturer Friedrich Hussmann

2) Operating conditions

a) Suction pressure,
psig Variable 18.5

b) Condenser pressure,
psig Floating 180.0

3) Heat reclaim No Shut-off

4) Refrigerant R-502 R-502

5) Display case types Multi-deck Multi-deck
and glass
door

6) Display case temperature,
OF 0 0

7) Defrost control Demand Timed

8) Store dehumidification Desiccant Air-
and air- conditioning
conditioning
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At design conditions, suction temperature of -20°F and
condensing temperature of 107°F, the compressor EER of both
systems is very close, with the test system being about 3 per-
cent higher. Both systems use R-502 as the refrigerant. While
the reference store is equipped with heat reclaim, the test
system is not. The store personnel agreed to shut-off the heat
reclaim at the reference store during the test period so that
no adverse effect of heat reclaim will be noted in the per-
formance of the refrigeration system.

Both the test and reference systems supply refrigeration to
the display cases in the frozen food aisle of their respective
stores. In the test store, the cases attached to the refrig-
eration system consist of a mix of multi-deck and glass door
types. At both stores, these cases are maintained at a temper-
ature of 0°F.

Hot gas defrost is used on both systems. For the reference
system, defrost is initiated by a time clock with each circuit
scheduled for four defrosts per day. For the test store,
defrost sensors are employed to detect frost formation.
Defrost is then initiated when the frost thickness reaches a
predetermined level.

The reference store has a conventional HVAC system con-
sisting of two air handlers equipped with gas-fired space
heating, and vapor compression air-conditioning used for
cooling and dehumidification. When necessary, the space
heaters are also used for reheat during dehumidification. The
test store is equipped with two air handlers having space
heating and air-conditioning capabilities. Each air handler is
equipped with a gas-fired desiccant dehumidification system.
Such a system can reduce the store humidity to a lower level
than can be achieved by vapor compression air-conditioning.
The effect of this lower humidity on refrigeration system
performance was considered in the testing.
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3. INSTRUMENTATION AND DATA ACQUISITION FOR
THE ENGINEERING EVALUATION

3.1 Evaluation Criteria

Both the test and reference systems were thoroughly instru-
mented for the purpose of comparison and evaluation. Since the
primary purpose of the energy-efficient refrigeration system is
to lower electrical energy consumption, energy usage is obvi-
ously an important measurement for comparison. Because the
refrigeration loads are different between the two systems.
energy measurement alone is not adequate.

For this reason, a better method of comparison is to
examine the energy efficiency ratio (EER) of each of the two
systems. EER is defined as:

EER = Refriqeration load supplied (Btu/w-hr) (1)
Power input

To determine the EER, it is necessary to find both the refrig-
eration rate supplied and the power consumed.

The refrigeration load supplied is found from:

Q = m (h2 - hi) (2)

where

m = the time averaged mass flow of refrigerant (lb/hr)

h2 = the enthalpy of the refrigerant at the suction
manifold (Btu/lb)

hl = the enthalpy of the refrigerant at the liquid
manifold (Btu/lb).

The measurement of power consumption by the refrigeration
system is accomplished through the use of watt transducers
which were used to determine the total power input of the
reference and test systems.

3.2 Comparison Measurements for the Test and
Reference Systems

A diagram showing the location of instrumentation used for
refrigeration load and power measurements for the test system
is shown in Figure 4.
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For the refrigeration load measurements, each refrigeration
circuit was equipped with:

a. A flowmeter to determine mass flow of refrigerant.

b. Temperature and pressure sensors at the evaporator
inlet to determine enthalpy.

c. Temperature and pressure sensors at the evaporator
outlet to determine enthalpy.

In this fashion, the refrigeration load for each circuit can be
determined. The refrigeration rack is also equipped with
temperature and pressure sensors at the liquid and suction
manifolds. These measurements are used to determine the
overall enthalpy difference for the entire system. It was
originally planned that the total mass flow for the system
would be found by summing the mass flow from each of the
refrigeration circuits. It was found later that certain of
these flows could not be measured accurately because of leakage
at check valves in the flowmeter piping. For this reason, a
flowmeter was added to the discharge piping of the system.
This second flow measurement was then used to determine the
total mass flow of the system.

For power measurements, each compressor was equipped with a
watt transducer. A watt transducer was also installed to
measure total system power input.

At the reference site, similar instrumentation was in-
stalled for refrigeration load and power consumption measure-
ments. The location of this instrumentation is shown in
Figure 5.

At the reference site, it was not possible to install
instrumentation at the display cases for load measurement. To
determine the refrigeration supplied, temperature and pressure
measurements were taken at the liquid and suction manifolds.
For flow measurement, a flowmeter was placed in the discharge
piping.

Each compressor in the reference system was equipped with a
watt transducer for power measurement. A third watt transducer
was installed to measure total system power input.

3.3 Measurements for the Test and Reference Systems

Many of the measurements taken at both the test and refer-
ence sites are used to characterize the performance of the
systems. Data of this nature are used to correlate refrig-
eration load and power consumption to such things as ambient
temperature, store humidity, etc. A description of the charac-
teristic measurements taken at the test site is provided in
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Table 2 and Figure 6. A similar description of the character-
istic measurements installed at the reference site is shown in
Table 3 and Figure 7.

3.4 Measurement of System Operating Events for the
Test and Reference Systems

Compressor cycling and hot gas defrost, occurring during
the operation of the refrigeration system, are of interest in
terms of characterizing system performance.

Compressor cycling occurs in response to changes in the
suction pressure. Detection of compressor cycling can be done
by monitoring compressor power. When the power drops to zero,
the compressor is off. When power rises to a significant
value, the compressor has turned on. By recording these
changes in compressor power, an operating history of the
compressors can be obtained.

During hot gas defrost, hot discharge gas is piped to the
display cases to defrost the evaporators. The hot gas flows
into the suction line at the compressor rack. By detecting the
temperature rise that occurs in the suction line, the time of
initiation and the duration of the defrost can be determined.

3.5 Data Acquisition System

Both the test and reference sites are equipped with data
acquisition systems for the purpose of monitoring and recording
instrument measurements. The data acquisition system consists
of a data logger and a cassette recorder. The function of the
data logger is to scan the instrumentation at regular intervals
and transfer the measurements in serial format to the cassette
recorder. Data transmitted to the recorder are stored on a
digital cassette tape.

3.5.1 Data Logger

The data logger chosen for use in the evaluation is a Fluke
Model 2240 C. This particular unit has several useful features
needed for this program. They include:

a. Internal thermocouple reference and direct temperature
conversion

b. Linear scaling of sensor output

c. Interval scanning - Instrument channels are read at a
predetermined interval

d. Continuous scanning - All channels are scanned con-
tinuously which is useful in event tracking
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TABLE 2. - Characteristic measurements of the unequal
parallel compressor test system

Location Measurement

Compressor rack

Liquid manifold Pressure
Liquid manifold Temperature
Liquid refrigerant

lines (circuits 1-5) Temperature
Suction manifold Pressure
Suction manifold Temperature
Suction lines

(circuits 1-5) Temperature
Compressor discharge Pressure
Compressor discharge

Condenser

Condenser inlet Pressure
Condenser inlet Temperature
Condenser outlet Temperature

Outside ambient

Rooftop (3 locations) Temperature
Humidity Dew point

Display cases

Discharge air curtain
(1 location) Temperature

Sales area

Above display case
(1 location) Temperature

Below display case
(1 location) Temperature

Humidity Dew point
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TABLE 3. - Characteristic measurements of the
reference system

Location Measurement

Compressor rack

Liquid manifold Pressure
Liquid manifold Temperature
Liquid refrigerant

lines (circuits 1-6) Temperature
Suction manifold Pressure
Suction manifold Temperature
Suction lines

(circuits 1-6) Temperature
Compressor discharge Pressure
Compressor discharge Temperature

Condenser

Condenser inlet Pressure
Condenser inlet Temperature
Condenser outlet Temperature
Subcooler outlet Temperature

Outside ambient

Store rooftop
(3 locations) Temperature

Outside humidity Dew point

Display cases

Discharge air curtain
(6 locations) Temperature

Product area
(12 locations) Temperature

Sales area

Above display cases
(3 locations) Temperature

Below display cases at
floor level (3 locations) Temperature

Store humidity Dew point
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e. Time averaging - Up to 30 instrument channels can be
time averaged by the data logger. These channels are
measured at 1-min intervals and summed individually
within the data logger. After a time interval of
about 1 hr, the sums are divided by the number of
measurements taken, and the result is reported by the
data logger as a time average

f. Limit detecting - Limit values may be selected for any
number of channels. If a limit is exceeded, the time,
channel number, and measured value are output by the
data logger. The time, channel number, and value are
also noted when the measured value returns within the
preset limit.

The time averaging function of the data logger is parti-
cularly useful in the measurement of instrumentation having
time varying values. Examples of such measurements include:

a. Refrigerant flow rates.

b. Suction pressure.

c. Compressor power consumption.

The limit function is used to monitor and track particular
events. For the evaluation, the compressor cycling and defrost
occurrences are tracked in this fashion.

The output from the data logger consists of serial digital
data transmitted to the cassette recorder in an RS-232 format.
Output to the recorder occurs for three specific situations
which are:

a. At 1-hr intervals, all of the instrument channels are
output to the cassette recorder.

b. At 1-hr intervals, all of the time averaged channels
(the first 30) are output.

c. When a limit is exceeded, the time and instrument
channel numbers and measured value are noted.

3.5.2 Data Cassette Recorder

The data cassette recorder chosen is a Qantex Model 1000.
This particular unit is microprocessor controlled and can be
interfaced with any RS-232 device. The recorder has dual drive
capability with automatic switching and a total storage capa-
city of 1.2 megabytes.
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4. ENGINEERING EVALUATION TEST PROCEDURE

4.1 General Test Procedure

Data were collected from the test and reference store by
equipping them with data acquisition systems consisting of a
data logger and digital cassette recorder. The data logger
scanned the instrument channels on a continuous basis. Instru-
ment readings were sent to the cassette recorder and then
transferred by the cassette recorder to a data cassette tape.
Each tape had data storage capacity for approximately 10 to
14 days. At regular intervals, the cassettes were collected
from the two sites and returned for processing.

Data were collected for approximately 1 year, from January
1983 through January 1984.

4.2 Test System Design Modifications

After the initial installation and operation of the test
refrigeration system, it was found that certain modifications
were required to the design and planned operation of the
system. Following is a brief description of the modifications
made.

4.2.1 Microprocessor-Based Compressor Controller

The function of the microprocessor-based compressor control
is to select the combination of compressors that best matches
system capacity to the refrigeration load. This selection is
based on measurements of the system suction pressure and
display case temperatures. The general control strategy
consists of maintaining the system suction pressure within a
preset band. This is accomplished by comparing the measured
suction pressure with six predetermined set points. The
compressor state is then incremented or decremented as required
to return the suction pressure back within the desired limits.
The display case temperatures are monitored at regular inter-
vals and compared to preset values. If it is found that the
display case temperatures have dropped below the value desired,
the suction pressure set points are raised by a 0.5 psi incre-
ment so that the suction pressure of the system will rise.
This continues until the display case temperatures again fall
within the desired limits. If the display case temperatures
rise above the preset value, the suction pressure control
settings are decremented by 0.5 psi to lower system pressure
and increase the amount of refrigeration provided.

For the test system, the desired display case temperature
was 0°F. From previous experience, personnel at the store
had found that this display case temperature could be main-
tained when the discharge air curtain of the case was kept at
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approximately OOF. For this reason, the temperature set
point used in the temperature control algorithm was 0°F for
the six display case circuits in the test system. An arbitrary
dead band of +1°F was selected for the control algorithm.
This implies that the suction pressure set points are incre-
mented if the display case discharge air curtain temperatures
are less than or equal to -1°F, and are decremented if these
same temperatures are greater than or equal to +1°F. For the
purpose of evaluation, the system was considered functioning
correctly if the display case temperatures were within the dead
band of the case thermostats which is +5°F.

Within the control algorithm the suction pressure set
points are modified according to the refrigeration requirements
of the display cases. This requirement is determined by the
display case temperature. If the display case is over-
refrigerated, the measured display case temperature will be
lower than desired. The suction pressure set points are
incremented or decremented to vary the display case evaporator
temperature, thus changing the amount of refrigeration pro-
vided. The control algorithm changes the suction pressure by
0.5 psi increments. Temperature measurements are made at
regular intervals giving a continuous check of the amount of
refrigeration provided.

