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NOTICE 

This report was prepared by Aspen Systems, Inc., in the course of performing work 
contracted for and sponsored by the New York State Energy Research and 
Development Authority, Empire State Electric Energy Research Corporation, and 
Electric Power Research Institute (hereafter the 'Sponsors''). The opinions expressed 
in this report do not necessarily reflect those of the Sponsors or the State of New York, 
and reference to any specific product, service, process, or method does not constitute 
an implied or expressed recommendation or endorsement of it. Further, the Sponsors, 
the State of New York, and the contractor make no warranties or representations, 
expressed or implied, as to the fitness for particular purpose or merchantability of any 
product, apparatus, or service, or the usefulness, completeness, or accuracy of any 
processes, methods, or other information contained, described, disclosed, or referred 
to in this report. The Sponsors, the State of New York, and the contractor make no 
representation that the use of any product, apparatus, process, method, or other 
information will not iniiinge privately owned rights and will assume no liability for any 
loss, injury, or damage resulting ftom, or occurring in connection with, the use of 
information contained, described, disclosed, or referred to in this report. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or implied, or assums any legal liabili- 
ty or mpomiility for the a m c y ,  completeness, or usefulness of any infomtion, appa- 
ratus, product, or process disdased, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, process, or sem'ce by 
trade name, trademark, manufacturer, or otherwise does not neceSSatiy constitute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 
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ABSTRACT 

Aspen Systems and a team of nineteen agencies'and industry participants conducted a 
series of tests to determine the performance of HFC-l34a, HCFC-22, and CFC-502 for 

supermarket application. This effort constitues the first phase of a larger project 

aimed at carrying out both laboratory and demonstration tests of the most viable HFC . 

refrigerants and the refrigerants they replace. The results of the Phase I effort are 

presented in the present report. The second phase of the project has also been 

completed. It  centered on testing all viable HFC replacement refiigerants for CFC-502. 
These were HFC-507, HFC-404AY and HFC-407A. The latter results are published in 
the Phase I1 report for this project. 

As  part of Phase I, a refrigeration rack utilizing a horizontal open drive screw 
compressor was constructed in our laboratory. This refrigeration rack is a duplicate of 

one we have installed in a supermarket in Clifton Park, NY. During Phase I, we 
obtained comparative data for HFC-l34a, HCFC-22, CFC-12, and CFC-502. Test 
results have shown similar efficiencies for HFC- 134% HCFC-22, and CFC-502 at low 
evaporator temperatures. At medium temperatures, HFC- 134a exhibited the best 

performance followed by CFC-12, HCFC-22, and CFC-502. 

A second component of Phase I was the demonstration of a CFC-502 to HCFC-22 
retrofit in a supermarket. The low-temperature rack in the Clifton Park supermarket 
was used to conduct this test. The test portion of the rack was composed of a screw 
compressor and two semi-hermetic reciprocating compressors. We collected data from 
this test starting in July 199 1. The retrofit was accomplished successfully by simply 
adding suction line desuperheaters to the reciprocating compressor system. The 

results for the screw compressor confirmed our laboratory findings. The screw 
performed less efficiently with HCFC-22 (compared to CFC-502) due to the low 
viscosity of the oil. Compared to the screw, the performance of the reciprocating 
compressors varied depending on the control system used. 

The third aspect of Phase I was a field test HFC-134a in a supermarket's 
medium-temperature and air-conditioning refrigeration racks. A new supermarket in 
Glens Falls, NY, was equipped with state-of-the-art refrigeration systems based on 



three Merent compressor technologies. All three refrigeration racks in the store were 
instrumented. The medium and A/C racks were charged with HFC-l34a, and the 
low-temperature rack was charged with HCFC-22. We collected performance data from 
this store starting in May 1992. The preliminary data from these tests are presented 

in this report. The overall conclusion is that HFC- 134a is a viable, energy-efficient 
long-term replacement refrigerant for medium-temperature refrigeration 
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SUMMARY 

IN THIS SECTION 
BACKGROUND 

RESULTS - LABORATORY TESTS 
RESULTS - CLIFTON PARK CFC-502 TO HCFC-22 FIELD RETROFIT 

RESULTS - GLENS FALLS HFC-134a AND HCFC-22 FIELD TESTS 

BACKGROUND 

A s  the deadline approaches for the complete phase-out of CFC refiigerant production, 

the supermarket industry is faced with uncertainties regarding alternative refiigerants 

and their effect on system design and efficiency. The New York State Energy Research 

and Development Authority (NYSERDA), the Empire State Electric Energy Research 
Corporation (ESEERCO), and the Electric Power Research Institute (EPRI) cosponsored 
a project to design and test supermarket refiigeration systems that use alternative, 
non-CFC, refiigerants. The demonstration sites for the project were in Clifton Park 

and Glens Falls, NY. The Glens Falls store was the first supermarket to use HFC-134a 
for its entire air-conditioning (A/C) and medium-temperature (med-temp) refiigeration 
loads. Aspen Systems, and a team of sixteen industry participants, conducted this 

project to determine the performance of HFC-l34a, HCFC-22, and CFC-502 for 

supermarket application. This effort constitutes the first phase of a larger project 
aimed at carrying out both laboratory and demonstration tests of the most viable HFC 
refrigerants and the refrigerants they replace. The results of the Phase I effort are 
presented in this report. The second phase of the project has also been completed and 
it centered on testing all viable HFC replacement refiigerants for CFC-502. These were 

HFC-507, HFC-404A, and HFC-407A. The Phase I1 results are published in the Phase 

I1 final report. 

The Phase I work concentrated on the then-available long-term candidates for the 
replacement of CFC- 12 and CFC-502 in supermarkets. These candidates were 
determined to be HFC-134a for medium- and high-temperature refiigeration and 
HCFC-22 for low-temperature (low-temp) refiigeration. The laboratory testing portion 
of the effort aimed at evaluating CFC-12, CFC-502, HCFC-22, and HFC-134a 

‘ I  
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refrigerants for both low- and med-temp refiigeration. These tests were conducted 

using a 40-hp open-drive screw compressor. 

The field-testing portion of the program was aimed at designing and installing 
refiigeration and A/C racks based on HCFC-22 and HFC-134a in two supermarkets, 
both Shop 'n Save stores, owned by Hanndord Bros. Co., of Maine. In the Clifton Park 

store, we retrofitted a CFC-502 low-temp refrigeration rack to HCFC-22. In the Glens 
Falls store, we demonstrated HCFC-22 in a low-temp rack and HFC-134a in med-temp 
and A/C racks. Each of these racks housed several different refrigeration systems 
based on different compressor technologies. The information collected detailed the 
refrigeration load and energy consumption of these refiigeration systems. 

RESULTS - LABORATORY TESTS 

The four refiigerants tested in the laboratory were CFC-502, HCFC-22, HFC-134a and 
CFC-12. CFC-502 and CFC-12 provided the baseline for comparison to the two 
alternative refiigerants. 

Each refiigerant was tested at -20°F saturated suction temperature (SST) and +20"F 
SST conditions. All tests were performed using a screw compressor. We strove to 

conduct each test with the appropriate internal volume ratio (Vi) for the compressor. 

Lack of time, however, did not pennit the testing of all combinations. HCFC-22 was 

tested with a V i  optimized for low-temp (3.6), and CFC-12 was tested with a V i  
optimized for med-temp (2.6). Hence, tests for HCFC-22 at +20"F and CFC-12 at -20°F 
SST were not performed with the optimum Vi. The tests with CFC-502 and HFC-134a 
were performed with both sets of Vi's. 

The measured capacities with each refiigerant are normalized to the compressor's 
displacement in the bar chart of Figure S-1. CFC-502 and HCFC-22 require similar 
compressor displacements at +20"F SST. The volume flow requirements for the two 

low pressure refiigerants, CFC-12 and HFC-134a are also similar at +20"F SST. At 
-20°F SST, HCFC-22 requires 20% more displacement for a specific load than CFC-502 
and 3 1% less than CFC- 12. 
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CFC-502 HCFG22 CFC-12 HFC134a 

Figure S- 1. - Normalized Refrigeration Capacities for 
Different Refrigerants 

Figure S-2 shows the energy efficiency ratio (EER) of the compressor with the four 
refrigerants, plotted against the saturated discharge temperature (SDT). The curves 
represent the results obtained at +20"F (med-temp) condition with the 2.6-Vi 

compressor. Since we had not obtained actual data with HCFC-22 for a 2.6-Vi, the 

HCFC-22 data obtained with the 3.6-Vi compressor were corrected using an 
adjustment factor calculated from the CFC-502 data The curves show similar 
performance for HFC-l34a, HCFC-22, and CFC-12. These refrigerants all enjoy a 
distinct efficiency advantage over CFC-502 at +20"F SST. 

Figure S-3 shows the -20°F SST performance of the 3,6-Vi compressor with CFC-502, 

HCFC-22 and HFC-134a The energy efficiency performance of the compressor is 

similar for all three refrigerants. Only at high SDTs (above 100°F) does the EER of 
HFC- 134a fall perceptively below that of CFC-502 and HCFC-22. This is a result of the 
exceptionally high pressure ratio (1 1.4@-20"F SST/ 110°F SDT) and the compressor's Vi 

which is much too low for this pressure ratio. 
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LABORATORY RESULTS 
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Figure S-2. - Comparison of Refrigerant Performance at 
+2VF with 2.6-Vi Compressor 

LABORATORY RESULTS 
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Figure 5-3. - Comparison of Refrigerant Performance at 
-2WF with the 3.6-Vi Compressor 
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Summary of Results and Conclusions of the Laboratorv Tests 

The following list summarizes some of the most important observations made during 

the laboratory testing: 

As expected, for a fixed compressor displacement, the HFC-134a refiigeration 
capacity at +20"F SST is 32% lower than that of HCFC-22 or CFC-502. The 
HFC-134a capacity is 3% greater than that of CFC-12. 

At +20"F SST, the system EER with HFC- 134a compared to CFC-502 was 
significantly better. The EERwas comparable for HFC-l34a, CFC-12, and 
HCFC-22. 

At -20°F SST, when compared to CFC-502, HCFC-22 exhibited 7% lower 
capacity. The EERs were comparable. HFC- 134a capacity was 46% lower than 
CFC-502 capacity. I ts  EER was similar to that of the other two reiiigerants 
below 100°F SDT. 

Even though at -20°F SST, HFC-134a is as efficient as CFC-502 and HCFC-22 
(below 100°F SDT), it is not an ideal replacement refiigerant for low-temp 
supermarket applications. This is due to its subatmospheric evaporator 
pressure and its prohibitively high pressure ratio. 

Improper volume ratio selection can have a severe negative impact on  the EER 
of a screw compressor. 

With screw compressors, oil dilution by HCFC-22 must be examined closely to 
ensure that the oil viscosity is adequate to seal between the lobes of the 
screws. POE oils are diluted more than mineral oils for a given viscosity. A 
significant penalty in capacity and EER will result if the viscosity of the oil 
injected between the rotors is too low. 