Minimum and maximum pressure set point values were included
in the control algorithm. The purpose of these minimum and
maximum values is to limit the range over which the suction
pressure can vary. This is important to avoid improper oper-
ation caused by sensor or control failure, etc. The minimum
and maximum pressure set points chosen for the test system are
listed in Table 4. Indicated in Table 4 are the primary cut-in
and cut-out values for the pressure set points. The objective
of the control algorithm is to maintain the suction pressure
within these primary values. The minimum values were chosen
because test measurements at the test site indicated that the
display case could be maintained at the proper temperature
level with these minimum values at design conditions. It
should be noted also that the midpoint value of 19.0 psig is
the suction pressure at which the reference refrigeration
system is maintained. The maximum set point values were
arbitrarily chosen as the highest possible suction pressure
that would produce acceptable system performance. During the
actual field test, however, these upper values were never
achieved.

For the test system control, two suction pressure and six
temperature sensors were employed. The two pressure trans-
ducers were used to measure suction pressure at the suction
manifold of the compressor rack. The purpose of using two
transducers here is to provide measurement redundancy. During
operation, the output of both transducers is measured and
checked for validity. The validity check consists of comparing
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TABLE 4. - Minimum and maximum suction pressure control
set point values used for the test system

Minimum suction pressure set points (psig)

Pmin (1) = 11.5
Pmin (2) = 19.5
Pmin (3) = 17.5 Primary cut-in and
Pmin (4) = 20.5 cut-out values
Pmin (5) = 23.5
Pmin (6) = 26.5

Maximum suction pressure set points (psig)

Pmax (1) = 21.0
Pmax (2) = 24.0
Pmax (3) = 27.0 Primary cut-in and
Pmax (4) = 30.0 cut-out values
Pmax (5) = 33.0
Pmax (6) = 36.0

the absolute measurement between the two transducers against
preset values. If one of the transducers is found to be in
range, the two values are averaged and the result is used in
the control algorithm.

For the display case temperature measurements, six temper-
ature sensors were employed, with one temperature sensor used
for each refrigeration circuit. Since each circuit consists of
two display cases, it was assumed that measuring temperature in
one case is representative of the performance of both. The
later field testing results showed that this was a reasonable
assumption. The temperature sensor was placed in the discharge
air curtain of the display case. This location was chosen for
several reasons including:

a. In this location, the sensor and associated wiring is
not disturbed by the general activity in and around
the case.

b. The air curtain temperature responds quickly to
changes in evaporator temperature.

c. A simple relation exists between the air curtain
temperature and the actual case temperature.

After installation of the microprocessor-based controller,
a series of tests was conducted to determine if the controller
functioned properly. These tests showed that certain changes
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had to be made to the original control algorithm. In particu-
lar, the following items caused changes to be made:

a. The time interval between case temperature
measurements.

b. The interaction between the controller and the display
case thermostats.

c. The effect of defrost.

In the initial version of the control algorithm, the time
interval between case temperature measurements and resulting
change in suction pressure change was set at one hour. Field
testing showed that this time interval was excessively long.
After testing at several different time intervals, an interval
of 10 minutes was found to be most effective.

It was originally planned that the case thermostats and the
controller would operate independently. It was found, however,
that the operation of the thermostats conflicted with the
operation of the controller. To prevent this, the thermostats
were set so that the liquid refrigerant solenoid valves
remained open continuously. In this mode, the display case
temperatures were ultimately controlled by compressor selection
only. The resulting operation of the system was found to be
acceptable in terms of maintaining correct display case
temperature.

During the initial testing of the microprocessor-based
controller, it became evident that display case defrost had a
significant effect on the performance of the control algor-
ithm. The rise in the discharge air curtain temperature
occurring during defrost was interpreted by the control algor-
ithm as a call for increased refrigeration to the system. A
defrost in any one case would, therefore, cause the suction
pressure for the entire system to be lowered. To correct this,
a change in the control algorithm was made in which the display
case with the highest air curtain temperature was ignored by
the controller. It was assumed that this particular display
case was in the defrost mode. A change in suction pressure was
made only if more than one case indicated that a change in
refrigeration load was needed. In general, this approach
worked reasonably well. A better method that could be used in
future controllers would be to track actual defrosts and
incorporate these measurements within the control algorithm.

4.2.2 Suction Pressure Control Settings for the
Reference System

At the beginning of the evaluation testing, the suction
pressure settings for the reference system were adjusted to
correspond to the minimum suction pressure settings used by the
test system. The objective was to operate the reference system
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at a suction pressure of approximately 19.0 psig. The pressure
settings employed for the reference system were:

a. Cut-in pressure - 21.0 psig.

b. Cut-out pressure - 16.0 psig.

These particular values were set by the store personnel based
upon the desired suction pressure and previous experience with
this and similar systems.

4.2.3 Floating Condenser Pressure System

The test refrigeration system is equipped with a floating
condenser pressure control system. The major components of
this control system are manufactured by the McQuay-Perfex Co.
under the trade name of Seasonmiser. The condenser pressure is
controlled by a thermally actuated, three-way valve located at
the outlet of the condenser. The valve is actuated by a heater
contained in an electric circuit with two subcooling sensors.
When the liquid refrigerant subcooling at the sensor is less
than 50F, the sensor closes a switch in the circuit that
activates the heater which, in turn, actuates the valve. Upon
actuation, the valve shuts off the flow of refrigerant from the
condenser, raising the condenser pressure. Simultaneously, a
second port in the valve opens allowing hot gas to pass into
the receiver to pressurize the liquid refrigerant travelling to
the display cases.

For the test refrigeration system, two subcooling sensors
were employed. Since the system consists of display cases on
both sides of an aisle, it was decided that one sensor should
be located on each side at the display case furthest from the
refrigeration rack.

During defrost, it is necessary to provide hot gas at an
elevated pressure to the case. This causes the defrost to
occur at a high enough temperature to limit the defrost time to
a minimum. Typically, a hot gas pressure corresponding to a
95°F saturation temperature is required for defrost. With
the floating condenser pressure system, the condenser pressure
is often below this value. It is, therefore, necessary to
provide a means to raise system pressure during defrost. For
the test system, this was accomplished by cycling off the
condenser fans. When the system begins a defrost, a pressure
switch is activated. This pressure switch is then used to
control the condenser fans. The fans cycle off until the
condenser pressure reaches the minimum value of 200 psig
(95°F saturation temperature). The fans then cycle on and
off to maintain the pressure at this value.
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4.2.4 Condenser Fan Control

The initial plan for operation of the test refrigeration
system called for continuous operation of the condenser fans.
In this fashion, minimum condenser pressure and maximum sub-
cooling from the subcooler coil could be achieved. The initial
measurements comparing the performance of the test and refer-
ence systems showed that while the test system compressor EER
was larger and compressor power consumption less than that of
the reference system, the reference was able to achieve better
system performance because of the use of condenser fan
cycling. This suggests that while operation at minimum con-
densing pressure is desirable in terms of compressor power
consumption, it cannot be justified if the fan power consump-
tion required to reach this minimum pressure exceeds the
savings in compressor power. It was therefore decided that
condenser fan cycling would be employed with the test refrig-
eration system.

Condenser fan cycling consisted of changing the number of
fans operating according to the outside ambient temperature.
The following cycling strategy was employed. One fan was
operated continuously regardless of ambient temperature. This
fan was cycled off only when added condenser pressure was
required for defrost. Two fans were operated when the ambient
temperature exceeded 70°F, and the third fan was put in
operation when the ambient temperature exceeded 85°F.

The reference refrigeration system also employed condenser
fan cycling control for the four fans employed. As with the
test system, one fan was operated continuously. Fans were
cycled on when the ambient temperature exceeded 600, 70°,
and 80°F.

It should be noted that with the above set points, the
reference system tended to expend more power for condenser fan
operation than the test system when the ambient temperature
exceeded 70°F but was less than 85°F. This occurred
despite the fact that the total installed fan power for both
systems was approximately 10 hp.

4.2.5 Demand Defrost System

At the request of the store personnel, the test refrig-
eration system was equipped with a demand defrost system. This
system consisted of a set of frost sensors and a specially
designed defrost controller. The frost sensors are of the
optical type which consist of a small device that is clipped on
to the tubing of the evaporator. A beam of light is shown
across the top of the tube at a preset height to a light
sensitive cell. When the light beam is broken by frost build-
up, the sensor closes an electric circuit. The closing of the
sensor circuit is sensed by a defrost controller that initiates
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the defrost. It is the function of the controller to prevent
more than one defrost from occurring at any given time.

The use of demand defrost for the test refrigeration system
presented an excellent opportunity to examine the effect of
defrost on system operation. In particular, a direct compar-
ison can be made between the test and reference systems in
terms of defrost method employed. The reference refrigeration
system is equipped with a scheduled defrost system consisting
of a time clock that schedules defrost according to the time of
day. With this arrangement, each refrigeration circuit is
defrosted four times per day, or a total of twenty defrosts per
day for the entire system.

Since the occurrence of defrosts for the test system is not
at regular intervals, some means had to be provided to track
these events. This was done through the monitoring of the
suction temperature of each refrigeration circuit. A sharp
rise in the value of this temperature can be detected at the
initiation of defrost. These changes in temperature were noted
and recorded by the data acquisition system.

During May, problems developed with the frost sensors in
two of the refrigeration circuits. Because of the failure of
these two sensors, these two circuits were placed on scheduled
defrost and were defrosted four times per day per circuit.
These two circuits were on scheduled defrost for the remainder
of the test. This greatly increased the number of defrosts
experienced by the test system and had a significant effect on
the performance of the system. The effects of these added
defrosts will be addressed in the discussion of the test
results presented.

4.3 Instrumentation Modifications for the Test
and Reference Systems

4.3.1 Test System Liquid Refrigerant Flowmeters

The test refrigeration system was equipped with six liquid
flowmeters with one flowmeter for each refrigeration circuit.
The flowmeters were installed in the liquid line of circuit
approximately at the refrigeration compressor rack. Because
the system employs hot gas defrost, it was necessary to provide
a by-pass around each flowmeter. During defrost, the flow of
liquid refrigerant in the defrosting circuit is reversed. The
by-pass around the flowmeter must be provided because the
flowmeter will register flow regardless of flow direction. To
properly measure refrigeration load, it is necessary to prevent
reverse flow through the meter. This was accomplished with the
use of two check valves. The check valve in the by-pass line
prevents liquid flow through the by-pass during normal refrig-
eration. During defrost, the check valve downstream from the
flowmeter blocks the reversed liquid flow from passing through
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the meter, while the check valve in the by-pass opens to allow
flow around the meter.

During the initial testing of the test refrigeration
system, it was found that the flow readings from several of
these flowmeters were accurate. The cause of this inaccuracy
was attributed to:

a. Leakage through check valves.

b. Two-phase flow passing through the meters.

To correct these problems, the flowmeters were relocated at
the display cases to provide added gravity head to the liquid
column, thus eliminating any vapor flow problems. At that
time, the check valves were inspected and tested. It was
necessary to replace several check valves because of leakage.

Because of the importance of flow measurement to the
measurement of the system refrigeration load, it was decided
that a seventh flowmeter would be installed in the test sys-
tem. This consisted of a gas flowmeter that was located in the
compressor discharge piping. This same type of flowmeter is
employed for total flow measurement in the reference system.
Flow measurement from this seventh meter was, therefore, used
to determine the total system refrigeration load. The liquid
flowmeters were used to determine the refrigeration load of the
individual refrigeration circuits.

Shortly after the relocation of the flowmeters, one of the
liquid flowmeters failed. This meter was not repaired or
replaced. Individual refrigeration loads were measured for
only five of the six refrigeration circuits.

4.3.2 Inside Humidity Measurement at the Test Site

The inside humidity sensor at the test site failed during
mid-April and was not repaired until the beginning of June. No
humidity measurements were recorded at the test site during
this period.

4.3.3 Reference System Suction Pressure Measurement

The suction pressure transducer at the reference system
failed and was replaced during late October. The replacement
sensor failed about two weeks after installation. No attempt
was made to replace this sensor after that point.