When changing oil in anticipation of a switch to an alternative refigerant such 
as HFC-l34a, a run time between purges of 200 hours appeared to mix the oils 
more thoroughly and minimized required oil changes. Mixing times on the 
order of 4 to 8 hours seemed insuflicient for a good purge. 

RESULTS - CLIFTON PARK CFC-502 TO HCFC-22 FIELD RETROFIT 

The Clifton Park store was selected for a CFC-502 to HCFC-22 retrofit because, during 
a previous project (lJ, we had already obtained extensive CFC-502 data on its 

low-temp rack. The low-temp (-20°F Sa) rack in this store is composed of two 
independent systems. The first, a semi-hermetic reciprocating compressor rack, is the 
store's original refiigeration system (the reference rack). The second, an open-drive 
screw compressor rack, was added for comparison testing of the two @pes of 

compressors on CFC-502. At the time, the store had been in operation for less than a 



year and its existing refrigeration systems were state-of-the-art. The Clifton Park store 

is located about 20 miles north of Albany, NY, and has a floor area of 62,000 sq. ft. 

I t  was decided to use a variable-kequency inverter to control the capacity of the screw 

compressor. This also afforded us the opportunity to test the reciprocating 
- compressors using a variable-ti-equency drive. As a result, we conducted a three-way 

test between: 

1. The screw compressor with variable speed capacity control (designated in this 
report as m. 

2. The reciprocating compressors with unloadercapacity control (UNLI, and 

3. The reciprocating compressors with variable speed (inverter) capacity control 
m. 

The changeover of the Clifton Park low-temp refrigeration system from CFC-502 to 
HCFC-22 was initiated on July 7,199 1, and was accomplished over two consecutive 
nights. A crew of seven service people was required. The UNL system was run for the 
first eight weeks of HCFC-22 operation while we converted the components of the 

screw compressor rack to HCFC-22. Oil analysis performed after the changeover 

showed no abnormalities. Refrigerant analysis indicated that the refrigerant in the 

system after the changeover was 99.9% pure HCFC-22. 

Figure S-4 depicts the history of the HCFC-22 refrigeration load for the Clifton Park 
store. I t  also provides a pictorial depiction of the switchovers between the different 

systems. The average weekly refrigeration loads of the three systems are essentially 
equal. Up to the first quarter of 1992, the refrigeration load averaged about 100 MBH. 
Afterwards, the average load noticeably decreased to about 90 MBH. The primary 

cause of the load reduction was that the store stopped using ice for many sections of 
their produce, reducing the demand on the ice machine. 

Figure S-5 shows the comparison of the curve fits of the HCFC-22 EER data for the 

three refrigeration systems. These curves indicate abnormal EER performance at low 
SDTs. To illustrate this, consider Figure S-6, which shows the CFC-502 results for the 
three systems. The performance of the low-temp rack on the two refrigerants is 
substantially different. With HCFC-22, all three systems exhibit a marked reduction 
in EER at SDTs below SOOF. This difference in performance between CFC-502 and 
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ASPEN SYSTEMS HCFC-22 DEMONSTRATION RESULTS 

WEEKS FROM START OF TESTING 

Figure 5-4. - History of the Weekly Refrigeration Load for the 
HCFC-22 Low-Temp Rack of the Clifton Park Store 

ASPEN SYSTEMS HCFC-22 DEMONSTRATION RESULTS 
15 

5 

0 
40 60 80 

SDT CF) 

100 

Figure 5-5. - Comparison of the HCFC-22 EER 
Performance for the Three Refrigeration 
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ASPEN SYSTEMS CFC-502 DEMONSTRATION RESULTS 
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Figure 5-6. - Comparison of the CFC-502 EER 
Performance for the Three Refrigeration 

HCFC-22 is due to the excessive cycling of the compressors with HCFC-22. The 
reason for this cycling is the lower flow rate of HCFC-22 at low ambient temperatures. 

The HCFC-22 reduction in EER at low SDTs is most pronounced for the INV, and least 

pronounced for the SCR. 

With HCFC-22, the UNL shows the best overall performanc, followed by the INV. The 
SCR is last. However, the situation was not ideal for the SCR, since we were using a 
150 Saybolt Universal Seconds (SUS) oil. This oil was selected based on the 

requirements of the reciprocating compressors (recips) as opposed to the screw 
compressor (screw) since the wear rates of the recips are supposed to be excessive at 
higher viscosities. Our laboratory results have shown that with a higher viscosity oil, 
the SCR performance can improve by an average of 5%. With CFC-502, the INV shows 

the best performance. Compared to the SCR, the UNL has a higher EER above 60°F 
SDT, while the SCR has a distinctly higher EER below 60°F SDT. 



' - I 

The CFC-502 performance for the INV follows the general pattern of EER/SDT 

dependence for positive displacement compressors. The HCFC-22 performance is 

similar to that of CFC-502 above 80°F SDT. The EER of the SCR is generally lower for 

HCFC-22, which is in agreement with our laboratory results. The laboratory tests have 

shown that, with 68 centistokes (300 SUS) mineral oil, the screw compressor's 

low-temp EER performance deteriorates when switching to HCFC-22. Only after we 

switched to substantially higher-viscosity (1500 SUS) polyolester (POE) oil, did we 

obtain equivalent CFC-502 and HCFC-22 EER performance. In Clifton Park, this 

problem is compounded by the use of 150 SUS mineral oil. As a result, the screw in 
Clifton Park performs even worse than the screw in the laboratory running on 300 SUS 

mineral oil. For the UNL system, above 50°F SDT, the HCFC-22 performance is better 

than or equal to that of CFC-502. 

Summary of Results and Conclusions of the Clifton Park CFC-502 to HCFC-22 
Conversion 

The conversion of the low-temp rack in Clifton Park from CFC-502 to HCFC-22 
was accomplished over two nights. 

The average HCFC-22 refrigeration load was 100 MBH and was not different 
from the CFC-502 refrigeration load. 

Compared to CFC-502, the HCFC-22 EER performance improved for the UNL 
and deteriorated for the SCR. 

With HCFC-22, the most efficient system was the UNL followed by the INV and 
the SCR. In contrast, with CFC-502, the most efficient system was the INV. In 
terms of efficiency, the SCR and UNL have similar seasonal performance. 
However, the UNL consumes less power. This is due to the additional 
refrigeration load carried by the screw as a result of the mechanically 
subcooled liquid lines. 

All three systems operated less stably with HCFC-22 compared to CFC-502. 
This is due to the lower mass flow rates associated with HCFC-22. 

The HCFC-22 performance of the SCR was lower than the results obtained in 
Aspen Systems laboratory. The cause of the lower performance is the low 
viscosity of the oil used in Clifton Park. 

The conversion was successful. The systems performed reliably and, in some 
cases, we observed improved performance compared to CFC-502. 
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RESULTS - GLENS FALLS HFC-134a AND HCFC-22 FIELD TESTS 

The Glens Falls Shop 'n Save superstore was designated as a demonstration site for 

advanced, non-CFC refrigeration systems in its design stage. Completed in March of 
1992, the store employed HFC-134a for its A/C and med-temp systems and HCFC-22 

for its low-temp system. The 63,000-ff store operates 24 hours a day. In addition to 
the testing of alternative refrigerants, merent compressor technologies were tested. 
The med-temp system was tested with open-drive recips, semihermetic recips, and 
open-drive screw compressors. The low-temp system was tested with open-drive 
screws from two different manufacturers as well as semihermetic recips. The A/C rack 
used open-drive recips. All compressors, except those on the A/C rack, used 
variable-frequency drives for capacity control. 

Each system was fully instrumented to allow measurement of operational parameters 
and energy efficiency. Data collected from these systems were used to establish 
seasonal performance and electric power demand. Materials performance issues such 
as component reliability and oil/refrigerant compatibility were also addressed. Oil 
samples from each system were analyzed on a regular basis to identify excessive 
contamination, decomposition, chemical shifts, wear, or other long-term compatibility . 
problems. 

A summary description of the A/C and refrigeration systems at the Glens Falls Shop 'n 
Save store is shown in Table S- 1. The arrangement of the refrigeration systems in 
Table S- 1 is schematically illustrated in Figure S-7. The low-temp rack has two 
suction groups, -25°F and -15"F, which share a common oil separator, condenser, 
reclaim coils, receiver, and liquid pump. For the tests described in this section, the 
low-temp refrigeration system had one Howden open-drive screw compressor, two 
Carlyle open-drive screw compressors, and two  Carlyle 06ER175 semihermetic recip 

compressors. 

The med-temp rack also has two suction groups, +20"F and +15"F. The +20"F group 
includes three Bitzer 6H2 open-drive reciprocating compressors, four Carlyle 06EM 175 
semihermetic reciprocating compressors, and three Howden-9 lmm open-drive screw. 

compressors. The +15"F med-temp system has two Carlyle 5H40 open-drive 
reciprocating compressors. 

_-. . 
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Table S-1. Description of the Refrigeration Systems 
in the Glens Falls Test Store 

I +WFMed-temp I HFC-1% I 239 I 4 
I +2O0FMed-tem~ I HFC-134a I 540 I 5 

I I I 1 7  
Air Conditioning I HFC-1% I 1200 I 8 

Legend: Open - Open-Drive; Semi - Semihermetic; AE 

LOW-TEMP 
CONDENSER 

. .  

I I I 

- Alkylbenzene; POE - Polyol Ester 

MED-TEMP 
CONDENSER 

AIC 
CONDENSER 

*DISPLAY I CASES 

Figure 5-7. Arrangement of the Refrigeration Systems 
in the Glens Falls Test Store 

The A/C rack serves one +40°F suction group. The A/C for the store is supplied by 5 
roof-mounted air handlers. The heating load is met with heat reclaim from the 
refkigeration racks and by gas heaters. The cooling load is met using outside air when 
the outdoors ambient temperature is below 70°F. Above this temperature, the 
HFC-134a-filled A/C rack provides the required mechanical cooling. 
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The following tests were conducted on a continuous basis: 

The +20"F system was alternated between each bank of compressors every 
week. The collected data allowed optimization and comparison of the three 
different compressor configurations. 

The compressors on the low-temp rack were alternated between the -15OF and 
-25°F suction groups on a weekly basis. As on the +20"F systems, the 
compressors' performance was optimized and compared. 

The +15"F system was continuously monitored. The A/C rack was monitored 
when it was in operation during the cooling season. 

Oil samples were taken on a regular basis from each system. Samples were 
analyzed to determine if there was excessive contamination, decomposition, 
chemical shif€s, wear'or other long-term compatibiliiy problems between the 
refigerant, oil, and system components. 

A massive amount of data was collected during these tests. We used the second-order 
curve fits of the EER data to calculate the annual EER (AEER) of the refrigeration 

systems. The analysis utilized bin temperature data fkom Albany, NY (8). 