Examination of data collected showed that a serious drift
in the sensor calibration had occurred in September. There-
fore, no suction pressure data collected in September were used
in the analysis.
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4.4 Data Acquisition

Several problems arose and were corrected with the data
acquisition systems at both stores during the testing. The
problems consisted of the following:

a. Several power failures occurred at the test and
reference store during the early part of the test.
These failures shut down the data acquisition sys-
tems. Since these systems were checked only infre-
quently, a significant data loss was occurring. To
correct this problem, uninterruptible power supplies
consisting of rechargeable batteries were installed.
These units worked quite well, and no loss of data due
to power failures occurred after that.

b. The tape heads on the cassette recorders were suscep-
tible to dust and dirt buildup. This resulted in some
data loss. To correct this problem, the tape heads
were cleaned with alcohol when the cassette tapes were
changed.

c. During August, the temperature of the compressor room
where the data acquisition system was located became
excessively high, causing the data logger to over-
heat. To correct this, a cooling fan was installed in
the wall behind the data logger to blow cool air over
the unit to prevent overheating.

3-35



5. DATA REDUCTION AND ANALYSIS

This section describes the sequence of events that trans-
forms the data from the field into a useful final product. The
steps include reformatting of the cassette tape data, assem-
bling the data into hourly summaries, and reducing the data to
physical units. In addition, calculations are performed, daily
averages computed, and a structured data base is developed.
Finally, reports, plots, and statistical analyses are generated
form the data base. This process is summarized in Figure 8.

5.1 Initial Processing

As described in Section 3, the cassette tapes are recorded
in the form of 1023 byte blocks containing sequential ASCII
alphanumeric data. In the first data processing step, Program
TAPE reads these blocks and formats the data into logical
separate fields. The reformatted data is then stored on a disk
for further processing.

The next step is to run the reformatted data through one of
two packing programs (PACKV1 or PACKV2). These programs group
the data into hourly summaries and again store the condensed
files on disks. PACKV2 is a slightly modified version of
PACKV1 that accommodates the additional data channels added to
the test site after June 1983.

5.2 Data Reduction

Once a packed file has been created, it can be examined by
any of three programs. The first, called DATRED for use on the
latest test site data or DAT 38 for reference site data,
performs several functions. First, it performs a number of
calculations on the basic data. The program contains sub-
routines which enable it to calculate various thermophysical
properties of refrigerant R-502 as a function of measured
properties. These are used to convert flows from gallons per
minute to pounds per hour, and to determine enthalpy at the
inlet and outlet of the display cases. The program can then
compute the refrigeration loads. This program also calculates
EERs and converts measured dew points to humidity in units of
grains/lb.

In addition to performing these calculations, this program
will, at the user's discretion, print an hourly summary of the
data. (See Figure 9). This can then be scanned for unusual
results or unrealistic data that might indicate an instrument
malfunction.

The final function of this first program is to compute
daily averages of all the computed and measured data, print a
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RAW DATA

INITIAL
TING~ ----- SUMMARIES

PROCESSING

HOURLY DAILY DATA

DATA BASE 
BA SE

CYCLING STORE
ANALYSIS COMPARISONS

_MULTIPLE
DEFROST .REGRESSION

FIGURE 8. - Data processing sequence.
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SYSTEM PERFORMANCE FOR SA-16 265:15:33:48: JCOUNT= 15
DATA CONTAINED IN FILE-- DL1:SA0921.16P

DISPLAY CASES REFRIGERANT
CASE REFRIGERATION CASE TEMP AIR FLOW LIQUID SUCTION SUB- SUPER- REFRIG

LOAD L R CURTAIN (LB/HR) PRESS TEMP PRESS TEMP COOL HEAT EFFECT
B1 37421.6 7.7 10.6 3.6 696.8 154.13 75.6 24.4 30.2 1.5 37.8 53.70
B2 38236.4 0.9 1.6 -1.1 752.2 170.24 75.5 20.7 17.7 8.1 30.1 50.83
B3 34563.1 0.7 -1.1 -1.8 701.1 167.36 76.2 22.9 10.1 6.2 19.7 49.30
B4 24308.7 0.1 0.0 -2.9 479.4 149.51 74.0 20.7 3.2 1.2 26.6 50.71
B5 0.0 -1.6 0.4 0.8 0.0 170.55 75.8 21.4 3.4 7.9 25.3 50.08
B6 13453.0 -2.1 -2.8 0.4 279.4 170.75 74.9 22.9 3.5 8.9 10.2 48.15
TOT 147983.
COMPRESSOR RACK

SUCTION LIQUID DISCHARGE GAS FLOW CONDENSER SUBCOOLER RACK REFRIG
PRESS TEMP PRESS TEMP PRESS TEMP (LB/HR) PRESS IN TEM OUT TEN TEMP EFFECT
20.46 40.70 159.81 74.50 171.84 188.40 3130.59 157.93 181.40 82.40 74.20 52.11

TOTAL REFRIGERATION(BTU/HR) 163123.6
POWER CONSUMPTION

COMPRESSORS(KW) TOTAL(KW) ENERGY CONSUMFTION(KWH)
6.5 10 20 COMP TOTAL
3.5 3.3 19.0 31.6 25.8 31.6

EERS (CASE LOAD) (RACK LOAD)
COMP TOTAL COMP TOTAL
5.74 4.69 6.33 5.17

SALES AREA (ABOVE CASE) (BELOW CASE)
t) B1 B3 B5 AVG. B2 B4 B6 AVG.

l~I 70.60 69.20 70.00 69.93 57.10 52.20 64.10 57.80
LAd INSIDE DEWPOINT 36.30 DEG F

CO OUTSIDE TEMP Ti T2 AUG.
75.60 73.10 74.35

OUTSIDE DEW POINT 37.00 DEG F
NO DEFROSTS DURING THIS HOUR

MEDIUM TEMP REFRIGERATION
SYSTEM LOAD FLOW LIQ TEMP SUC PRESS SUC TEMP

(LB/HR)
D2 19474. 338. 82.5 5.0 48.2
E3 38192. 678. 84.8 4.1 43.1

AIR CONDITIONING
LOADS HUMIDITY TEMPS

SENSIBLE LATENT DESICCANT COOLING REHEAT RETURN SUPPLY REMOVED RETURN DESIC MIX OUTLET SUPPLY
(GR/LB) (GR/LB) (LB/HR)

AIR HAN 1 -57050. 0. 0. 0. 0. 32.44 34.06 0.0 69.1 74.9 69.1 72.2 72.2
AIR HAN 2 227446. 42701. 0. 0. 0. 35,54 31.79 39.4 6Y.6 79.7 69.6 56,7 57.0
INSTANTANEOUS VALUES FOR DESICCANT OPERATION (NOT APPLICABLE IF DESICCANT IS NOT RUNNING)

DESICCANT COOLING TMIX
AIR HAN 1 41982. -11388. 71.4
AIR HAN 2 27350. 275955. 70.8
TEMP/ RET.,OUT.,SUP.,DESC. DEW PT./RET.,SUJ. GR/LB//RET.,SUP.
AIR HAN 1 69.1 72.0 72.1 74.9 36.6 37.9 32,4 34.1
AIR HAN 2 69.2 55,1 55.2 73.0 39.0 38.0 35.4 34.3

FIGURE 9. - Sample of hourly data summary, test store.



daily summary and store the results in a structured data base.
Figure 10 shows a sample of the daily summary.

The second data reduction program, called COMPV1 for the
reference store and early test store data or COMPV2 for the
latest test store data, reads the packed data file for com-
pressor cycling information. Run time for each compressor and
the total number of compressor cycles (on/off events) are
determined and stored in the data base. An option to print an
hourly summary of the results is also provided (see Figure 11).

The last data reduction program, called DEFV1 for early
test store and reference store data and DEFV2 for the latest
test store data, creates a summary of the defrost cycling
information contained in the packed files. The data are again
stored in the data base with an optional hourly summary printed
out (see Figure 12).

5.3 Data Base Manipulation

As noted above, daily averages for all the data, measured
and computed, are stored in a central data base. Tables 5
and 6 summarize the data for the test and reference stores,
respectively. A number of programs have been written to
interface with this data base. These are listed in Table 7.
Program TAB will tabulate the data from any desired subset of
the data base. In addition, TAB can compute averages on a
weekly or on a monthly basis.

The second program, CHANGE, can be used to edit the data in
any of several modes, from single variable changes to entire
records. Data that is determined to be invalid can be elimi-
nated through CHANGE, and new data can be added independently
of the data reduction programs. An example of the latter is
the addition of store transaction data to the data base. This
was not part of the data acquisition system, but was added via
program change.

The third program, PLOT, generates plots on a dot-matrix
line printer, in two different modes. In the first, scatter-
grams of any two variables, or any subset of the data, are
plotted. In the second, a plot of any variable versus time is
constructed. Up to three plots per page are permitted.
Samples are shown in Figures 13 and 14.

The final program, CFILE, creates files that are subsets of
the data base. These files serve as input to the statistical
routines. Both logarithmic and exponential transforms are
permissable, and qualifiers can be inserted to limit the data
in any way desired.
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SYSIEM PERFORMANCE FOR SA-16 FUR TH. PERlUD 368: 0:41:39 TO 36H:23:41:39 FIRST RECORD=174 LAST RECORD=197 NDAY
=

DATA CONTAINED IN FILE DL1:SAO110.16P
DISPLAY CASES
CASE REFRIGERATION CASE TEMP AIR

LOAD L R CURTAIN
B1 33122. 13.1 13.4 17.0
B2 35544. 2.2 1.7 4.3
B3 34506. 3.5 3.3 0.9
B4 24802. 3.6 5.4 3.2
B5 146. -0.3 3.0 2.2
B6 14758. -1.6 -1.7 1.2
TOTAL 142878.
COMPRESSOR RACK AND CONDENSER

SUCTION CONDENSER PRESSURE AND TEMP REFRIGERATION AT RACK
PRESS TEMP AVG PRESS HIUH LOW IN TEMP uTr TEMP (BTU/HR)
21.5 31.1 140.9 226.3 100.1 168.2 75.8 160581,
POWER AND ENERGY CONSUMPTION
AVG POWER COMPRESSORS AND SYSTEM (KW) ENERGY CONSUMPTION (KWH)
6.5 10 20 COMP SYSTEM COMP SYSTEM
3.9 0.0 18.5 22.4 23.2 538. 558.

SYSTEM EERS
CASE LOADS RACK LOAD

COMP SYSTEM COMP SYSTEM
~~~w 6.38 6.16 7.19 6.93

SALES AREA
0 ABOVE CASE BELOW CASE AVG D-EU POUINT

HIGH LOW AVG HIUH LOU AVO (DEU F)
70.2 67.1 68.5 65.1 49.9 57.4 38.8

OUTSIDE AMBIENT
HIGH LOW AVG DEW POINT
58.7 43.0 50.1 41.5

.NUMBER OF DEFROSTS OCCURINO 16

AIR CONDITIONING
AIR HANDLER 1 AIR HANDLER 2

SENSIBLE LATENT DESICCANr REHEAV MUISTURE SENSIBLE LATENT DESICCANT REHEAT MOISTURE
REMOVED REMOVED

-72213. 0. 0. 52506. 0.0 -:313J1. 15664. 0. 75335. 14.4

TEMPS/RET.>DES.,OUT.,SUP. GR/LB//RET.,SUP.
AIR HAN 1 64.3 61.9 67.4 6Y.9 33.9 35.6
AIR HAN 2 65.1 59.6 66.6 70.5 39.7 38.6

EDIUM TEMP REFRIGERATION
D2 E3

26058. 32032.

FIGURE 10. - Sample of daily data summary - test store.



DAY 172 START TINE l):11: 0 END r[NE 0:531 8 SA062/.16N

COMPRESSOR
TIME COMPRESSOR 'SrAE UN TIHE (HINUTES) STATE RUN TIME (MIN.)

0 1 2 3 4 5 6 7 CHANE:S 1 2 4

0131: 0 -> 1131t55 0.00 0.00 0.00 0.00 11.98 10.15 16.65 22.13 22 32.28 38.78 60.92
1:31155 -> 2::2:50 0.00 0.00 0.00 0.00 0.00 0.00 28.5: 32.38 9 32.38 60.92 60.92
2:32150 -> 3:33146 0.00 0.00 0.00 0.00 0.00 3.70 33.30 23.93 1327.63 57.23 60.93
3133:46 -> 4:34:41 0.00 0.00 0.00 0.00 0.00 1.85 :9.07 0.00 2 1.85 59.07 60.92
4134t41 -> 5135136 0.00 0.00 0.00 0.00 0.00 14.68 46.23 0.00 .. 9 14.68 46.23 60.92
5:35:36 -> 6:16:32 0.00 0.00 0.00 0.00 9.22 22.25 29,47 0.00 ' 13 22.25 29.47 60.93
6:36:32 -> 7:37:28 0.00 0.00 0.00 0.00 0.00 23.97 3U.12 1.85 13 25.82 36.97 60.93

(.4 7137:28 -> 8:38:22 0.00 0.00 0.00 0.00 6.47 8.40 30.38 15.65 8 24.05 46.03 60.90

8:38:22 -> 9t39:18 0.00 0.00 0.00 0.00 2.75 24.93 19.42 13.83 11 38.77 33.25 60.93
9:39:18 -> 10:40:13 0.00 0.00 0.00 0.00 0.00 1.85 54.43 4.63 10 6.48 59.07 60.92

10:40:13 -> 11:41: 9 0.00 0.00 0.00 0.00 11.98 23.97 5.62 19.37 15 43.33 24.98 60.93
11:41: 9 -> 12:42: 4 0.00 0.00 0.00 0.00 0.00 0.00 43.48 17.43 17 17.43 60.92 60.92
12:42: 4 -> 13:421:9 0.00 0.00 0.00 0.00 13.90 18.38 11.98 16.65 21 35.03 28.63 60.92
13:42:59 -> 14143:55 0.00 0.00 0.00 0.00 0.00 0.00 24.92 36.02 8 36.02 60.93 60.93
14143:55 -> 15:44:50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 60.92 0 60.92 60.92 60.92
15:44:50 -> 16:45:45 0.00 0.00 0.00 0,00 0.00 0.00 0.00 60.92 0 60.92 60.92 60.92

16:45:45 -> 17:46:41 0.00 0.00 0.00 0.00 0.00 0.00 1.85 59.08 2 59.08 60.93 60.93
17:46:41 -> 18:47:36 0.00 0.00 0.00 0.00 0.00 15,65 14.77 30.50 10 46.15 45.27 60.92
18:47136 -> 19:48:32 0.00 0.00 0,00 0.00 0.00 0.00 13.67 45.27 4 45.27 60.93 60.93
19:48:32 -> 20:49:27 0.00 0.00 0.00 0.00 0.00 0.00 33.27 27.65 10 27.65 60.92 60.92
20:49127 -> 21:50:22 0.00 0.00 0.00 0.00 0.00 0.00 15.60 45.32 13 45.32 60.92 60.92
21150:22 -> 22:51:18 0.00 0.00 0.00 0.00 4,62 17.:j3 19.47 19.32 14 36.85 38.78 60.93
22151118 -> 23152:13 0.00 0.00 0.00 0.00 0.00 0.00 32.22 28.70 13 28.70 60.92 60.92
23:52:13 -> 0:S31 8 0.00 0.00 0.00 0.00 0.00 2.70 52.67 5.55 5 8.25 58.22 60.92

TOTALS --- 0.00 0.00 0.)0 0.00 60.92 190.02 624.10 :387.10 242 777.12 1211.20 1462.13

FIGURE 11. - Sample of computer output from
compressor cycling analysis.



DAY 361 START TIME 0:40136 ENO T[ME 0:40:36 SAO110.16N

DEFRIOST TIME (MINUTES.)
TIME REFRIUERAIION DISPLAY CASE STATE

1 2 3 4 5 6 CHANCES

0140:36 -> 1:40:36 0.00 0.00 O.88 0.00 0.00 0.00 1
1140:36 -> 2:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0
2140:36 -> 3:40:36 0.00 4.40 0.00 0.00 0.00 0.001
3:40:36 -> 4:40:36 0.00 36.23 0.00 0.00 0.00 0.00 1
4:40:36 -> :540:36 8.32 0.00 0.00 0.00 47.47 0.00 3
5:40:36 -> 6:40136 16.47 0.00 0.00 0.00 0.00 0.00 1
6140:36 -> 7:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0
7:40:36 -> 8:40136 0.00 0.00 0.00 0.00 0.00 0.00 0

8:40t36 -> 9:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0
9:40:36 -> 10:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0

N\) ~ 10140136 -> 11140136 8.32 0.00 0.00 0.00 46.40 0.00 3 *
11140:36 -> 12:40:36 16.47 0.00 0.00 0.00 0.00 0.001
12140136 -> 13:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0
13:40:36 -> 14140:37 0.00 0.00 0.00 0.00 0.00 0.00 0
14:40:37 -> 15:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0
15:40:36 -> 16:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0

16:40136 -> 17140136 8.32 0.00 0.00 0.00 46.40 0.00 3
17:40136 -> 18:40:36 16.45 .000 0.00 29.13 0.00 0.00 3
18140136 -> 19:40:36 0.00 0.00 0.00 0.00 0.00 0.00 0
19140136 -> 20:40136 0.00 0.00 0.00 0.00 0.00 0.00 0
20:40:36 -> 21140:36 0.00 0.00 0.00 0.00 0.00 0.00 0
21:40136 -> 22:40:37 000 0.00 0.00 000 0.00 0.00 0
22:40137 -> 23:40:36 8.32 0.00 0.00 0.00 46.38 0.00 3
23:40:36 -> 0:40:36 16.48 33.30 0.00 0.00 0.00 0.00 4

TOTALS --- 99.13 73.93 0.88 29.13 186.65 0.00 24

FIGURE 12. - Sample of computer output from
defrost cycling analysis



TABLE 5. - Data base variables, test store

Variable
Number Description Units

1 Refrigeration load case B1 Btu/hr

2 Refrigeration load case B2 Btu/hr
3 Refrigeration load case B3 Btu/hr
4 Refrigeration load case B4 Btu/hr
5 Refrigeration load case B5 Btu/hr

6 System refrigeration load Btu/hr
7 Refrigeration load case D2 Btu/hr
8 Refrigeration load case E3 Btu/hr
9 Compressor power kW

10 System power kW
11 Compressor energy consumption kW-hr
12 System energy consumption kW-hr
13 Compressor rack EER Btu/W-hr
14 System rack EER Btu/W-hr
15 Inside temperature daily high OF
16 Inside temperature daily low OF
17 Inside temperature daily avg OF
18 Outside temperature daily high OF
19 Outside temperature daily low OF
20 Outside temperature daily avg OF
21 Inside humidity gr/lb
22 Outside humidity gr/lb
23 Number of defrosts - system per day
24 Air curtain temperature,

case B1 OF
25 Air curtain temperature,

case B2 OF
26 Air curtain temperature.

case B3 OF
27 Air curtain temperature,

case B4 OF
28 Air curtain temperature,

case B5 OF
29 Air curtain temperature,

case B6 OF
30 Suction pressure psig
31 Condenser pressure psig
32 Suction superheat OF
33 Condensate subcooling OF
34 Number of transactions per day
35 Number of defrosts - case 1 per day
36 Number of defrosts - case 2 per day
37 Number of defrosts - case 3 per day
38 Number of defrosts - case 4 per day
39 Number of defrosts - case 6 per day
40 Number of compressor cycles per day
41 On time for 6.5 hp compressor min
42 On time for 10 hp compressor min
43 On time for 20 hp compressor min
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TABLE 6. - Data base variables, reference store

Variable
Number Description Units

1 Refrigeration load Btu/hr
2 Compressor power kW
3 System power kW
4 Compressor energy kW-hr
5 System energy kW-hr
6 Compressor EER Btu/W-hr
7 System EER Btu/W-hr
8 Suction pressure psig
9 Suction temperature OF

10 Condenser pressure psig
11 Condenser temperature, inlet OF
12 Condenser temperature, outlet OF
13 Temperature above case OF
14 Temperature below case OF
15 Inside humidity gr/lb
16 Air curtain temp C1 OF
17 Air curtain temp C2 OF
18 Outside temperature,

daily high OF
19 Outside temperature.

daily low OF
20 Outside temperature.

daily avg OF
21 Number of defrosts per day
22 Suction superheat OF
23 Condensate subcooling OF
24 Number of compressor cycles per day
25 On-time for 20 hp compressor (1) min
26 On-time for 20 hp compressor (2) min

TABLE 7. - Data base manipulation programs

Program name Description

TAB Tabulates data. computes
monthly and weekly averages

CHANGE Edits data base

PLOT Plots scattergrams and time
plots

CFILE Performs transforms, checks
conditions and creates files
for regression analysis
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5.4 Statistical Routines

The statistical routines that interact with the refrigera-
tion data base have been adapted from IBM's Scientific Sub-
routine Package (SSP)(Reference 1).

Four subroutines: CORRE, ORDER, MINV and MULTR are called
by a main routine REGRE. REGRE performs a multiple or poly-
nomial regression analysis for a dependent variable and a set
of independent variables.

Subroutine CORRE calculates means, standard deviations.
sums of cross products of deviations, etc. from means, and
product moment correlation coefficients. Subroutine ORDER
selects a dependent variable and subset of independent vari-
ables from a larger set of variables. The third routine, MINV
inverts the correlation matrix of the subset selected by
ORDER. And subroutine MULTR computes the regression coeffi-
cients and various confidence measures.

A sample of the output from REGRE is shown in Figure 15.
Many of the items in the printout are self-explanatory while
others require some explanation. The values under the heading
"CORRELATION X vs Y" are simple correlation coefficients for
each of the independent variables with respect to the dependent
variable. These coefficients vary between -1.0 and +1.0. The
closer the value is to the extremes, the better the correlation.

The next column, "REGRESSION COEFFICIENT" is a list of the
coefficients for the independent variables used to predict the
dependent variable. If Y is the dependent variable, X i , a
set of independent variables, and a i, the regression coef-
ficients, then

Y = ao + E ai Xi (3)

where

ao = the intercept.

The values under "STD. ERROR OF REG. COEF." represent the
standard error or standard deviation of the regression
coefficients.

The "COMPUTED T VALUE" is a measure of the significance of
the above results and must be used in conjunction with a
t table. The t value is computed by dividing the regression-
coefficient by its standard deviation. As an example, the
computed t value for variable 5 is -1.768. In the t
table (Reference 2) for a 95 percent confidence interval, we
find P(-1.99 t 1.99) for 76 degrees of freedom. This
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11-11-83 HUMIDITY ANALYSIS

MULTIPLE REGRESSION

VARIABLE MEAN STANDARD C:ORRELATION REGRESSION Si11i. FRROR COMPUTED
NO. DEVIIATION X VS Y CIJEtF'IlIENT IJF REG..CUFF'. ' VALUE
5 72.59971 1.469/3 -0.22HJ8 -169.58632 95.90735 -1.76823
6 47.01707 10.61557 0.8'5908 193.16815 15.03259 12.83288
7 15.71250 3.25768 0.39/63 -8.18839 48.68145 -0.16820

DEPENDENT
OJG;W~ 1 36172.84375 2421.83252

I
INTERCEPT 39531.2226

MULTIPLE CORRELATION 0.8651

STD. ERROR OF ESTIMATE 1238.1489

ANALYSIS OF VARIANCE FOR THE REGRESSION

SOURCE (F VARIATION DEGREES SUIM OF MEAN F VALUE
OF FREEDOH SUUARES SOUARES

ATTRIBUTABLE TO REGRESSION 3 346847488.0000 11J615832.0000 75.4174
DEVIATION FROM REGRESSION 76 116508Y60.000( 1533012.6250

TOTAL 79 463.3564i48.0()00

FIGURE 15. - Sample computer output from regression analysis.



means that if t is within that range, there is a 95 percent
chance that the computed coefficient is not significantly
different from zero. Since the value for variable 2 in our
example is within that range, this coefficient should not be
used, and the variable should be dropped from the regression.
The value for variables 3 and 6 is greater than 1.99 and
the coefficient is therefore meaningful.

The value for "MULTIPLE CORRELATION." or R. is also called
the coefficient of multiple correlation and is a measure of how
much deviation has been explained by the regression equation.
If R = .8, then R 2 = 0.64; and we say that 64 percent of
the total deviation from the mean value has been explained by

the regression line. R can also be thought of as the cor-
relation coefficient between Y and (X1, X2 ... ).

The "STD. ERROR OF ESTIMATE" is the typical error that can

be expected between a value predicted by the regression equa-
tion, an observed value.

Finally, the "F VALUE" is a measure of the significance of
the overall regression. If F is large enough, the regression
is significant. Again, this test must be used in conjunction
with standard F tables. In the example shown, we have three
independent variables and 79 data points. From the F table
(Reference 2), F[99% : 3, 76] = 4.08. Since the computed
value was 75.4, we conclude that the regression is sig-
nificant. However, since the correlation coefficient variable
6 alone was almost as high as the multiple correlation, the
other two variables can be eliminated. A new run would then
generate the regression coefficient and intercept for variable
6 alone.

5.5 Analysis Procedure

The paragraphs above describe the individual programs used
in the analysis of the refrigeration data. Figure 16 sum-
marizes the process in which these tools are used. Once data

has been loaded, tables and plots are generated which can then
be examined for bad data, and the data base can be edited.
Visual inspection of the plots may also show that some non-
linear functional relationship (e.g., logarithmic) might be
appropriate. If so, transforms can be made, and files for use
in the regression analysis can be constructed.

The regression program is used in a step-wise fashion so
that the fewest number of variables can be used to obtain
significant results. In other words, if four independent
variables yield a regression coefficient of 0.9, and three
variables give a value of 0.89, then the fourth variable does
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not add much useful information and is rejected. It should
also be noted that the regression starts with known or expected
relationships. For example, compressor power requirements are
known to be a function of outside temperature.

In addition to the regression analysis, a comparison of the
two stores can be carried out by comparing mean values and
standard deviations of key variables such as power. EER. etc.
When comparing the means of two independent data sets, the
normal area table (e.g.. Reference 2) can be used to determine
whether any differences are indeed significant.
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6. RESULTS OF THE ENGINEERING EVALUATION

6.1 Data Collection and Analysis

Data were collected at the test and reference sites to