We also examined the life cycle cost (LCC) of the different options that were tested. 
The economic analysis performed is described in Appendix B. The economic 
descriptors calculated were: the LCC, the net present value savings (NPVS), the return 
on investment (ROI), and the simple payback period. Table S-2 lists the values used 
for this analysis. 

Low-Temp Rack Test Results 

Several operational issues concerning L e  results for the Carlyle open-drive screw 
compressors have cast doubt over the validity of the data obtained with these 

compressors. The low-temp results presented are, therefore, limited to the Howden 
open-drive screw and Carlyle semihermetic reciprocating compressors. 



Table S-2. - Parameters Used in the Economic 
Analysis 

DISCOUNT RATE 
COST OF ELECTRICITY 
ELECTRICITY ESCALATION RATE 
MAINTENANCE COST (RECIPS) 

7 % 
0.1 $/KWHR 
5 %NR 

1000 $NR 
 MAINTENANCE COST (SCREWS) I 900 I -m 
SALVAGE VALUE 
SYSTEM LIFE 

 MAINTENANCE COST ESCALATION I 5 I % T I  
500 $ 

15 YR 

Refrigeration Load = 120 MBH. 
Minimum SDT = 4OOF. 

Albany bin temperature data used for analysis. 

For the low-temp analysis, the semihermetic recip was chosen as the base system. 

The semihermetic recip is the industry standard for supermarket refigeration. The 
low-temp analysis shown in Table S-3 clearly indicates that the screw compressor has 
a higher AEER and a lower annual operating cost. 

Table S-3. Annual Energy Usage and Cost of Glens Falls 
Low-Temp Refrigeration Systems 

Albany bin temperature data used for analysis. 
Cost based on 0.10 $/kw-hr Ilncludincr demand charaes). 

ISemihermeticRecip I 3 I 8.33 I 126263 I 12626- I BASE 

Cost based on 0.10 $/kw-hr (Including demand charges). 
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Table S-4 summarizes the economic comparison of the semihermetic recips and the 
open-drive screw compressor on the -25°F and -15°F loads. The open-drive screw has 

a significant advantage over the semihermetic recips. The payback period of 
approximately three years may be attractive to a supermarket, given the reduced risk 

of compressor failure due to liquid slugging and consequent food spoilage. 

Med-Temp Rack Test Results 
- 

The results of the bin temperature analysis for the +20°F systems are presented in 
Table S-5. The AEER for the open-drive reciprocating compressors is 14.82. For the 
semihermetic reciprocating compressors the AEER is 13.39. On the basis of these 
figures, the annual operating cost savings of the open-drive system versus the 

semihermetic system is about $1600 based on $O.lO/kWh, including energy and 
demand costs. 

The reason for the poor performance of the screw compressors was the improper 
selection of their Vi's. The optimum (desired) Vi for all three screws would have been 
2.6. Of the three compressors installed in the +2OoF system, however, two had a Vi of 

3.6 and one had a Vi of 5.0. There is a significant energy and cost penalty associated 

with the improper Vi selection of the +2WF screw compressors. In terms of AEER, 
selecting the wrong Vi results in 16% higher energy consumption. As shown in Table 
S-5, the annual EER based on the field data is 13.01, whereas the laboratory data 

obtained with the proper Vi yield an AEER of 15.1 1. This emphasizes the importance 

of selecting the correct Vi when installing a screw compressor. Unless a refrigeration 
system is selected and installed correctly, it will not yield the expected energy 
efficiency that an engineering analysis predicts. 

Table S-6 summarizes the economic comparison of the three compressor types o n  the 

+20"F system. The open-drive recips, despite their clear EER advantage, may not be 
economically justifiable due to the 6 years required to p.ay back the additional capital 
cost. 



Table S-4. Economic Comparison of Low-Temp 
Refkigeration Systems Using HCFC-22 

Minimum SDT = 65'F. 
Albany bin temperature data used for analysis. 
Cost based on 0.10 $/kw-hr (Including demand charges). 

I I 

Open-Drive Screw 26000 I 11824 I 900 500 190.5 8672. 35.9 3.3 

Minimum SDT = 65°F. 
Albany bin temperature data used for analysis. 
Cost based on 0.10 $/kW-hr (Including demand charges). 
(a) Energy usage based on laboratow performance. 

Table 5-5. Annual Energy Usage and Cost of Glens Falls 
Med-Temp Refrigeration Systems 
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Table S-6. - Economic Comparison of Med-Temp +20"F 
Refrigeration Systems Using HFC- 134 

OPEN - RECIP 38327 148.9 1000 500 243.8 11255 20.6 5.9 
OPEN - SCREW 45821 169.7 900 500 276.8 -21784 - H+t 

OPEN-SCREW* 45821 146.1 900 500 246.4 8666 13.5 8.6 
I* based on lab resub wiul orooeriv selected mioressor vi 

In this analysis, the open-drive screws show poor field performance when the results 
fiom the improperly selected compressors are used. An evaluation based on  the 

laboratory results is also shown, to illustrate the potential economic benefit when the 
screws are properly selected. However, even with the proper Vi, the payback period of 
8.6 years hardly justifies the additional capital cost. 

A/C Rack Test Result& 

From its start-up, the air conditioning refiigeration rack had several operational 
problems. These problems included improper selection of theraml expansion valves 
(TXVs) and distributor orifices for HFC-134a operation, flooding of compressors, the 
high pressure difference across the licpid pump, and a substantial pressure loss in the 

racks suction line. 

The performance results of the A/C rack are not completely reliable since few data 
were collected after its operational problems were corrected. The measured 

instantaneous EER data available were significantly lower than expected. The most 
likely cause for this was the cycling of the compressors and large swings in SST. 

As there were several operational issues concerning the A/C rack, we are unable to 
calculate a reasonable seasonal EER value for this rack. 
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Summarv of Results and Conclusions of the Glens Falls HFC-134a and HCFC-22 
Field Tests 

All refiigeration systems in the Glens Falls store operated well and within expected 

performance range. On a rack-by-rack basis, the following summarizes the results we 

obtained. 

Low-Temp 
' I  

We did not expect and did not experience any problems with the low-temp 
HCFC-22 system. The data collected for the Howden screw compressor show 
similar performance to Aspen Systems' laboratory data 

The screw compressor provided 7% better AEER than the recips for both -25°F 
and - 15°F suction groups. Economic analysis indicates a payback period of 
about three years. 

Med-Temp 

Our experience with HFC-134a in the med-temp rack has been extremely 
favorable. We have observed no incompatibility problems between HFC- 134% 
its POE lubricant, and the rest of the system. HFC-134a appears to be a 
trouble-free long-term refrigerant replacement for med-temp refiigeration. 

All compressor systems on the med-temp rack performed as expected except for 
the screw compressors. The open-drive reciprocating compressors showed the 
best AEER at 14.82 Btu/W-hr. 

Q The Vi of the open-drive screws was not optimized. According to our laboratory 
results, with the correct Vi, the open-drive screws would have performed at 
least as efficiently as the open-drive reciprocating compressors. 

Economic analysis indicates lengthy payback periods for the open-drive recips 
and open-drive screws compared to semihermetic recips. 

Air-conditioning 

From its start-up, the A/C refiigeration rack had several operational problems. 
These problems included improper selection of TXVs and distributor orifices 
for HFC-134a operation, flooding of compressors, the high pressure difference 
across the liquid pump, and a substantial pressure loss in the rack's suction 
line. 

Q The measured EER for the A/C rack was significantly lower than expected. The 
most likely cause for this is the cycling of the compressors and large swings in 
SST. 

e The performance results of the A/C rack are not completely reliable since few 
data were collected after its operational problems were corrected. 
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DESCRIPTION OF THE R&D PROJECT 

A s  the deadline approaches for the complete phase-out of production of CFC 
refrigerants, the supermarket industry is faced with the uncertainties regarding 
alternative refrigerants and their effect on system design and efficiency. The New York 
State Energy Research and Development Authority Energy Authority (NYSERDA), the 
Empire State Electric Energy Research Corporation (ESEERCO), and the Electric Power 
Research Institute (EPRI) have cosponsored a project to design and test supermarket 
refrigeration systems that use alternative, non-CFC, refrigerants. The demonstration 
sites for the project were in Clifton Park and Glens Falls, NY: The Glens Falls store is 
the first supermarket to use HFC-134a for its entire air-conditioning and medium 
temperature refrigeration loads. Aspen Systems and a team of sixteen industry 
participants conducted this project to determine the performance of HFC- 134a, 
HCFC-22, and CFC-502 for supermarket application. This effort constitues the first 
phase of a larger project aimed at carrying out both laboratory and demonstration tests 
of the most viable HFC refrigerants and the refrigerants they replace. The results of the 
Phase I effort are presented in this report. The second phase of the project has also 
been completed and it centered on testing all viable HFC replacement refrigerants for 
CFC-502. These were HFC-507, HFC-404AY and HFC-407A. The Phase I1 results are 
published in a separate report. 

The proposed work concentrated on the then available long-term candidates for the 
replacement of CFC-12 and CFC-502 in superniarkets. These candidates were 
determined to be HFC-134a for medium- and high-temperature refrigeration and 
HCFC-22 for low-temperature refrigeration. The work plan aimed at designing and 
installing refrigeration and air-conditioning racks based on these refrigerants in two 
supermarkets. The information collected detailed the refrigeration load and energy 
consumption of several different refrigeration systems using these ozone-friendly 
refrigerants. This effort also supplied performance data on one supermarket 
air-conditioning rack using HFC-134a. 
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refrigerants. This effort also supplied performance data on one supermarket 

air-conditioning rack using HFC-134a 

The supermarket chain sponsoring the project was Hannaford Bros. Co., of Mahe. 
Since its inception, this program was supported by several refrigeration equipment 
manufacturers. Because of its increasing importance and visibility, additional 

manufacturers of related equipment became active participants in this project during 
the first year. The major participants, other than the sponsors, the supermarket 
chain, and Aspen Systems, were as follows: 

ALCO Controls- Valve Manufacturer 

Allied Signal, Inc. - refrigerant manufacturer 

Brown Engineering/Bitzer Compressors - compressor manufacturer 

Carlyle Compressor Company - compressor manufacturer 

Castrol, Inc. - lubricant manufacturer 

CPI Engineering Services, Inc. -lubricant manufacturer 

Demand Defkost Systems - defrost control manufacturer 

Eastern Heating and Cooling, Inc. - installation contractor 

E.I.L. Instruments, Inc. - control system manufacturer 

Hannaford Brothers - owner of the Shop h Save supermarket 

Hill Refiigeration - display case manufacturer 

Howden Compressors, Inc. - compressor manufacturer 

Niagara Mohawk Power Corporation - local electric utility 

Phoenix Refrigeration Systems, Inc. - refrigeration system manufacturer 

Spectronics Corporation - leak detection system manufacturer 

Sporlan Valve Company - valve manufacturer 

The above companies have contributed substantial amounts of equipment and services 
to this project. As a result of their contribution, we have been able to triple the scope 
of the project with only a relatively small increase in outside funding. 



PHASE I SCOPE OF WORK 

The objectives of this project were to develop, evaluate, and demonstrate the most 

suitable environmentally safe refrigeration systems for the low-temperature 

(low-temp), medium temperature (med-temp), and air-conditioning (A/C) loads of a 

supermarket. The program was designed to test refigeration racks based on screw, 

semi-hermetic reciprocating, and open-shaft reciprocating compressors. 

The work plan for the Phase I of this effort included the following tasks: 

1. Design and build a satellite rack in Aspen Systems' laboratory based on an 
open-shaft screw compressor to complement our  existing refrigeration test 
fac;litr. Use this laboratory setup to establish the comparative performance of 
screw compressors utilizing CFC-12, CFC-502, HCFC-22, and HFC- 134a 
refrigerants. 

2. Replace the CFC-502 in the -20°F rack at the Clifton Park supermarket site 
with HCFC-22, and carry out field tests comparing the two refrigerants. 

3. Design a mechanical center to house the entire refigeration and air 
conditioning systems of a second supermarket. Design the two low-temp racks 
(-15°F and -25°F) to operate on HCFC-22 and the two med-temp racks (+15"F 
and +20"F) and the air conditioning rack (+40"F) to operate on HFC-134a 
Design the +20"F med-temp rack to be composed of three systems, each 
capable of serving the entire +20"F refigeration load. Base the three systems 
on screw, open-shaft reciprocating, and semi-hermetic reciprocating 
compressors. Instrument and monitor all three racks. 

4. Obtain test results from the HCFC-22 rack of the first supermarket site and all 
the racks (HCFC-22 and HFC-1344 of the second site for at least one year. 

5. Prepare a Phase I Final Report detailing the results of the laboratory and 
demonstration testing. 

The work plan was based on two demonstration projects in two separate 
supermarkets. The first supermarket, a superstore located in Clifton Park, NY, had 

been the test site for a previous contract with NYSERDA to demonstrate a screw 
compressor refrigeration rack in a supermarket running on CFC-502 a. As a result of 
this previous effort, we already had an  instrumented, functioning, low-temp rack in 

Clifton Park. This installation included the following: 

A low-temp (-20°F) reciprocating compressor system composed of two Carlyle 
semi-hermetic compressors with unloaders. 

A low-temp (-20°F) screw compressor rack composed of one Howden open-shaft 
compressor without unloaders. 

Two Com-Trol and one EIL energy management systems capable of processing 
192 data points. 
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One SO-hp variable-speed inverter capable of running either compressor set 
independently. 

AU instrumentation necessary to evaluate the performance of the system. 

Either the screw or the reciprocating compressor system was capable of satisfying the 
-20°F refrigeration load of the supermarket. The variable speed inverter was used to 
control the capacity of the screw compressor system. The reciprocating compressor 

system was operated in two distinct modes: a) with unloader capacity control, and b) 
with inverter capacity control. The load was switched on a weekly basis from the 

screw compressor to the reciprocating compressors running on unloaders to the 
reciprocating compressors running on the inverter. This allowed a performance 
comparison between the three different modes of operation. The -20°F load was only a 

portion of the total low-temp refrigeration load. The other low-temp suction groups 
were -25°F and -35°F. These were not part of the test and were not instrumented. 

The second site was a superstore located in Glens Falls, NY, all of whose refrigeration 
systems were dedicated to this project. Table 1-1 lists the compressors used for each 

of the systems in Glens Falls. 

Table 1-1. - Description of the Refkigeration Racks 
in the Glens Falls Store 

-25OF or -1 5OF LOW-TEMP SYSTEM (HCFC-22) 
Two Carlyle 33 cfrn Open-Drive Screws 
One Howden 91 rnrn Open-Drive Screw 

Two Carlyle 5H40 Open-Drive Recips 
+2OoF MED-TEMP SYSTEM (HFC-134a) 
Three Howden 91 rnrn Open-Drive Screws 
Three Bitzer 6H2 Open-Drive Recips 
Four Carlvle 06EM175 Serniherrnetic Recips 

+4OoF A/C SYSTEM (HFC-134ar 
Three Bitzer 6F2 and One Bitzer 4H2 Open-Drive Recips 
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The three low-temp systems were rotated on a weekly basis between the -15°F and 

-25°F refrigeration loads. The med-temp +20"F load was served by a different 

compressor group each week. The two other compressor groups were idle. AU 
compressor systems except the +40"F A/C system were controlled by variable-speed 
drives. The entire store was instrumented and the data was collected by an EIL energy 

management system and a high-precision data logger. The Clifton Park test was 

completed by June 1993, while the Glens Falls test continued until April 1994. 
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LABORATORY TESTING 

Section 2 

IN THIS SECTION 

DESCRIPTION OF THE LABORATORY TEST SETUP 

SCOPE OF WORK 

TEST RESULTS 

OIL MANAGEMENT 

REFRIGERANT CONVERSION ISSUES 

SUMMARY 

DESCRIPTION OF THE LABORATORY TEST SETUP 

Aspen Systems' laboratory refrigeration test setup consists of two screw compressor 
racks. The larger one is based on  a SO-hp vertical hermetic Dunham-Bush screw 

compressor (2J. The smaller rack uses a 40-hp horizontal open-shaft Howden screw 

compressor. The smaller, open-drive rack was used for the HFC-134a tests 
performed for this project. This rack shares the same condenser, receiver, 

evaporators, and heat source as the larger rack. The setup was designed to obtain 
accurate and reliable test data for the refrigerants being tested. In this section, a 

comprehensive description of the laboratory setup is presented. 

Description of the HFC-134-a Rack 

The piping and instnunentation diagram for the HFC-134a portion of the rack is 

presented in Figure 2-1. Figure 2-2 shows aphotograph of the HFC-134arack with 

the larger vertical hermetic rack in the background. The major components of the 
laboratory system consist of the open-drive screw compressor, its drive motor, 
variable-frequency drive (VFD) and controller, two chillers, an economizer heat 
exchanger (subcooler), a receiver, an oil cooler, an oil separator, a gas-fired boiler, an 

air-cooled condenser, and a display case. All but the last three items are mounted 
on the screw compressor rack. Figure 2-3 shows how the screw compressor rack is 
connected to the condenser, display case, brine chillers, and the economizer 
subcooler. The condenser is installed on the roof, while the display case and 
gas-fired boiler are located adjacent to the refrigeration rack. 
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Figure 2-1. - HFC-134a Laboratory Test Rack Piping and Instrumentation 
Diagram 

Figure 2-2. - Aspen Systems' HFC-134a Laboratory Test Rack 
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Figure 2-3. - Aspen Systems’ Refrigeration Facility Piping 
and Instrumentation Diagram 

The heat input for the relkigeration cycle is from an ethylene glycol brine loop. The 
major components of the brine loop are the gas-fired hydronic boiler and its 
circulating pump. The boiler is sized to provide the heat removed by the chillers. 
The pump circulates a 45% solution of ethylene glycol and water that withstands 

freezing to -25°F. 

Two chillers were included to account for the large variation in refrigeration load 

experienced by the system. During these tests, the system’s capacity varied from 

59 MBH to 264 MBH, depending on the refrigerant used and the test conditions. 
Thus, the design incorporates two chillers, each capable of handling half the 
maximum load. 
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A solenoid valve can automatically isolate one of the chillers from the circuit. The 
display case is used to measure the effect of different refrigerants and lubricants on 
the heat transfer rate in the evaporator coil. I t  can also be used to determine the 

effect of hot gas defrost on system performance. The major components of the 
laboratory test stand are described below. 

Screw Compressor. The screw compressor was a 9 1-mm "Hummingbird" 

compressor manufactured by Howden Compressors. The compressor is an 
open-drive, oil-injected unit with a built-in two-element oil separator. Two different 
versions of this compressor were used during testing. Their specifications are as 

follows: 

Model No. .................................................... MK3WCVF9 1 
Maximum rpm ....................................................... 5000 
Displacement (4000 rpm) ........................................... .73 c h  
Internal Volume Ratio .................................................. 3.6 

Model No. .................................................... MK4WCVF9 1 
Maxim.um rpm ....................................................... 5000 
Displacement (4000 rpm) ........................................... .73 c h  
Internal Volume Ratio .................................................. 2.6 

The two compressors had different internal volume ratios (Vi's) to match the pressure 
ratios of the different refr-igerants at the med- and low-temp operating conditions. 
For an ideal gas undergoing isentropic, reversible, adiabatic compression, the Vi can 
be calculated as follows: 

where 

yi 

P,,, = suction pressure, 
Pdh = discharge pressure, and 
k-= ratio of specific heats. 

The Vi should be selected in order to optimize the annual energy efficiency ratio 
(AEER) of the system. This mandates that the Vi be selected for a saturated 
discharge temperature (SDT) that is substantially lower than the design SDT. When 

the Vi is selected at the design condition (typically 110°F SDT in the Northeast) the 
compressor will run less efficiently at all conditions below the design condition. 
Since over 90% of the compressor operating hours are spent at SDTs well below the 
design condition, the Vi should be optimized for a time-averaged SDT. 
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In New England, a typical med-temp system (20°F saturated suction temperature 

[SST]) with floating-head condenser control would operate at a time averaged SDT of 
75°F. For these conditions, the compressor Vi that most closely matches the desired 

Vi is 2.6. 

For a low-temp application with floating head condenser control, the Vi should be 

selected for an average SDT of 65°F. At -20°F SST, the desired compressor Vi would 

be 3.6. 

Besides featuring Werent Vik, the compressors are also constructed differently. 

The MK3 compressor is the one described under ."Compressor Optimization" below. 
The MK4 compressor includes all the revisions described therein and several other 

improvements that increased its capacity and EER, including larger ports. Our tests 

with HFC-134a on the MK4 indicated a 3.7% increase in EER and a 5.8% increase in 

capacity over the MK3 at +20"F SST, 110°F SDT. 

Motor. A high-efficiency, induction motor manufactured by Baldor is used to drive 

the screw compressor. The motor is balanced for operation up to 4500 rpm. The 

remaining specifications for the motor are as follows: 

Motor Model No. ................................................. EM2538T 
Nominal Rating ..................................................... .40 hp 

Max. Efficiency ........................................................ 92% 
Type .................................................... Open Drip-Proof 

Controller. The rack uses an EIL RC-1000 to control the variable-speed drive and 
maintain a constant system suction pressure. The RC-1000 uses a conventional 

proportional-integral-derivative (PID) algorithm to perform this task. However, the 
RC-1000 could not operate the rack on HFC-134a at operating conditions below 

- 15°F evaporator temperature. Below -15"F, the saturated pressure of HFC-134a is 
sub-atmospheric. The suction setpoint of the RC-1000 cannot be set to avacuum. 