determine the performance of the test and reference systems and
to characterize the conditions under which these two systems
operated. The data were collected in the following formats:

a. Hourly data - At 1 hour intervals all instrument
channels were scanned and readings were recorded.

b. Averaged data - Selected data channels were scanned at
approximately 1 minute intervals. The one minute
readings were then summed and averages were calculated
hourly. These averages were then recorded.

c. Event data - Hot gas defrosts and compressor cycles
were tracked and recorded as they occurred. These
data consisted of time of data recordings at the
beginning and end of each event, along with a channel
number to identify the event.

All of the above data were recorded on data cassettes which
were collected at 10 to 14 day intervals. The cassettes were
then returned to Foster-Miller for analysis.

The data reduction consisted of reading and data cassettes,
reformatting the data into useable data arrays, and using the
data to determine the desired information. The computer
programs used for these operations were described previously.

The final desired information, consisting of refrigeration
loads, system power consumption, etc., was formulated from the
data on an hourly basis. The hourly information was then
collected and averaged on a daily basis with each day defined
as the time period from midnight to midnight. The resulting
daily information was then placed into a data base for the
actual analysis process.

It was thought that daily results were the best compromise
to produce accurate results while keeping the amount of data
analyzed reasonable. It should be remembered, however, that
each daily quantity presented in the data base is the result of
a time average of hourly readings rather than a single daily
measurement. It is felt, therefore, that the daily results
used in this analysis are accurate representations of the
actual situation experienced by each of the refrigeration
systems.
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As mentioned previously, several interruptions in data
collection were experienced at both the test and reference
sites during the test period. As a result, the number of days
for which data were collected at each site was approximately
275. For analysis involving comparison of results between the
test and reference sites, the daily data sets were limited to
those in which data were collected on corresponding days at
both sites which amount to approximately 245 days.

For the analysis of the data, a standard statistical
approach was employed. For most of the information examined, a
multi-variable linear regression analysis was used to determine
the relation between several quantities. As an example, the
refrigeration load of either system correlated well with inside
dry bulb temperature, inside humidity, and number of defrosts
experienced by the system. A linear correlation showing
refrigeration load as a function of these three independent
variables was formulated.

In examining the correlations formulated by this technique,
it is important to remember that they are valid only over the
range of independent variable data examined. Extrapolation of
the results beyond the range of the data specified can con-
ceivably lead to significant error. It should also be noted,
however, that the range of values given for most of the inde-
pendent variables covers the typical operating conditions
experienced by most supermarkets.

6.2 Summary of Major Data Collected for the Test
and Refernece Systems

6.2.1 System EER

The efficiency of both the test and reference systems is
computed on the basis of the refrigeration load and the total
power consumed by the system, which primarily consists of the
compressor and condenser fan power consumptions. A summary of
the system EERs for both the test and reference systems is
presented in Table 8. These values are also shown graphically
in Figure 17. Also presented in Table 8 is the percent
improvement seen in the test system EER in comparison to the
reference system EER which is formulated from:

Percent improvement in EER = EERT - EERR x 100 (4)
EERR

where the subscripts T and R refer to the test and reference
systems, respectively.
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TABLE 8. - Summary of the system EERs for the
test and reference systems

System EER Percent
Btu/W-hr improvement

in test
system EER

Month Test Reference (%)

January 7.10 5.31 33.7

February 6.99 5.32 31.4

March 6.20 5.12 21.1

April 5.78 4.91 17.7

May 5.24 4.66 12.4

June 5.04 4.44 13.5

July 4.72 4.37 8.0

August 4.57 4.37 4.6

September 4.98 4.72 5.5

October 5.42 4.94 9.7

November 5.93 5.00 18.6

December 7.12 5.26 35.4

Average 5.60 4.83 15.9
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The results show that the test system had a maximum system
EER of 7.12 Btu/W-hr, and a minimum value of 4.57 Btu/W-hr;
while the reference system achieved a maximum EER of
5.32 Btu/W-hr and minimum value of 4.37 Btu/W-hr. The average
system EER of the test system was 5.60 Btu/W-hr. For the
reference system, the average was 4.83 Btu/W-hr. Thus, the
improvement achieved by the test system was 15.9 percent on an
annual basis.

6.2.2 Compressor EER

The compressor EERs for each system were determined in a
similar manner as the system EERs. A summary of the compressor
EERs for both systems is presented in Table 9 and is shown in
the graph in Figure 18. The percent improvement achieved by
the test system over the reference system is also shown in
Table 9. This value is determined using equation 4.

The highest compressor EER achieved by the test system was
7.97 Btu/W-hr and the lowest was 5.39 Btu/W-hr. The average
compressor EER for the test system was 6.36 Btu/W-hr. The
highest coipressor EER measured for the reference system was
5.96 Btu/w-hr while the lowest value was 5.54 Btu/W-hr. The
average compressor EER for the reference system was
5.75 Btu/w-hr. The improvement in compressor EER was 10.6 per-
cent on an annual basis.

6.2.3 Refrigeration Load

The values of the refrigeration load for the test and
reference systems are shown in Table 10 and in the graph
presented in Figure 19.

For the test system, the maximum refrigeration load was
178.500 Btu/hr which occurred during November. The minimum
refrigeration load was 136,000 Btu/hr, which occurred during
January. The yearly average refrigeration load for the test
system was 160,300 Btu/hr.

For the reference system, the maximum refrigeration load
was 158,700 Btu/hr, which occurred in July. The minimum
refrigeration load was 129.200 Btu/hr, which occurred in
February. The yearly average refrigeration load for the
reference system was 145,000 Btu/hr.

6.2.4 System Power Consumption

The system power consumptions for the test and reference
systems along with an adjusted value for the test system based
on the reference system refrigeration load, are shown in
Table 11 and Figure 20. The system power consumption consists
of the electrical power consumed primarily by the refrigeration
compressors and the condenser fans.
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TABLE 9. - Summary of the compressor EERs for the
test and reference system

Compressor EER Percent
Btu/W-hr improvement

in test
system EER

Month Test Reference (%)

January 7.97 5.80 37.4

February 7.72 5.86 31.7

March 6.85 5.69 20.4

April 6.69 5.66 18.2

May 6.05 5.59 8.2

June 5.84 5.54 5.4

July 5.51 5.67 -2.8

August 5.39 5.68 -5.1

September 5.75 5.96 -3.5

October 6.08 5.93 2.5

November 6.48 5.70 13.7

December 7.65 5.87 30.3

Average 6.36 5.75 10.6
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TABLE 10 - Summary of the refrigeration loads for the
test and reference systems

Refrigeration load
(10 5 Btu/hr)

Month Test Reference

January 136.6 130.7

February 147.1 129.2

March 149.5 136.7

April 148.5 141.4

May 160.4 149.2

June 168.7 151.9

July 166.7 158.7

August 161.8 156.6

September 168.6 156.7

October 174.6 148.5

November 178.5 141.3

December 162.4 138.1

Average 160.3 145.0
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TABLE 11. - Summary of the system power consumptions

Percent
System power consumptions improvement

kW-hr/day in test
system power
consumption

Month Test Adjusted* Reference (%)

January 461.76 441.80 590.88 25.2

February 504.96 443.61 582.48 23.8

March 578.64 529.16 640.80 17.4

April 616.56 587.13 691.68 15.1

May 734.64 683.36 768.00 11.0

June 803.28 723.33 821.52 12.0

July 847.44 806.95 871.68 7.4

August 849.60 822.41 859.92 4.4

September 812.40 755.18 796.32 5.2

October 773.04 657.57 721.20 8.8

November 722.40 571.87 677.76 15.6

December 547.44 465.51 630.00 26.1

Average 687.60 621.43 720.24 13.7

*Adjusted to reference store refrigeration load.
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For the test system, the lowest power consumption was
461.76 kW-hr/day, occurring in January, while the highest power
consumption was 849.60 kW-hr/day, which occurred during
August. The average power consumption for the test system was
687.60 kW-hr/day. For the reference system, the lower power
consumption was 582.48 kW-hr/day, which occurred in February.
The highest power consumption was 871.68 kW-hr/day. occurring
in July. The average power consumption for the reference
system was 720.24 kW-hr/day.

The annual power consumption (adjusted) for the test system
is 226,822 kW-hr. whereas the annual consumption for the
reference system is 262,888 kW-hr. The percent savings in
energy consumption achieved by the test system is 13.7 percent.
where the percent savings is found from:

Percent saving in KWHR - KWT
power consumption WH100 (5)

where

KWHR = the power consumption of the reference system.

KWHT = the power consumption of the test system adjusted
to the reference system refrigeration load.

6.2.5 Compressor Power

The compressor power consumptions of the test and reference
systems are shown in Table 12 and Figure 21. The lowest
compressor power consumption for the test system was
411.36 kW-hr/day and was measured during January. The highest
compressor power consumption measured for the test system was
726.00 kW-hr/day which occurred during July. The average
compressor power consumption was 605.28 kW-hr/day.

For the reference system, the lowest compressor power
consumption was 528.96 kW-hr/day, which occurred during Feb-
ruary; while the highest value was 599.76 kW-hr/day, which
occurred in July. The average compressor power consumption was
605.76 kW-hr/day.

The annual compressor power consumption (adjusted) for the
test system is 199,717 kW-hr, while that of the reference store
is 221,102 kW-hr. This results in an annual savings in com-
pressor power consumption of 9.7 percent.

It should also be noted that the adjusted compressor power
consumption of the test system was higher than that of the
reference system for the period from July through September.

3-63



TABLE 12. - Summary of the compressor power consumptions
for the test and reference systems

Percent
improvement

in test
Compressor power consumptions system

(kW-hr/day) compressor
power

consumptions
Month Test Adjusted* Reference (%)

January 411.36 393.58 540.48 27.2

February 457.20 401.66 528.96 24.1

March 523.66 478.95 576.48 16.9

April 532.80 507.27 599.76 15.4

May 636.24 591.87 640.56 7.6

June 693.36 624.25 658.56 5.2

July 726.00 691.25 671.76 -2.9

August 720.48 697.29 661.20 -5.5

September 703.68 654.05 631.44 -3.6

October 689.04 586.18 601.44 2.5

November 661.20 523.33 594.72 12.0

December 509.52 433.26 564.48 23.2

Average 605.28 547.17 605.76 9.7

*Adjusted to reference store refrigeration load.
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During this same period as previously noted, the compressor EER
for the test system was also lower than that of the reference
system. Examination of operating conditions during this period
shows that the test system was operating at lower suction and
higher condensing pressures than the reference system. As will
be shown later, this contributed to the lower compressor EER
achieved by the test system. Another significant point to
consider is that the system EER of the test system was higher
while the adjusted system power consumption of the test system
was lower than the reference system during this same period.
This suggests that the overall operating strategy of the test
system was correct despite the increase compressor power
consumption.

6.2.6 Inside Ambient Conditions

Presented in Table 13 is a summary of the inside dry bulb
temperature and humidity for the test and reference sites.
Plots of the inside dry bulb temperature and humidity for the
test and reference sites are shown in Figures 22 and 23,
respectively. As mentioned previously, humidity data were not
collected at the test site during April and May because of
instrument malfunction.

6.2.7 Outside Ambient Conditions

Values for the outside ambient conditions at the test site
are shown in Table 14. Presented in this table are the
following:

a. The high, low, and average dry bulb temperatures

b. Outside humidity expressed in grains per pound.

6.3 Analysis of Test System EER Improvement

From the data collected at the test and reference sites, it
was determined that the test system achieved a system EER that
was 15.9 percent higher and a compressor EER that was 13.7 per-
cent higher than those measured for the reference store. An
analysis was carried out to determine what factors contributed
to these improvements. The following parameters were con-
sidered in this analysis:

a. Suction pressure - One of the primary advantages of
the unequal parallel compressor system with micro-
processor-based control is the ability to maintain the
highest possible suction pressure while supplying the
required refrigeration load. This ability is parti-
cularly apparent during off-design operation.

b. Condensing pressure - The test system was equipped
with a floating head pressure control that permitted
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TABLE 13. - Summary of inside ambient conditions
for the test and reference sites

Dry bulb temperature (OF) Humidity (gr/lb)

Reference Reference
Month Test site site Test site site

January 69.8 69.3 31.8 30.8

February 71.2 69.1 37.9 32.8

March 73.0 70.0 42.5 37.8

April 72.2 70.5 * 41.3

May 72.3 71.6 * 54.1

June 73.0 73.0 52.2 63.2

July 74.1 75.3 53.8 69.3

August 77.0 74.8 46.8 65.4

September 73.6 72.4 41.7 59.0

October 72.7 71.3 47.2 50.6

November 72.8 70.9 45.1 46.2

December 70.0 66.7 34.3 26.4

*No humidity data taken at this time.
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TABLE 14. - Summary of the outside ambient
conditions at the test site

Dry bulb temperature
(OF)

Humidity
Month High Low Average (gr/lb)

January 63.0 41.4 50.9 38.0

February 70.0 43.9 56.0 46.2

March 78.0 51.7 63.3 54.4

April 88.5 56.7 70.1 59.9

May 91.6 65.8 76.3 87.7

June 99.2 71.2 81.7 99.8

July 102.8 76.1 85.7 113.2

August 103.9 75.5 86.1 110.4

September 96.6 70.9 81.0 101.6

October 87.9 62.9 73.5 84.9

November 79.7 52.4 65.2 65.0

December 59.8 38.8 48.8 38.6
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operation of the system at the lowest possible con-
denser pressure. In comparison, the reference system
was operated with conventional head pressure control
that allowed the condensing pressure to drop to a
minimum value of 172 psi (approximately 85°F).

c. Daily number of defrosts - The test refrigeration
system was equipped with demand defrost sensors, while
the reference system employed a scheduled defrost.
The number of defrosts experienced by the test system
was significantly less than that experienced by the
reference system.

d. Daily number of compressor cycles.

e. Condenser fan power - Both the test and reference
systems employed fan cycling for control of the
condenser fans. The basis of this cycling was outside
ambient temperature. Because of the difference in set
points employed for fan cycling, less power was
consumed by the test system for the condenser fans.

f. Suction superheat.

g. Subcooling.

The values for all of the items mentioned above are listed in
Table 15 for both the test and reference systems. Because of
the failure of several pressure transducers at the reference
site, no suction pressure data were collected at the reference
site for the period from September through December. The
analysis of the EER improvement achieved by the test system
was, therefore, limited to the period of January through August.

The analysis of the EER improvement consisted of taking the
difference in EER value between the test and reference systems
and correlating this to the difference in the above mentioned
operating parameters. A summary of the differences in system
EER, compressor EER and operating parameters between the two
systems is shown in Table 16. It should be noted that for all
values, the difference is defined as the test system value less
the reference system value.

The difference values were then correlated by means of a
multivariable linear regression. The analysis showed that the
following parameters had little or not effect on the EER
difference between the two systems:

a. Number of compressor cycles.

b. Suction superheat.

c. Subcooling.
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TABLE 15. - Values of parameters considered in
difference analysis

Number of
Suction Condenser Number of compressor Suction
pressure pressure defrosts cycles Fan power superheat Subcooling
(psig) (psig) (per day) (per day) (kw) (OF) (OF)

Month Test Reference Test Reference Test Reference Test Reference Test Reference Test Reference Test Reference

January 22.0 16.2 135.5 185.6 4 20 90 530 2.10 2.10 31.5 55.2 4.2 21.2

February 22.3 18.8 150.7 183.7 6 20 97 558 1.99 2.23 29.4 54.0 15.9 18.9

March 21.8 19.7 164.0 189.0 6 20 128 271 2.29 2.29 29.4 53.7 15.0 14.4

April 21.7 20.2 170.2 191.9 5 20 100 195 3.49 3.83 32.1 54.4 12.6 12.5

May 20.2 19.4 185.6 189.1 12 20 338 150 4.10 5.31 30.8 56.8 12.4 11.1

June 20.0 20.4 196.7 186.7 15 20 366 128 4.58 6.79 32.9 55.7 12.4 10.8

July 20.5 21.3 211.2 189.8 15 20 304 133 5.06 8.33 37.0 56.5 9.8 11.0

August 20.0 20.5 212.1 188.4 16 20 306 155 5.38 8.28 37.1 57.8 8.3 10.6

September 20.5 -* 196.1 191.2 13 20 283 199 9.53 6.87 36.9 11.8 11.1

October 20.7 - 183.8 189.5 15 20 301 238 3.50 4.99 34.7 13.3 12.2

November 20.9 - 174.5 184.6 16 20 267 239 2.55 3.46 32.8 16.8 13.4

December 21.1 135.0 180.4 12 20 326 288 1.58 2.29 29.6 15.3 16.5

*Suction pressure not measured at reference site because of instrument malfunction.
Suction superheat cannot be determined.



TABLE 16. - Values of Parameter differences* considered
in the EER differences analysis

Number of Condenser
Compressor System Suction Condensing Number of compressor Fan Suction

EBR ERR pressure pressure defrosts cycles power superheat Subcooling
Month (Btu/V-hr) (Btu/W-hr) (psig) (psig) (per day) (per day) (kW) (OF) (OF)

January 2.17 1.79 5.8 -50.1 -16 -440 0.00 -23.7 -17.0

February 1.87 1.67 3.5 -33.0 -14 -461 -0.24 -24.6 -3.0

March 1.16 1.07 2.1 -25.0 -14 -143 0.00 -24.3 0.6

April 1.02 0.84 1.5 -21.7 -15 95 -0.34 -22.3 0.1

May 0.46 0.57 0.8 -3.5 -8 188 -1.21 -26.0 1.3

June 0.31 0.60 -0.4 10.0 -5 238 -2.21 -22.8 1.6

July -0.17 0.34 -0.8 21.4 -5 171 -3.27 -19.5 -1.2

August -0.30 0.19 -0.5 23.7 -4 151 -2.90 -20.7 -2.3

Average 0.82 0.88 1.5 -9.8 -10 -49 -1.27 -23.0 -2.5

*The parameter difference is defined as the test value less the reference value.



It should be noted that, with the exception of January, there
was little if any difference in subcooling between the two
systems. This fact accounts for the insignificance of sub-
cooling in the EER difference analysis.

For the compressor EER, the following correlation was found
which describes the difference between the test and reference
systems:

AEERC = 0.126 + 0.235 APS - 0.014 APC

- 0.022 ADEF (6)

where

APS = the difference in suction pressure

APC = the difference in condensing pressure

ADEF = the difference in number of defrosts

The significance of each term to the EER difference was
then examined. The results of this analysis are shown in
Table 17. For each month, the actual EER difference is shown.
The EER difference calculated from Equation 7 is then given.
The portion of the calculated EER difference determined from
each term of the correlation is then presented along with the
percentage of the total difference that portion represents.
The percentage of total EER difference is determined from:

Percent of
total EER
difference = EER difference for that parameter

Total EER difference x 100 (7)

The results of this analysis show'that the suction pressure
difference accounted for the largest portion of the EER differ-
ence between the two systems. For the data from January through
August, the suction pressure difference accounted for 41.7 per-
cent of the compressor EER difference. The difference in number
of defrosts accounted for the next largest portion of the dif-
ference with 26.2 percent. The difference in condensing pressure
accounted for 16.7 percent. The remainder of the EER difference
is found from the constant of the correlation. For the com-
pressor EER, the constant contributed 15.5 percent of the differ-
ence in EER between the two systems. The constant in the cor-
relation represents any differences in performance not accounted
for in the correlation. It includes such factors as compressor
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TABLE 17. - Analysis of the difference in the compressor EER
between the test and reference systems

Contribution of each parameter to the EER difference

Constant Suction pressure Condenser pressure No. of defrosts
Difference in
compressor EBR % % %

Calc. of Calc. of Calc. of Calc. of
Month Actual Calculated value difference value difference value total value total

January 2.17 2.54 0.13 5.1 1.36 53.5 0.70 27.6 0.35 13.8

February 1.87 1.72 0.13 7.6 0.82 47.7 0.46 26.7 0.31 18.0

March 1.16 1.28 0.13 10.2 0.49 38.3 0.35 27.3 0.31 24.2

April 1.02 1.11 0.13 11.7 0.35 31.5 0.30 27.0 0.33 29.7

May 0.46 0.54 0.13 24.1 0.19 35.2 0.05 9.3 0.18 33.3

June 0.31 0.0 0.13 - -0.09 - -0.14 - 0.11 -

July -0.17 -0.25 0.13 52.0 -0.19 -76.0 -0.30 -120.0 0.11 44.0

August -0.30 -0.24 0.13 54.2 -0.12 -50.0 -0.33 -137.5 0.09 37.5

Average 0.82 0.84 0.13 15.5 0.35 41.7 0.14 16.7 0.22 26.2



efficiency, etc. The significance of the constant changes as the
difference between the test and reference system compressor EERs
decreases.

A similar analysis was performed for the system EER differ-
ence between the test and reference system. This difference was
found to correlate with differences in:

a. Suction pressure, APS

b. Condensing pressure, APC

c. Daily number of defrosts, ADEF

d. Condenser fan power, AKWF.

The following correlation was determined:

AEERS = 0.24 + 0.197 APS - 0.011 APC

- 0.011 ADEF - 0.118 AKWF (8)

The system EER difference between the test and reference
systems was determined for each month during the period from
January through August using Equation 8. The results are shown
in Table 18. In this table, the actual and calculated EER
differences are shown, along with the portion of the difference
attributable to each of the terms in the correlation. The
largest portion of the EER difference can be attributed to
suction pressure difference between the two systems. This
difference accounted for 33.0 percent of the EER difference.
The difference in condenser fan power caused by fan cycling
accounted for 16.5 percent of the EER difference, while the
differences in condensing pressure and number of defrosts each
contributed 12.1 percent of the EER difference. The correla-
tion constant accounted for 26.4 percent of the system EER
difference for the average EER difference. As with the analy-
sis of the compressor EER difference, the constant of the
correlation represents differences in system operation not
accounted for in this analysis. The effect of this constant is
least significant during off-design operating conditions
experienced primarily during the winter and spring. During the
summer months, the operating conditions such as suction and
condensing pressures tend to approach the same values for both
systems. Under these conditions, the significance of the
constant becomes more apparent and accounts for the largest
portion of the EER difference.
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TABLE 18. - Analysis of the difference in the system EER
between the test and reference systems

Contribution of each parameter to the EER difference

Constant Suction pressure Condenser pressure No. of defrosts Fan cycling
Difference in
system EE·R · %

Calc. of Calc of . of Calc. of Calc. of
Month Actual Calculated value total value total value total value total value total

January 1.79 2.11 0.24 11.4 1.14 54.2 0.55 26.1 0.18 8.5 0.0 0.0

February 1.67 1.47 0.24 16.3 0.70 46.9 0.36 24.5 0.15 10.2 0.03 2.0

March 1.07 1.08 0.24 22.2 0.41 38.3 0.28 25.9 0.15 13.8 0.0 0.0

April 0.84 0.98 0.24 24.5 0.30 30.2 0.24 24.4 0.16 16.3 0.04 4.1

May 0.57 0.67 0.24 35.8 0.16 23.5 0.04 6.0 0.09 13.4 0.14 20.9

June 0.60 0.37 0.24 64.9 -0.08 -21.3 -0.11 -29.7 0.06 16.2 0.26 70.3

July 0.34 0.29 0.24 82.8 -0.16 -54.3 -0.24 -82.8 0.06 20.7 0.38 131.0

August 0.19 0.27 0.24 88.9 -0.10 -36.5 -0.26 -96.3 0.04 14.8 0.34 125.9

Average 0.88 0.91 0.24 26.4 0.30 33.0 0.11 12.1 0.11 12.1 0.15 16.5



6.4 Refrigeration Load for the Test System

The refrigeration load for the test system was correlated
as a function of:

a. The inside dry bulb temperature of the store, Ti
(°F).

b. The inside humidity of the store, Hi.

c. The number of defrosts incurred by the system, Def.

d. The number of transactions occurring at the store, NT.

The refrigeration load was found to be a function of all the
above quantities with the exception of the number of trans-
actions. No meaningful correlation was found with this parti-
cular dependent variable. The resulting correlation describing
the refrigeration load is:

Average refrigeration 1496 4 T + H.
load of the test i 11
system + 1273.4 Def + 21,010 (9)
(Btu/hr)

Presented in Table 19 are the average values recorded at
the test site for the 12-month test period for the refrig-
eration load, inside dry bulb temperatures, inside humidity,
and the number of defrosts incurred per day. The average
values of these three quantities are:

a. Inside dry bulb temperature - 70.8°F.

b. Inside humidity - 43.33 gr/lb.

c. Defrosts - 11.25/day.

For these average values, Equation 9 is used to calculate a
refrigeration load of 160,200 Btu/hr, which compares well to
the actual average refrigeration load of 160,300 Btu/hr.

The correlation is then used to determine the sensitivity
of the refrigeration load to changes in dry bulb temperature,
humidity, and number of system defrosts. In this analysis, the
change in refrigeration load is calculated for the high and low
values recorded for each of the variables of interest. This
load change is then compared to the average refrigeration
load. As an example, the maximum and minimum values shown in
Table 19 for the inside dry bulb temperature are 73.7 and
67.9 OF, respectively. The change in refrigeration load due
to the change in dry bulb temperature is 5.4 percent of the
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TABLE 19. - Summary of the refrigeration load, inside dry