Hence, we obtained and installed a stand-alone PID controller that accepts an 
absolute pressure setting. This controller allowed us to map the performance of the 

rack with HFC-134a at SSTs below -15°F. 

Variable-Frequencv Drive. A constant-torque, variable-speed inverter 

manufactured by Allen Bradley was used to control the speed of the compressor 
drive motor. The inverter was oversized by 25% to accommodate the expected power 
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consumption of the rack using the different refrigerants. The specifications of the 

inverter are as follows: 

Model No. ......................................... 1336-BOSO-EAG-FM-L3 
Nominal Rating ..................................................... .SO hp 
Type .................................................... Sinusoidal FWM 
Max. Rated Efficiency ................................................. 98% 

Condenser. The condenser is an air-cooled, direct-drive unit manufactured by 

Dunham-Bush. The condenser specifications are as follows: 

Model No. ........................................... LSBC-242D-ARFNN8N 
Heat transfer rating ...................................... 2 1,200 Btu/"F/hr 
Fan power ........................................................ 3.92 kW 
Number of fans .......................................................... 4 
Weight ............................................................ 1290 lbs 
Dimensions .................................................. 88x88~49 in. 

In addition, the condenser is equipped with fan cycling contactors that can be cycled 
by the control system. 

Brine Chillers. The brine chillers are shell-and-tube units manufactured by 

Dunham-Bush. They consist of a stainless steel housing and inner-finned copper 

tubing. The stainless steel housing was specified by Dunham-Bush for low-temp 
application. The specifications of the chillers are: . 

Model No. ............................................... CHSK-7601A-JJ-T 
Rating at 9°F approach and lO"F.range, for water ..................... 42 ton 
Rating with ethylene glycol .......................................... 20 ton 
Brine side pressure drop ........................................... .3.5 psi 
Insulationthickness .................................................. 2 in 
Weight ............................................................. 397 lbs 
Dimensions ............................................ 12-3/8 Dia x 74L in 

Display Case. The display case is a co&-type unit manufactured by Hill 

Refiigeration. I t s  specifications are: 

Model Number ...................................................... NZ8FK 
Refrigeration Load at -20°F .................................. 11,200 Btu/hr 
Usable Internal Volume ...................... i .................. 27.7 cu ft  
Length ...... .: ......................................................... 8 ft 

The display case came equipped with a hot gas deli-ost check valve. 

Receiver. The receiver is a horizontal unit manufactured by Standard Refrigeration: 

Model No. ................................................... 96 105 

Dimensions ......................................... .96L x 1 lDia  in 
Refrigerant Capacity (CFC-502) .............................. 269 lbs 
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Hvdronic Boiler. The boiler is a gas-fired Unit manufactured by Edwards 

Engineering. ' The specifications for the boiler are: 

Model Number ............................................. V500MC 
Input Heat Rating ......................................... 500 MBH 
Output Heat Rating ....................................... 400 MBH 
Dry Weight ................................................ 1100 lbs 
Dimensions ......................................... 53H x 30Dia in 

The boiler package includes a circulating pump, a natural gas pressure regulator, 

and controls. 

Economizer Subcooler. In order to improve the energy efficiency of the screw 

compressor, its economizer port was used for mechanical subcooling. The selected 

subcooler was a shell and tube heat exchanger manufactured by Dunham-Bush. 

This Unit was connected in a counter-flow configuration. The subcooler was initially 

installed horizontally, but was later mounted vertically with the thermal expansion 
valve (TXV) feeding from the bottom, resulting in an upward flow of refrigerant 
evaporating in the tube side. The specifications for the subcooler are: 

Model No. .................................................. SCOO4243AOOU 
Max. Load ........................................................ 36 MBH 
Dimensions ................................................ 4.2Dia x 36L in 

Oil Cooler. The air-cooled oil cooler is manufactured by Dunham-Bush. The copper 

tubes in this particular oil cooler are inner-finned, making it one of the most effective 

units on the market. The oil cooler fan is controlled by a thermostat that was 
initially set at 140°F. The oil cooler's specifications are: 

Model No. ......................................................... DB-22-4 
Oil flow rate ........................................................ G a m  
Heat rejection at 50°F DT ......................................... 14 MBH 
Dimensions ........................................... 16H x 20W x 18D in 
Fan motor rating ................................................... 1/ 4 hP 

Oil Semuator. The rack uses an  AC&R helical oil separator that was specially 
designed for screw compressor application. We have found that this unit is 
considerably more efficient than traditional coalescing oil separators. The 
specifications for the oil separator are: 

Model No. .......................................................... S-5292 
Capacity (HCFC-22 @ 20°F SST) .................................. 265 MBH 
Dimensions ................................................ .6Diax 18H in .. 

' I  
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Instrumentation 

The laboratory test rack was fully instrumented to ensure accurate and reliable 
performance evaluation of each refrigerant we tested. Table 2- 1 lists the 

instrumentation used in the rack. Table 2-2 lists the type of performance data we 
obtained. 

The most critical instruments were those used to measure the power and 

refrigeration load of the rack. For measuring the electric power, we used two-stator 
polyphase G.E. Watt-hour meters with a pulse output. Since these meters are the 
kind used by utilities, they most acc-ately reflect electric utility charges. The 

refrigeration load measurement was accomplished with three high-accuracy 
instruments: the two brine loop thermistors and the brine loop flow meter. The 
thermistors are precision interchangeable devices with 0.18"F accuracy. The brine 
loop flow meter was calibrated at three different brine temperatures. The load was 

also checked against an energy balance made possible by orifice plate flow meters in 
the refrigerant loop. These independent load measurements allowed us to have a 

high degree of confidence in our data 

SCOPE OF WORK 

The laboratory testing phase of this project consisted of the following major tasks: 

Modification of our existing refrigeration test rack. 

Verification of the instrumentation. 

Optimization of the Howden screw compressor. 

Optimization of system performance. 

Baseline testing with CFC-502 and CFC-12. 

Testing of alternative refrigerants HCFC-22 and HFC-134a 

Each of these major tasks is described separately below. 
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Table 2- 1. Refrigeration System Instrumentation 

Vapor Injection Orifice Flow Meter 
Display Case Flow Meter 
Brine Loop Flow Meter 
,Liquid Line Flow Meter 
bornpressor Wattmeter 

p 
5- 

Foxboro OP-FTT-304-300-2 
Fluidyne 214-200 
Signet Sci. MK-515-PO 2NPT . 
K Flow K-250 
G.E. 700x1 G79 

Thermocouples (9) 
,Brine Loop Thermistors (2) 

- 

Data Acquisition 
Computer 

IMultiplexer 
~ Data-Logger 

Omega TMQSS-12SU-6 4 Foxboro OP-FTT-304-300-3 

ON-91044034 
Rosemount 1151GP7E12M1B1 
Rosemount 1151DP7E12M1B1 

Compuadd 286120MHZ 
Campbell Sci. 21x 
Campbell Sci. AM32 

I 6- IDischarge Orifice Plate Flow Meter IFoxboro I OP-FTT-304-300-2 I 

7- 
8- 
9- 

I 7- 

Mechanical Subcooling 
Compressor Efficiencies 
Electric Drive Efficiency 

I O -  

1 I- 
12- 

~~ 

E l c o n d e n s e r  Wattmeter ~ l0Sl 

Drive Frequency 
Suction and Discharge Superheat 
Vapor lniection Benefit 

I PC5-158 I 
Isensor Developments I 01100 I 

Table 2-2. Test Information Obtained from the 
Laboratory Test Setup 

Refrigeration Cycle State Points 

Refrigeration Capacity 
EER 

1- -vapor& Heat Transfer Rates 
I 

~~ I 6- ]Ambient Subcooling 

1-13-- I Condenser Power I 
1 14- lOil Analvsis I 
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Rack Modifications 

As part of this effort, we designed and built the HFC-134a rack to be coupled with 
our existing vertical screw compressor system. A detailed description of this rack is 

included above. This section describes the additions and modifications performed on 
the rack during our experimentation. 

An oil chamber was included to allow for measurement of oil carryover from the 

compressor. As  shown in Figure 2- 1, this chamber was connected to the oil outlet of 
the separator, the discharge line, the suction line, and the oil reservoir. During oil 
carryover tests, the oil from the separator is diverted to this chamber. While the oil 

is being collected, the chamber is vented to the suction line to remove the trapped 
refrigerant. The amount of oil collected during a specific time period is recorded 

using a calibrated sight glass. When measurements are completed, discharge 
pressure is used to return the oil to the oil reservoir. 

Initially, the Howden compressor, oil reservoir, and oil cooler were filled with a 

68-cSt (300-SUS) mineral oil and the rack was charged with CFC-502. 

During the CFC-502 testing a VFD was added to the condenser fans. This provided 

better control of compressor discharge pressure during testing. 

The original, standard design oil separator was replaced with the helical oil separator 

(described above) after the CFC-502 testing was completed. 

Verification of Instrumentation 

The existing instrumentation was augmented by several additional sensors and the 

data collection system was upgraded. The existing Hewlett Packard 75D laptop 

computer/ calculator-based system was time-consuming for processing and storing 

the data. The data acquisition and storage program was rewritten to utilize a 
286-based personal computer. This allowed the creation of MS-DOS ASCII files that 
could be easily processed by the data reduction program. 

The instrumentation was then verified to ensure its accuracy. We checked the 
Watt-hour meter with a voltmeter and a true root-mean-square ammeter using the 
power factor curve supplied by the motor manufacturer. The pressure transducers 
were calibrated at the beginning of testing and as required during testing. 
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For final verification, the Dunham-Bush vertical screw compressor was started and 

system performance tests were m. The results were compared to data from 

previous CFC-502 tests obtained under a previous contract (2). Several sensors 

were found to be defective and were replaced. The measured subcooling load was 
low. However, after the instrumentation was checked, this was attributed to a 
problem with the vapor injection port of the compressor. The instruments that were 

used to determine the load were calibrated. The brine thermistors were calibrated to 

room temperature and to each other. The brine flow meter was re-calibrated at three 

different brine temperatures to establish the effect of brine temperature variation. 

The suction line orifice plate (refr-igerant) flow meter was continuously checked 

against the brine flow meter through an energy balance of the evaporator heat 

transfer. 

During the CFC-502 testing, a Coriolis-effect mass flow meter was added to the liquid 

line of the system. This type of flow meter was a candidate for the Glens Falls 
demonstration site and was installed in the laboratory rack to verify its operation. 

Prior to installation, the flow meter was calibrated using water. After installation, 

the meter was checked against the suction and discharge orifice plates of the rack. 

The advantage of these flow meters is that they measure mass and not volume flow. 

Hence, they are insensitive to the density and viscosity of the fluid and can be 
calibrated using water. Volumetric-type flow meters have to be calibrated using a 
fluid with the same density and viscosity as the refr-igerant. This is impractical, 
especially because the refrigerant properties vary with operating conditions. 