bulb temperature, inside humidity and number of

defrosts for the test system

Refrigeration Inside Inside Number of
load temperature humidity defrosts

Month (Btu/hr) (OF) (gr/lb) (per day)

January 136,600 67.9 31.8 4

February 147,100 69.4 37.9 6

March 149,500 70.9 42.5 6

April 148,500 70.7 * 5

May 160,400 70.7 * 12**

June 168,700 71.5 52.2 15**

July 166.700 72.7 53.8 15**

August 161,800 73.7 46.8 16**

September 168,600 71.8 41.7 13**

October 174.600 70.9 47.2 15**

November 178,500 70.6 45.1 16**

December 162,400 68.6 34.3 12**

Average 160,300 70.8 43.3 11**

*No humidity data collected during this period
**Two of six circuits employed scheduled defrost after demand
defrost sensors failed in May.
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average refrigeration load. This same procedure was followed
for the inside humidity and number of system defrosts. The
results of this analysis are shown in Table 20.

The sensitivity analysis showed that the change in the
number of defrosts experienced by the system had the greatest
effect on the system refrigeration load. The change in load
from the minimum number of defrosts, 4. to the maximum. 20.
accounted for a load variation of 15.280 Btu/hr or 9.4 percent
of the average refrigeration load. During the defrost process,
heat is added to the display case to melt ice and frost from
the evaporator surface. This additional heat, along with
normal heat gain experienced by the case, must be removed to
return the display case to the correct operating temperature.
An increase in refrigeration load is, therefore, experienced.

The change in inside store humidity accounted for the next
largest change in refrigeration load. The load variation for
humidity amounted to 9,766 Btu/hr or 6.0 percent of the average
refrigeration load. It is obvious that the store humidity
level will affect the latent heat portion of the refrigeration
load and that as the humidity is decreased, the refrigeration
load is also decreased.

6.5 Refrigeration Load for the Reference System

The refrigeration load for the reference system was cor-
related as a function of inside dry bulb temperature and
humidity. The number of defrosts incurred by the system was
not considered, because the system employed scheduled defrost
only. The number of defrosts was fixed at four defrosts per
day per circuit for a total of 20 defrosts per day. The
resulting correlation for the reference system refrigeration
load is:

Average refrigeration
load of the 1270.1 T. + 444.4 H.load of the 1 1
reference system + 33,498 (10)
(Btu/hr)

Presented in Table 21 is a summary of the refrigeration
load, inside dry bulb temperature, and inside humidity on a
monthly basis for the reference store. The averages for these
values are:

a. System refrigeration load - 145,000 Btu/hr.

b. Inside dry bulb temperature - 71.2°F.

c. Inside humidity - 48.1 gr/lb.
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TABLE 20. - Sensitivity analysis of the test system
refrigeration load

Inside dry bulb temperature

Fraction of
Maximum Minimum Load average refrig-
value value variation eration load
(OF) (OF) (Btu/hr) (%)

73.7 67.9 8,679 5.4

Inside humidity

Fraction of
Maximum Minimum Load average refrig-
value value variation eration load
(gr/lb) (gr/lb) (Btu/hr) (%)

53.78 31.80 9,766 6.1

Systems defrosts

Fraction of
Maximum Minimum Load average refrig-
value value variation eration load

(per day) (per day) (Btu/hr) (%)

16 4 15,280 9.5
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TABLE 21. - Summary of the refrigeration land, inside
dry bulb temperature and humidity

at the reference site

Average Inside
refrigeration dry bulb Inside
load of system temperature humidity

Month (Btu/hr) (OF) (gr/lb)

January 130,700 69.3 30.8

February 129,200 69.1 32.8

March 136,700 70.0 37.8

April 141,400 70.5 41.3

May 149,200 71.6 54.0

June 151,900 73.0 63.2

July 158,700 75.3 69.3

August 156,700 74.8 65.4

September 156,700 72.4 59.0

October 148.500 71.3 50.6

November 141,800 70.9 46.2

December 138,100 66.7 26.4

Overall 145,000 71.2 48.1
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A sensitivity analysis of the refrigeration load to changes
in temperature and humidity was then undertaken. The results
of this analysis are presented in Table 22.

The sensitivity analysis showed that the refrigeration load
of the reference system varied most because of change in inside
humidity which accounted for a 13.1 percent variation in load.
The change in dry bulb temperature accounted for a 7.5 percent
variation in load.

It should be noted that during the test period, the refer-
ence store experienced a greater variation in dry bulb temper-
ature and humidity than the test store. If comparable changes
in temperature and humidity which occurred at the test store
are applied to the correlation for the reference store, the
variation in the refrigeration load due to dry bulb temperature
is 5.1 percent, while the variation in load due to humidity
change is 6.7 percent. These values are very close to those
found for the test system refrigeration load variation and
suggest that the change in load variation due to humidity and
inside temperature is comparable for both systems.

6.6 Refrigeration Load for Individual Display Cases
in the Test System

The refrigeration provided by the test system is divided
between six circuits with each circuit consisting of two
display cases. Two types of display cases are employed in this
system. They are multi-deck and closed door cases. The exact
type and length of display case employed in each circuit is
shown in Table 23. Also shown in this table is the type of
defrost, demand or scheduled, employed in each circuit. As can
be seen, scheduled defrost was employed for circuits B-l and
B-5. This was done because of failure of the defrost sensors
installed in these cases.

The six display case circuits of the test refrigeration
system were equipped with instrumentation for the purpose of
measuring refrigeration load for each individual circuit. A
description of this instrumentation was provided earlier in
this report. Refrigeration load data were collected for only
four of the six circuits, however, because of flowmeter fail-
ures in two of the circuits. The data collected were for
circuits B2, B3, and B4, which consisted of multi-deck display
cases, and for circuit B6, which consisted of two closed door
display cases. A summary of the refrigeration loads recorded
for these individual circuits is presented in Table 24. Also
included in this table is the number of defrosts incurred by
each of the circuits. It should be noted that fractional
defrosts are included in this table because the number of
defrosts varied on a daily basis, and it was felt that includ-
ing the fraction in the average was more representative of the
actual number of defrosts incurred. A number of defrosts less
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TABLE 22. - Sensitivity analysis of the refrigeration
load for the reference system

Dry bulb temperature

Fraction of
Maximum Minimum Load average
value value variation load
(OF) (OF) (Btu/hr) (%)

75.3 66.7 10.923 7.5

Inside humidity

Fraction of
Maximum Minimum Load average
value value variation load
(gr/lb) (gr/lb) (Btu/hr) (%)

69.3 26.4 19,065 13.1

TABLE 23. - Description of individual display case circuits
for the test refrigeration system

Total length
Display of display

Circuit case case Defrost
designation type (ft) type

B1 Multi-deck 20 Scheduled

B2 Multi-deck 24 Demand

B3 Multi-deck 24 Demand

B4 Multi-deck 20 Demand

B5 Closed door 24 Scheduled

B6 Closed door 24 Demand
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TABLE 24. - Summary of the refrigeration loads and number of
defrosts for individual display case circuits

Circuit designation

B2 83 B4 B6

Number Number Number Number
Refrigeration of Refrigeration of Refrigeration of Refrigeration of

load defrosts load defrosts load defrosts load defrosts
Month (Btu/hr) (per day) (Btu/hr) (per day) (Btu/hr) (per day) (Btu/hr) (per day)

January 17,800 0.94 19.700 0.65 15,500 0.88 11,000 0.19

February 18.000 1.11 20,500 1.06 19.800 1.39 11,500 0.28

March 18.400 1.14 25,600 0.95 20.600 1.29 11,700 0.19

April 24,200 1.04 25,600 0.93 19,900 1.19 11,600 0.26

CD May 30,500 1.97 29.300 1.69 22,900 2.38 13,200 0.69
0c
U, June 31,200 1.96 31.300 1.78 24,500 2.37 14,000 0.48

July 37.600 2.39 36,600 2.06 28,300 2.22 15,760 0.83

August 35,800 2.07 32.500 2.03 26,700 2.03 15.706 1.52

September 35.400 1.88 34,300 1.23 29,100 1.50 16,200 0.27

October 40,900 2.87 38,400 1.80 28.600 2.00 16,300 0.30

November 38,700 2.76 36,200 1.97 28.300 2.38 16,200 0.62

December 33,700 1.76 32,800 1.12 24,400 1.16 15,600 0.12

Average 30,200 1.82 30,200 1.44 24.000 1.73 14,000 0.46



than one signifies that a time period greater than 24 hr
occurred between defrosts.

The refrigeration loads for the individual display case
circuits were correlated to the following parameters:

a. Inside dry bulb temperature.

b. Inside humidity.

c. Number of defrosts incurred by each individual circuit.

d. Number of daily transactions at the test site.

It was found that no correlation existed between the refrig-
eration loads and the number of daily transactions. For the
multi-deck display cases, only humidity was found to be a
significant parameter. Refrigeration load correlated with
defrost for only one of the three multi-deck display case
circuits considered here. For the closed door display case
circuit, the refrigeration load correlated with inside dry bulb
temperature, humidity, and number of defrosts. However, the
strongest correlation was found between the refrigeration load
and the inside dry bulb temperature. The following correla-
tions were found:

For circuit B2

Refrigeration load = 25.854 + 234.3 (Hi) (11)

For circuit B3

Refrigeration load = 26,076 + 199.9 (Hi) (12)

For circuit B4

Refrigeration load = 16,202 + 218.5 (Hi)

+ 617.1 (Def) (12)

For circuit B6

Refrigeration load = 413.9 + 185.4 (Ti)

+ 25.8 (Hi) + 259.8 (Def) (13)
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where

Ti = inside dry bulb temperature (°F).

Hi = inside humidity (gr/lb).

Def = the number of defrosts incurred by the circuit being
examined on a daily basis.

A sensitivity analysis was performed using the above
correlations to determine the effect of changes in dry bulb
temperature, humidity, and number of defrosts on display case
refrigeration load. The results of this analysis are presented
in Table 25.

The analysis showed that the refrigeration load of the
multi-deck display cases was most affected by change in inside
humidity. The average variation in load due to humidity change
for the three multi-deck circuits was 17.2 percent.

The closed door display case circuit load showed variation
due to changes in dry bulb temperature, humidity and number of
defrosts. Dry bulb temperature change accounted for the
largest variation in refrigeration load.

6.7 Display Case Defrost at the Test Site

During the test period, four of the six display case
circuits were equipped with functioning demand defrost sen-
sors. These sensors are of the optical type and are designed
to initiate defrost when the frost thickness reaches a preset
amount. The number of defrosts occurring per day for each of
these case circuits was monitored. An attempt was made to
correlate the number of defrosts occurring with the inside
humidity.

The resulting correlations were found for three of the
display case circuits:

For Circuit B2. Number of defrosts = 0.057 Hi - 0.466 (15)

For Circuit B3. Number of defrosts = 0.42 Hi - 0.288 (16)

For Circuit B4, Number of defrosts = 0.040 Hi + 0.015 (17)

It should be noted that all of the above mentioned case cir-
cuits consist of multi-deck display cases. Similar data were
collected for one of the closed door case circuits, but no
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TABLE 25. - Sensitivity analysis of the refrigeration load
for individual display circuits

Load variation due to change in

Dry bulb Number of defrosts
temperature (OF) Humidity (gr/lb) (per day)

Load Percent Load Percent Load Percent
Circuit Display variation average of variation of average variation of average

designation case type (Btu/hr) load (%) (Btu/hr) load (%) (Btu/hr) load (%)

co B2 Multi-deck - - 5150 17.0 -

B3 Multi-deck - - 4394 14.6 - -

B4 Multi-deck - - 4803 20.0 - 3.9

B6 Closed 1075 7.7 567 4.0 - 2.6
door



meaningful correlation was found relating defrost to humidity
for this type of display case.

By averaging the results from the above correlations, a
general relation between required number of defrosts and
humidity can be made. The above correlations suggest that no
more than one defrost per day is required when the inside
humidity is 24.6 gr/lb or less. Two defrosts per day are
required if the inside humidity is 49.6 gr/lb or less.

6.8 Power Consumption of the Test System

The power consumption of the test refrigeration system was
found to correlate with:

a. The system refrigeration load, LD.

b. The outside ambient temperature, T o .

c. The daily number of system defrosts. Def.

The following correlation was found:

Power consumption
of the test
system (kW-hr/day) = 1.885 x 10- 3 LD + 7.080 T o

+7.272 Def - 1.675 x 102 (18)

A summary of the monthly average values recorded at the
test site for system power, system load, outside temperature,
and number of defrosts is given in Table 26. The average
values recorded for these quantities are:

a. System power consumption - 687.6 kW-hr/day.

b. System refrigeration load - 160,300 Btu/hr.

c. Outside ambient temperature - 69.9°F.

d. Number of system defrosts - 11.2/day.