Compressor Optimization 

Ini t ia l  tests of the compressor with CFC-502 indicated a 16% lower than published 

capacity at -20°F SST and 1 10°F SDT. We were unable to determine the EER, since 
the Watt-hour meter was not yet functioning. After consulting with Howden 

concerning the compressor performance, they decided to provide a second 
compressor. 

The second compressor perforrqed considerably better, but was still 7% low on 

capacity. The EER was also 13% low. As a result, Howden replaced it with a third,. 
modified compressor. This compressor was slightly low on capacity but was on the 

mark for the EER. 
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The improvements incorporated into the third Howden compressor are listed below: 

Reduced rotor-to-bore clearance due to electroplating of the bore with 
nickel. 

Reduced rotor to end plate clearance. 

Opening of the suction and discharge ports, which reduced the pressure 
drop across these ports. 

Closing of the liquid injection slot and the discharge bleed groove, which 
reduced leakage. 

The laboratory compressor performance is plotted against the compressor published 

curves in Figures 2-4 and 2-5. A combined motor and drive efficiency of 90% was 
used for these curves. The arrows indicate the discrepancy between the measured 

performance and the published data The laboratory compressor has an 

understandably lower economized capacity than the published values since a shell 
and tube economizer is used in the test rack while the Howden published curves are 
based on the use of a flash receiver. A shell and tube heat exchanger is only 70 to 
80% effective whereas a flash receiver operates at close to 100% effectiveness. 

System Optimization 

Once we were satisfied that the compressor was performing properly, a series of tests 
to map the compressor's performance were initiated. The tests were patterned after 

the conditions observed for the low-temp rack at the Clifton Park demonstration site. 

Constant Load. 

demonstration results at the Clifton Park site had indicated a relatively constant load 
throughout the year on the low-temp system a. Figure 2-6 shows that the average 

weekly load varied between 90 and 110 MBH throughout the test period. Thus, 
when we began these tests, we felt that a constant laboratory refigeration load 
would accurately simulate the average daily load of a supermarket. 

A constant load was selected for laboratory testing. The CFC-502 

Variable-Speed Control. While there is some energy penalty associated with the use 
of VFDs, field tests have shown that compressors equipped with VFDs achieve 

higher annual EERs (3. Therefore, a VFD was selected for capacity control. The 
maximum speed of the drive was set at 68 Hz, and the minimum 30 Hz. 
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Figure 2-6. - History of the CFC-502 Weekly Refrigeration Load for 
the Low-Temp Rack of the Clifton Park Store 

To determine the inverter efficiency, we ran the system at 60 Hz on the inverter and 

then bypassed the inverter and ran the system directly off the line voltage. For this 
test, the load was constant at 92 MBH and the SST was -19.O"F. The SDT varied 
from 98.5"F to 100°F. After accounting for the slight difference in pressure ratio, the 

loss associated with the inverter was measured at 3%. The inverter manufacturer's 

rated efficiency at 60 Hz is 98%. The additional 1% loss is within the accuracy of 
the measurement. I t  could also be attributed to the reduction in motor efficiency 

caused by the distorted waveform produced by the inverter. 

At fixed suction and head pressures, as the refrigeration load decreases, the drive 
responds by reducing the compressor speed. The slower speed is accompanied by a 
reduction in compressor and drive efficiencies that combine to reduce the measured 

EER. The effect of compressor speed on  system capacity and EER was tested with 
CFC-502 at -20°F SST and 110°F SDT. At approximately 2600 RPM, the economized 
capacity of the compressor is reduced by half from 109 MBH to 55 MBH, and the 
EER is reduced from 3.65 to 2.79 Btu/W-hr (Figure 2-7). A significant penally in 
EER is incurred at lower speeds. This suggests that a screw compressor should be 
run at high rpms whenever possible to maximize its efficiency for a given load. When 
several screw compressors are run in parallel, only one compressor should be slowed 

- 
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down by a VFD. The other compressors should be run at full speed and cycled o n  
and off as required. This will allow all but the variable-speed screw to run at 
msutimum efficiency. 

Economizer Superheat Optimization. Screw compressors have an auxiliary 

suction connection (economizer port) which allows the introduction of refitgerant 

vapor into the compressor at a higher pressure than suction pressure. When used 
with a subcooler, this port can be used to subcool the liguid that is fed to the 

evaporators and thus improve compressor efficiency. This method of system 

performance improvement is most effective at high pressure ratios. At lower 

pressure ratios, using the economizer port can actually decrease system 

performance. This effect was examined for CFC-502 and HFC-134a. 

The initial test results obtained with CFC-502 were disappointing. The laboratory 

EER was lower than the EER measured at the Clifton Park demonstration site. 
However, by examining the effect of the economizer superheat o n  system EER, we 
were able to reverse the situation. In the first test, conducted at 56°F SDT (Figure 

2-8a), the economizer superheat was changed from alow value of 2.S"F to a 
maximum value of 12°F. The EER was highest at the maximum economizer 
superheat, suggesting that the thermal expansion valve should be set at the highest 

superheat setting. In the second test, conducted at the higher SDT of 110°F 
(Figure 2-8b), the economizer superheat ranged fiom 1 to 18°F. The EER improves 
with an increase in economizer superheat up to a superheat of 10°F. From 10°F to 

18°F superheat, the EER was relatively insensitive to economizer superheat. Thus, 
using the higher economizer superheats, the laboratory performance was improved 

I substantially. 

Similar tests were run for HFC-134a at 20°F SST. As shown in Figure 2-9, the 

economizer superheat had little effect on performance from 3°F to 11°F. Over 11°F 
there was a slight drop in EER and below 3"F, the EER,dropped rapidly. Capacity 

also suffered below 3°F. 

At very low economizer superheats, the flow could contain liquid droplets. This 
would decrease the amount of subcooling available and increase the power 
consumption of the compressor. 

2 -  15 
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Figure 2-7. - Effect of Refrigeration Load and Compressor Speed on EER 
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Figure 2-8. - Effect of Economizer Superheat on CFC-502 Performance 
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Figure 2-9. - Effect of Economizer Superheat on HFC-134a Performance 

Subcooler Orientation. The subcooler used for the economizer circuit is a shell and 

tube heat exchanger piped in a counter-flow configuration. The typical orientations 

for the installation of this heat exchanger are: a) horizontal; and b) vertical, with the 

vaporized refrigerant flowing upward. Our laboratow rack used the former 

installation, while the racks at the demonstration sites used the latter. 

Theoretically, a vertical orientation will increase the effectiveness of the subcooler, 

since the liquid droplets will have a longer time to evaporate. Oil return is the only 

potential problem with this configuration. We decided to change the orientation of 
the laboratory subcooler €tom horizontal to vertical and determine the actual 

improvement of one configuration over the other. 

First, the compressor performance with the horizontal subcooler was determined. 
110°F SDT and -20°F SST, the economized capacity was 103 MBH, with an EER of 
3.67. The subcooler was then repiped in a vertical position. The new configuration 
had a significant impact on system capacity. At 110°F SDT, the capacity increased to 

109 MBH with a slight increase in EER. For a fixed superheat setting, the 
economizer flow increased 40% and the mechanical subcooling increased €tom 41.0 
to 64.3"F. No abnormal oil return problems were noted. 

,t 
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Condenser Control. In order to'obtain high SDTs even during cold ambient 

conditions, a VFD was installed on the condenser fans. The alternative approach of 

raising the head pressure using a '!holdback pressure regulator induces artificial 

ambient subcooling that would not be present in a system that fully floats the head. 

We connected the condenser variable-speed drive to the RC-1000 controller as if it 
were another refrigeration rack using a high-pressure sensor as a suction input. In 
this configuration, the RC-1000 controlled the condenser fan speed as  ifit were a 

compressor. This method proved unsatisfactory. The use of a high-pressure 

transducer on a suction input limited our resolution and the control gain did not 

provide enough adjustment. The addition of a derivative gain did not alleviate the 

problem. After discussing the problem with EIL, we concluded that this was not a 

good application for this controller. A separate PID controller was added which 

allowed precise control of the condenser drive to achieve the desired discharge 

pressures. 

Leak Detection System. The Spectronics fluorescent leak detection fluid was added 

to the system before the CFC-502 testing was completed. No discernible effect on  

the system performance was noted. The only noticeable change was the oil color. 
After several days, two leaks were found with the W light. After a few months of 

operation, when the system was down for service, the laboratory lights were turned 
off and several smaller leaks were found and corrected. 

The leak detection fluid was purged from the system when the oil was changed 

during HCFC-22 operation. During the HFC-134a tests, a leak detection fluid 
designed to work with the refrigerant and the POE oil was installed. Again, we found 
no discernible effect on system performance. 

Display Case. The display case, which was part of the original test rack, was 

instrumented to determine the effect of different refrigerants on the heat transfer in a 

display case coil. Two electric heaters were installed to simulate the refrigeration 

load. The test results were inconclusive. The discrepancy in the energy balance 
between the air flow, the refrigerant flow, and the electric heater power was too great 
to ensure reliable data 
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TEST RESULTS 

The four refigerants that we tested were CFC-502, HCFC-22, HFC-l34a, and 

CFC-12. CFC-502 and CFC-12 provided the baseline for comparison to the two 
alternative refiigerants. 

Each refrigerant was tested at a low-temp condition (-20°F SST) and a med-temp 

condition (+20"F SST). We strove to test each condition with the appropriate 
compressor volume ratios, but time did not permit the testing of all combinations. 
HCFC-22 was tested with a Vi optimized for low-temp (3.6), and CFC- 12 was tested 
with a Vi optimized for med-temp (2.6). Tests for HCFC-22 at +20"F and CFC-12 at 
-20°F SST were not performed with the optimum Vi. The tests with CFC-502 and 
HFC-134a were performed with both sets of Vi's. 

CFC-502 Performance 

The energy efficiency data for CFC-502 (with the economizer on) for the 3.6-Vi 
compressor are shown plotted against SDT in Figure 2-10. Figure 2-1 1 shows the 

second-order curve fits of the above data The curve fits are used for comparison to 
the other refiigerants. Figure 2- 11 also shows the curve fit for the data with the 
2.6-Vi compressor. 

In Figure 2- 12, the -20°F SST data is compared to our Clifton Park field 
demonstration data (lJ. The laboratory data show improved EER performance. This 
is attributed to the steady-state nature of our laboratory testing and the improved 
tolerances of our MK3 laboratory compressor. 

Test results with the economizer off at -20°F SST show that the subcooling circuit 
increases the performance over the entire operating range (Figure 2-13). 