The sensitivity of the system power consumption to changes
in the above mentioned quantities was then considered. The
results of this analysis are presented in Table 27. The
largest variation in power consumption was found to be due to
change in outside ambient temperature which accounted for a
variation of 36.6 percent. The variation in power consumption
due to change in number of defrost and refrigeration load were
approximately the same. The variation due to change in number
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TABLE 26. - Summary of system power consumption, system
load, outside ambient temperature, and

system defrosts for the test site

System System Outside Number of
power con- refrigera- ambient system
sumption tion load temperature defrosts

Month (kW-hr/day) (Btu/hr) (OF) (per day)

January 461.8 136,600 50.9 4

February 505.0 147.100 56.0 6

March 578.6 149,500 63.3 6

April 616.6 148,500 70.1 5

May 734.6 160.400 76.3 12

June 803.3 168,700 81.7 15

July 847.7 166.700 85.7 15

August 849.6 161,800 86.1 16

September 812.6 168.600 81.0 13

October 773.0 174.600 73.5 15

November 722.4 178.500 65.2 16

December 547.2 162,400 48.8 12

Average 687.6 160,300 69.9 11.2
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TABLE 27. - Sensitivity of system power consumption for
the test refrigeration system

System refrigeration load

Fraction of
Maximum Minimum Variation in average power
value value power consumed consumption
(Btu/hr) (Btu/hr) (kW-hr/day) (%)

178,500 136.600 79.0 11.3

Outside ambient temperature

Fraction of
Maximum Minimum Variation in average power
value value power consumed consumption
(OF) (OF) (kW-hr/day) (%)

86.1 48.8 255.1 36.6

Number of defrosts

Fraction of
Maximum Minimum Variation in average power
value value power consumed consumption

(per day) (per day) (kW-hr/day) (%)

16 4 87.4 12.5
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of defrosts amounted to 12.5 percent. while the variation due
to refrigeration load was 11.3 percent.

6.9 Power Consumption of the Reference System

The power consumption of the reference refrigeration system
was found to be a function of:

a. The system refrigeration load, LD.

b. The outside ambient temperature. T o .

The number of defrosts was not considered because the number of
defrosts was held at a constant value of 20/day. The cor-
relation found describing the power consumption of the refer-
ence system is:

Power consumption
of the reference
system (kW-hr/day) = 1.216 x 10-3 LD + 6.648 To

+ 81.36 (19)

Presented in Table 28 is a summary of the power consump-
tion, refrigeration load, and outside ambient temperature for
the reference site. The overall average values for these
quantities are:

a. System power consumption - 723.1 kW-hr/day.

b. System refrigeration load - 145.000 Btu/hr.

c. Outside temperature - 68.8°F.

The results of this analysis are similar to that found for
the power consumption of the test system in that the largest
variation in power consumption can be attributed to changes in
outside ambient temperature. The variation due to ambient
temperature change amounted to 38.9 percent of the system power
consumption. The variation in system power consumption due to
change in refrigeration load was found to be 5.0 percent.
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TABLE 28. - Summary of system power consumption, system
load, and outside ambient temperature

for the reference site

System System Outside
power refrigeration ambient

consumption load temperature
Month (kW-hr/day) (Btu/hr) (OF)

January 590.9 130,700 51.1

February 583.0 129,200 53.3

March 640.8 136,700 61.9

April 691.7 141,400 68.2

May 768.0 149.200 75.8

June 821.5 151,900 80.7

July 871.7 158,700 86.7

August 884.6 156,600 86.3

September 796.3 156.700 79.9

October 721.2 148,500 71.4

November 677.8 141,800 66.0

December 630.2 138,100 44.4

Average 723.1 145,000 68.8
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TABLE 29. - Sensitivity of system power consumption for
the reference refrigeration system

System refrigeration load

Fraction of
Maximum Minimum Variation in average power
value value power consumed consumption
(Btu/hr) (Btu/hr) (kW-hr/day) (%)

158,700 129,200 35.76 5.0

Outside ambient temperature

Fraction of
Maximum Minimum Variation in average power
value value power consumed consumption
(OF) (OF) (kW-hr/day) (%)

86.7 44.4 281.28 38.9
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary of Major Findings and Conclusions

The primary purpose of the engineering evaluation test was
to compare the performance of the unequal parallel compressor
system equipped with floating head pressure and micro-
processor-based compressor control to a conventional super-
market refrigeration system. To perform this comparison, the
unequal parallel compressor system was installed and instru-
mented in a supermarket operated by the H. E. Butt Grocery
Company in San Antonio, TX. A conventional refrigeration
system of comparable size was also instrumented at a second HEB
store in San Antonio. The operation of both systems was
monitored for approximately one year.

A comparison of the performance data collected for both
systems has shown that the system employing the unequal par-
allel compressors with floating head pressure and micro-
processor-based control produced significant energy savings
over the conventional refrigeration system. Comparison of the
system EERs of the two systems showed that the test system
produced an EER that was 15.9 percent higher than that of the
conventional system. For the average refrigeration load
addressed by the reference system, this translates to an annual
energy savings of 36,066 kW-hr, or a savings in power con-
sumption of 13.7 percent.

Analysis of this EER improvement showed that the superior
performance of the test system can be attributed to:

a. Operation at higher suction pressure - For the period
from January through August, the suction pressure for
the test system averaged 1.5 psi higher than that of
the reference system. It was estimated that this
increase in suction pressure accounted for
33.0 percent of the improvement in system EER.

b. Savings in condenser fan power - The use of fan
cycling to control the power consumption of the test
system condenser fans saved an average of
31.2 kW-hr/day over the reference system. It is
estimated that, on the average, this savings contri-
buted 16.5 percent to the EER improvement.

c. Reduction in number of defrosts - Because of the use
of demand defrost for the test system, in comparison
to scheduled defrost for the reference system, the
number of defrosts experienced by the test system was
considerably less than that experienced by the refer-
ence system. It was found that this reduction in the
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number of defrosts accounted for 12.1 percent of the
EER improvement measured.

d. Operation at lower condensing pressure - Operation of
the test system at lower condensing pressure also
contributed to the improvement in EER. Lower con-
densing pressure operation accounted for 12.1 percent
of the EER improvement.

In general, it can be concluded that the use of the unequal
parallel compressor system, in conjunction with floating head
pressure, and microprocessor-based compressor control can
achieve significant energy savings for the following reasons:

a. The ability of the unequal parallel compressor system
to closely match system capacity to required refrig-
eration load allows the use of more advanced control
strategies which, in turn, produce significant energy
savings. An example of this is the control algorithm
employed on the test system in San Antonio which used
both suction pressure and display case temperature to
determine compressor operation selection. It was
shown through the test data that the use of this type
of advanced control algorithm significantly increased
system suction pressure which, in turn, contributed to
system energy savings.

b. The use of floating head pressure lowered the con-
densing pressure of the test system, particularly
during the colder, winter months of the year. This
was shown to significantly improve the EER of the test
system. By using the unequal parallel compressors in
conjunction with floating head pressure, condensing
pressure could be lowered without fear of excessive
compressor cycling. Again, this is due to the super-
ior capacity-to-load matching capability of the
unequal parallel compressor system.

Condenser fan cycling also was shown to have a significant
effect on system energy savings. While this control strategy
is not unique to the system investigated here, the impact of
fan cycling on the operation of the condenser is significant
since one of the objectives of the test system was to minimize
condenser pressure. With the fan cycling strategy employed for
the test system, it was found that the performance of the
floating head pressure system was compromised to some extent,
particularly during the summer months. But the net energy
savings achieved by the combination of fan cycling and floating
head pressure were positive. This suggests that some optimum
mix of minimum condenser pressure and minimum condenser fan
power must exist.
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Because the test system was equipped with demand defrost
sensors, the number of defrosts experienced by this system was
significantly less than that experienced by the reference
system. This reduction in number of defrosts was shown to
significantly increase the energy savings achieved by the test
system through improved EER. It should also be noted that the
number of defrosts influenced the system refrigeration load.
increasing the load significantly when the number of defrosts
also increased. It can therefore be stated that an attempt
should be made to minimize the number of defrosts experienced
by a refrigeration system to minimize energy consumption.

It is also significant to note that no major system com-
ponent failures occurred during the engineering evaluation test
period. This suggests that an unequal parallel compressor
system can be operated with little or no increase in the cost
of operation and maintenance. It also suggests that the
unequal parallel compressor system is no more complex to
operate than any conventional refrigeration system now commer-
cially available.

7.2 Recommendations

The results of the engineering evaluation have shown that
the highly energy-efficient supermarket refrigeration system
employing unequal parallel compressors, floating head pressure.
and microprocessor-based compressor control can produce signi-
ficant energy savings when compared to a conventional refrig-
eration system of the type presently employed in many super-
markets. The test results have also suggested areas of further
development for this system and other systems in general that
could increase energy savings. Of particular interest are the
following:

a. Improved demand defrost - Present demand defrost
sensors have been found to be somewhat unreliable and
costly to maintain. The development of more reliable
sensors and more effective defrost control strategies
is needed.

b. Advanced compressor control strategies - The use of an
advanced compressor control strategy such as that
employed in the engineering evaluation has shown to
produce significant energy savings. It is likely that
an even more effective strategy employing system
parameters such as defrost could be developed that
would produce even greater energy savings.

c. Optimization of floating head pressure systems - The
use of floating head pressure can significantly
decrease the condensing pressure of a refrigeration
system. It was found, however, that significant
energy savings can also be realized through the use of
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condenser fan cycling which prevents the condenser
pressure from reaching the lowest possible values.
This suggests that an optimum operating point must
exist that allows the system to operate at the lowest
possible condenser pressure without excessive use of
fan power. The effect of this operation would be to
lower the overall energy consumption of the refrig-
eration system. To determine the optimum operation of
the floating head pressure system, all aspects of the
design, operation, and control of the system must be
considered. Included here would be:

1. Condenser and subcooler coil sizing and
design.

2. Fan sizing.

3. Fan cycling strategy.

4. Advance condenser controls.

Another area concerning floating head pressure operation
that was not investigated during the engineering evaluation is
the use of heat reclaim. It is standard practice in many
supermarkets to use rejected heat from refrigeration for space
or water heating. This practice is referred to as heat
reclaim. To achieve maximum heat reclaim, the standard pro-
cedure is to artificially raise the condensing pressure so that
heat is rejected from the refrigeration system at a useful
temperature. Such a procedure definitely causes the refrig-
eration system to use more energy than if that system were
employing floating head pressure. Some type of optimization is
therefore required to attempt to minimize the head pressure for
refrigeration operation while recovering as much reject heat as
possible. The net effect of such an optimization would be to
produce the best energy usage for the entire supermarket.

The use of floating head pressure with more advanced
refrigeration system concepts and components should also be
considered. Examples of such items include:

a. Mechanical subcooling.

b. Electronic expansion valves.
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