HCFC-22 Performance 

With the completion of the CFC-502 testing, we recovered the refrigerant and 

drained the oil from the compressor. The power heads and other internal parts of 
the thermal expansion valves were changed. The system was evacuated, a 68-cSt 
(300 SUS) mineral oil was added to the compressor, and HCFC-22 was installed in 
the system. 
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Figure 2-1 1. - CFC-502 Performance 
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Figure 2-13. - CFC-502 Economizer Performance 
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As expected, the compressor discharge temperature was much higher with HCFC-22 

than with CFC-502. After conferring with Howden and the lubricant manufacturer, 

the setpoint of the oil temperature safety switch was increased from 140°F (used for 

CFC-502) to 180°F. Compared to CFC-502, the system was considerably less stable. 

This confirms results obtained from the HCFC-22 conversion in' the Clifton Park 
demonstration test (see Section 3). The TXV selection was verified to ensure that the 

correct valve sizes were used. In an attempt to .&prove system stability, the bulbs of 

the TXVs were clamped in several merent  positions around the circumference of the 

evaporator discharge tubing. A ,&or increase in stability was noted. 

' The system was further stabilized by optimizing the control and derivative gains on 

the RC- 1000 controller. Higher gain settings provided more stable suction pressures 

at the expense of wider swings in compressor speed. Values between 40 and 100 

have proven to be a good compromise between compressor cycling and suction 

pressure variations. 

The underlying cause for cycling is the reduced refrigerant mass flow. For a given 
compressor capacity, at -20°F SST, HCFC-22 mass flow will be only 73% of that with 

CFC-502. In our tests, the evaporator flow rate was further reduced by a 15% 
reduction in the capacity of the screw compressor with HCFC-22. Thus, the 

resulting mass flow for HCFC-22 in our lab tests was only 62% of that for CFC-502. 

The lower flow rates reduce the ability of the flow to entrain both the oil and liquid 
refiigerant in the evaporator. The liquid and gas tend to separate and cause 
unstable flows in the tubes of the evaporator /3,. This leads to intermittent cycling 
in suction superheat and results in TXV hunting (SJ. 

Contrazy to our expectations, the low-temp system performance with HCFC-22 was 

inferior to that with CFC-502. Figure 2-14 shows that the EER of HCFC-22 is 
consistently lower than that of CFC-502 at -20°F SST. The economized capacity of 

the compressor decreased from 109 MBH to 91 MBH. At 20°F SST, the EER of the 

two refiigerants is esskntially identical. The economized capacity of the compressor 
decreased from 253 MBH to 242 MBH at 20°F SST. I 



ASPEN SYSTEMS LABORATORY RESULTS 

50 75 100 

SDT 01 

Figure 2-14. - Comparison of HCFC-22 and CFC-502 
Performance with 68 cSt Mineral Oil 

The apparent cause of the capacity reduction was a decrease in the refrigerant flow 
pumped by the compressor. Compared to Howden's published data, the CFC-502 

volumetric efficiency (VE) was within 29'0, but the HCFC-22 VE was about 20% lower. 
We ran several tests to determine the cause of this discrepancy. 

The first test consisted of running the system at a high SST to increase the 
evaporator flow rate and flush out any oil and liquid that may have accumulated in 

the barrels at lower flows. We ran the system at +2WF SST for an  entire 24-hour 
period. The system capacity increased slightly and the flow rate increased 

accordingly. The HCFC-22 volumetric efficiency under these conditions was about 
12% lower than the published data. Hence, we obtained some improvement but not 
enough to explain the discrepancy. 

We ran a test where we increased the evaporator superheat €tom 10 to 60°F. This 
test indicated that the low HCFC-22 capacity was not due to the presence of licpid 
droplets in the suction. As we increased the superheat, the mass flow dropped in 
proportion to the reduced suction gas density. 



At the suggestion of Howden, we ran a test to determine the effect of the oil injection 

rate. on  capacity and power. The oil flow was reduced using a ball valve at the inlet 

of the oil filter. The approximate flow rate reduction was determined by the change 

in the oil temperature difference across the oil cooler. Reducing the oil flow from full 

flow to 60% of full flow did not affect the capacity. The power, however, dropped 3%. 

This clearly indicates that the capacity problem was not due to excessive oil flow. 

But it also shows that, with HCFC-22, the EER can be improved by reducing the 

amount of oil injected into the compressor. 

The appropriateness of the selected internal Vi was also reviewed. Howden 

performance charts indicated that a Vi of 5.0 was desirable for -20°F SST/ 110°F SDT 

operation with HCFC-22. Though the Vi has a significant effect on power and EER, it 
does not drastically affect capacity. I t  was decided that the effect of the Vi could not 
cause the discrepancies observed in compressor capacity. 

At the recommendation of the compressor manufacturer, we changed the lubricant 

from a 68-cSt mineral oil to a higher viscosity (100 cSt, 460 SUS) poly01 ester (POE) 
oil manufactui.ed by CPI. This test was to indicate if the low VE was due to the 

dilution of the mineral oil by HCFC-22. The compressor and oil reservoir were 

drained and refilled with the new lubricant four times. The system was run from 4 to 

18 hours between oil changes. Oil test samples taken after the fourth change 

indicated that 10% of the old 68-cSt oil was still present. The reported viscosity was 
approximately 400 SUS (which CPI still considers as 100-cSt oil). Contrary to our 
expectations, testing with this oil indicated a decrease in the compressor capacity of 
4%. The decrease in capacity is attributed to the increased solubility of HCFC-22 in 

POE oils compared to mineral oils. 

After reviewing recent literature on screw compressor performance a, a 260-cSt 

POE oil was selected for testing. Since the POE oil is diluted more than the mineral 

oil, a much higher viscosity is required for sealing between the lobes of the screws. 
The 260-cSt oil selected was formulated to provide the same viscosity as the oil 

designated as a 320 IS0 fluid in Reference 6. 

, 

The viscosity of the oil in the compressor under operating conditions is one of the 
parameters that determines the sealing performance of the oil. When the oil is 

diluted with HCFC-22, its viscosity drops. The theoretical dilution levels and diluted 
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oil viscosities for each oil at 180°F are shown in Table 2-3. The theoretical viscosities 
of the 68-cSt and the 100-cSt oils are both lower than the desired 10-cSt that is 
considered ideal for sealing the rotors. The 260-cSt oil has suflicient viscosity to seal 

well. 

MINERAL 68 . 

POE 100 
POE 260 

The oil in the system was changed to 260-cSt POE oil. After four purges, the oil 

sample tests indicated an actual viscosity of 245-cSt. 

15 4 
28 5.5 
25 13 

The performance of the rack with the 260-cSt oil exhibited a marked improvement 
over that with either the 100-cSt POE oil and the 68-cSt mineral oil. At -20°F SST 
and 110°F SDT, the compressor economized capacity increased fi-om 9 1 MBH to 101 
MBH. This represents a 10.5% increase compared to the 68-cSt oil. As shown in 

Figure 2-15, the EER did not increase as much, since the increase in capacity was 
accompanied by an increase in power consumption. At 20°F SST, the economized 

capacity increased from 242 MBH to 252 MBH. The discharge temperature of the 
compressor was also higher, requiring the setpoint of the oil temperature switch to 
be raised from 180°F to 190°F. 

Oil flow reduction experiments were repeated with the 260-cSt oil at -20°F and 
20°F SST. The oil flow rate was reduced to approximately 60% of the original oil 

flow. As shown in Figure 2-16, at 20°F SST, the EER was improved for the range of 

SDTs tested with no change in compressor capacity. At -20°F SST, the EER was 
improved at the lower SDTs but was unchanged at the higher SDTs. 

Tests with the 68-cSt oil at 20°F SST indicated similar performance with and without 
the economizer (Figure 2-17). Tests with the 260-cSt oil showed similar results. At 

-20°F SST with the 68-cSt oil, the economizer improved the system EER above 40°F 

SDT (Figure 2-18). The chronology of the test schedules did not permit us to mn 
the 260-cSt oil at -20°F SST. 

Table 2-3. - Theoretical Viscosity of Refkigeration Oils 
When Diluted With HCFC-22 
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Figure 2-15. - Comparison of Performance with 68 Cst 
Mineral Oil and 260-cSt POE OIL 
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Figure 2-16. - Comparison of Performance with Full 
Oil Flow and Reduced Oil Flow 
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Figure 2-17. - Economizer Performance at +20"F 
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Figure 2-18. - Economizer Performance at -20°F 
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HFC-134A Performance 

At the completion of the HCFC-22 tests, the 260-cSt POE oil was purged from the 

system and replaced with CPI Engineering's Solest 68, a 68-cSt POE oil designed for 

use with HFC- 134a The HCFC-22 was recovered. The expansion valves were 

converted to CFC-12 heads and internal parts. Sporlan Value Co. and Alco Controls 

Co. both recommended this conversion for HFC-134a operation. The system was 
evacuated and HFC-134a was installed. 

We did not observe any instability problems with HFC-134a under any operating 
conditions. Our initial tests were done with the MK3 3.6-Vi compressor. At +2OoF 

SST (1 10°F SDT) the economized capacity was 172 MBH, and at -20°F SST it was 59 

MBH. Figure 2-19 shows the energy-efficiency performance of the compressor with 
HFC-134a The -20°F SST tests were performed only for academic reasons. I t  is 
impractical to run HFC- 134a at -20°F SST in a supermarket due to its 
sub-atmospheric suction pressure, its high-pressure ratio, and its loss of capacity 
compared to CFC- 12. 

The MK3 compressor was replaced with the MK4 compressor with a Vi of 2.6. The 

new compressor provided better capacity and performance due its tight tolerances 
and lower loss in its suction and discharge ports. Our tests with HFC-134a on the 
MK4 indicated a 3.7% decrease in EER and a 5.8% increase in capacity over the 

MK3 at +20"F SST, 110°F SDT. Figure 2-19 also shows the performance of the MK4 

compressor. At +20°F SST (Figure 2-20), the economizer improved the system 

performance for SDTs above 87°F. 

CFC-12 Performance 

To determine the performance of the screw compressor with CFC-12, the HFC-134a 
refkigerant and the Solest 68 POE oil were replaced with CFC-12 and a 68-cSt 
mineral oil provided by CPI Engineering. AU testing with CFC-12 was on the 2.6-Vi 

compressor. 

We did not  observe any instability problems with CFC-12 under any operating 
conditions. At +2OoF SST (1 10°F SDT) the economized capacity was 176 MBH and at 

-20°F SST it was 70 MBH. Figure 2-2 1 shows the energy efficiency-performance of 
the compressor with CFC-12. 
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Figure 2-19. - HFC-134a System Performance 
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Figure 2-20. - HFC-134a Economizer Performance 

2-30 



ASPEN SYSTEMS MORATORY RESULTS 

. . .  
._.- ..... --- ................. . . .  . . .  . . .  

- .......- . . .  ........ ................. . . .  . . .  

. . .  . . .  

40 80 100 120 

1mu SDT PI 

Figure 2-21. - CFC-12 System Performance 

Performance Comparison of the RefxWerants 

The refrigeration capacities of the screw compressor for the different refrigerants are 

compared in Table 2-4. The 2.6-Vi MK4 results are listed for the +20 O F  SST and the 
3.6 Vi MK3 results for the -20°F SST. For comparison, HCFC-22 capacity at +20"F 

was adjusted by the ratio of the MK4 to MK3 capacities measured with CFC-502. In  
addition, the CFC-12 capacity at -20°F was reduced by the ratio of MK4 to MK3 
results for HFC-134a 

Table 2-4. - Economized Refrigeration Capacity of the Howden Compressor 
for Different Refrigerants (4000 rpm) 
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For the theoretical calculations in Table 2-4, a constant compressor displacement 

and a 110°F SDT were assumed. The -20°F SST calculations were based on 25°F of 
superheat and 70°F of subcooling. The +2WF SST calculations were based on 25°F of 
superheat and 40°F of subcooling. 

The HCFC-22 capacity compared to that of CFC-502 is 7% lower at -20°F SST. At 

+20"F SST, the two capacities are essentially identical. Thermodynamic cycle 
calculations predict lower capacities for HCFC-22 at both suction temperatures. At 
both SSTs, HCFC-22 had lower liquid temperatures than expected. 

The HFC-134a capacity compared to that of CFC-502 is 54% at -20°F SST, and 68% 
at 20°F SST. Thermodynamic cycle calculations indicate reductions to 52% and 
60% for the two cases, respectively. Higher compressor volumetric efficiency 

appears to be the reason for the higher than expected capacities. HFC-134a had a 
3% higher capacity than CFC-12 at +20"F SST. Hence, at +20"F SST, the actual 
HFC-134a capacity exceeded our expectations. 

The measured capacities shown in Table 2-4 are normalized to the displacement of 

the test compressor in the bar chart of Figure 2-22. CFC-502 and HCFC-22 require 
similar compressor displacements at +20"F SST. The cfin requirements for the two 
low pressure refkigerants, CFC-12 and HFC-134a are also similar at +20"F SST. At 

-20°F SST, HCFC-22 requires 20% more displacement for a specific load than 
CFC-502, and 31% less than CFC-12. 

Figure 2-23 shows the comparison of the compressor's EER with the four 
refkigerants. The curves represent the results obtained at +20"F SST condition with 

the 2.6-Vi compressor. Since we had not obtained actual data with HCFC-22 for a 

2.6-Vi, the HCFC-22 data obtained with the 3.6-Vi compressor were corrected using 
an adjustment factor calculated from the CFC-502 data The curves show similar 

performance for HFC-l34a, HCFC-22, and CFC-12. These refkigerant all enjoy a 

distinct efficiency advantage over CFC-502 at +20"F SST. 

I t  is important to note the effect the Vi selection has on the relative performance of 

the retiigerants. Figure 2-24 shows the performance of the 3.6-Vi compressor with 
CFC-502, HCFC-22, and HFC-134a Both HCFC-22 and CFC-502 are more severely 
penalized by the high volume ratio. 
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CFC-502 HCFG22 CFC-12 HFG134a 

Figure 2-22. - Normalized R e w e r a t i o n  Capacities for Different 
Refrigerants 
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Figure 2-23. - Comparison of Refrigerant Performance at +20"F 
with 2.6-Vi Compressor 
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CFC-502 
HCFC-22 
CFC-12 

HFC-134a 
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All SDTS Not Tested 
SDT > 4OoF SDT > 85OF 
Not Tested All SDTs 
Not Tested SDT > 87OF 

120 

Figure 2-24. - Comparison of Refrigerant Performance at +20”F 
with 3.6-Vi Compressor 

The economized performance for all three refrigerants is summarized in Table 2-5. 
This table lists the operating conditions under which the economizer should be in 
operation. Outside these operating conditions, the system performance can be 
improved by disabling the economizer. 

At -20°F SST, the energy efficiency performance of the system is similar for CFC-502, 
HFC-l34a, and HCFC-22 (Figure 2-25). ,Only at high SDTs (above 100°F) does the 

EER of HFC-134a fall perceptively below that of CFC-502 and HCFC-22. This is a 

result of the exceptionally high-pressure ratio (1 1.4@-20”F SST/ 110°F SDT) and the 

low Vi of this compressor. 

Table 2-5. - SDT Conditions Where the Economizer Improves 
the Effidencv of the Screw ComDressor 
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Figure 2-25. - Comparison of  Refrigerant Performance at -20°F 
with the 3.6 Vi Compressor 

OIL MANAGEMENT 

Screw compressors inherently require a large flow of oil to operate properly. The oil 
is injected at several points inside the compressor for bearing lubrication and sealing 

between the lobes of the screw. Nearly all the oil injected into the compressor is 

carried over with the discharge refrigerant flow. 

To minimize the amount of oil carryover, the Howden compressor is fitted with an 
internal oil separator. This two-element separator was designed to keep most of the 

oil inside the compressor. The resulting oil carryover should be suf€iciently low that 

a standard external oil separator regularly used for reciprocating compressors racks 
could be used. 

We measured the amount of oil removed by the external separator to  determine how 
well the internal separator was performing. The measurements are listed in 
Tables 2-6 through 2- 10 and plotted in Figures 2-26 and 2-27. For HCFC-22, the oil 
carryover was measured for both the 68-cSt mineral oil and the 260-cSt poly01 ester 
oil (Tables 2-7 and 2-8). 
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Table 2-6. - Summary of 68 cSt Mineral Oil Carryover Tests 
for CFC-502 

85 
66 

-20 115 2,500 n/a 156.7 2.48 18.9 7,544 
-20 116 2,200 n/a 250.4 3.97 30.1 13,696 

~ 

66 
40-54 
50.5 
72 

-20 116 2,300 nla 313 4.96 37.7 16,377 
-20 128 2,300 n/a 134.3 2.13 16.2 7,024 
-20 109 2,001 2,567 97.9 1.55 11.8 5,890 
-20 109 2,275 3,004 212.2 3.36 25.5 11,224 

110 
100 
75 
57 

-20 109 2,900 4,000 255.8 4.05 30.8 10,614 

-20 109 2,800 3,761 195.7 3.1 23.5 8,410 

-20 109 2,300 2,985 195.6 3.1 23.5 10,235 
-20 112 2,200 2,985 171.2 2.71 20.6 9,362 

100 
61 
110 

Table 2-7. - Summary of 68 cSt Mineral Oil Carryover Tests 
for HCFC-22 

-20 109 2,800 3,940 172.7 2.74 20.8 7,421 
-20 109 2,300 3,224 91.8 1.46 11 4,804 

20 254 6,100 4,000 195.4 3.1 23.5 3,855 
92 I 20 I 254 I 5,300 3,582 I 189.1 3 I 22.8 I 4,293 
48 
53 

-20 106 2,000 2,805 229.4 3.64 27.6 13,804 

-20 108 2.100 2.746 280.9 4.45 33.8 16,094 



Table 2-8. - Summary of 260 Cst POE Oil Carryover Tests 
for HCFC-22 

96 
96 

20 248 3700 3500 729.19 11.56 87.75 23716 
20 248 3600 3,900 840.61 13.32 101.16 28099 

The oil carryover rate showed a strong dependency on the total mass flow rate 
through the compressor. For flow rates below 3000 lb/hr we found oil carryover 
into the external separator in the 1- to 5-gal/hr range for all reftigerants. At higher 

flow rates, a standard oil separator was inadequate for oil separation. Visual 
inspection of the flow from the separator indicated excessive oil flow into the system. 

With CFC-502, the measured carryover rates were erratic and seemed low. We 
therefore replaced the oil separator with a new, centrifugal separator which was 

designed for use with screw compressors. The tests with the other reftigerants 

Table 2-9. - Summary of 68 Cst POE Oil Carryover Tests 
for HFC-134a 
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Table 2-10. - Summary of 68 cSt POE Oil Carryover Tests 
for CFC-12 

80 33 17.5 3,300 3,200 390.75 6.19 47.02 
68 20 14.4 2,700 2,900 118.72 1.88 14.29 

110 -18.5 I 5.6 I 1,515 I 3,970 I 15.57 I 0.25 I 1.87 I 1,237 1 
110 I 20 I 14.7 I 3.500 I 3,970 I 110.43 I 1.75 I 13.29 I 3,797 

14,249 
5,291 

1 
110 4,400 3,975 
110 4,400 3,975 

68 

95 I 32 I 19 I 4,000 I 3,800 

20 I 14.4 I 2,700 I 2,900 I 144.55 I 2.29 I 17.39 I 6,443 

132.62 I 2.1 I 15.96 I 4,560 I 

68 20 14.4 2,700 
20 11.5 2.100 

632.1 I 10.01 I 76.07 I 17.288 I 

2,900 223.13 3.53 I 26.85 9,945 
2.750 118.94 1.88 I 14.31 6.81 6 

I I 1 

585.59 9.27 I 70.47 I 16,016 

indicated better removal of discharge oil with this separator. At high flow rates, the 
oil carryover was as high as 3% of the total refrigerant flow. 

Our test results indicated that the old separator was marginal at low flow rate 

conditions. The centrifugal oil separator proved to be adequate for low-temp, 
low-flow applications, but was marginal for high refrigerant flow applications, even - 
with the integral oil separator. A dual-chamber coalescing oil separator may still be 
required for these applications. 
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Figure 2-26. - Oil Carryover for CFC-12 

REFRIGERANT CONVERSION ISSUES 

Our laboratory experience has shown that several factors influence the effectiveness 
of a refrigerant changeover. Some of the most important ones are: the types of oil 
being removed and installed and their relationship to each other, the duration of 
compressor run time between each oil purge, and the system's oil carryover and oil 

return characteristics. 

Purging oil from the system can be time-consuming and costly. In our first oil 
change from a 68-cSt mineral oil to a 100-cSt POE, four oil purges-were carried out 

over the course of two days of continuous running. At the end, 10% of the original 
mineral oil was still present in the system. Since the test results with this level of 
contamination were adequate, no  further flushing with.100-cSt oil was done. Later, 
we found that increasing the compressors run time (to 200 hours) between each 
purge can significantly reduce the number of purges required. 

The second oil change cycle replaced the 100-cSt POE/68-cSt mineral oil with a 
260-cSt oil. Again, the oil was changed four times. Test results indicated 

approximately 9% contamination of the 260-cSt oil with the previous oil. 

. 
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The final oil change cycle removed the 260-cSt POE oil and replaced it with a 68-cSt 

POE oil designed for HFC-134a After the sixth oil change, the compressor was 

allowed to run for several hours and an oil sample was taken and analyzed. The 

results indicated 10% contamination with the old oil. Next, we ran the system for an 

additional 200 hours and another oil sample was taken. This time, oil analysis 

indicated a final viscosity of 66-cSt with only 1% of old oil contamination. The 
additional run time must have allowed better mixing of the oils within the system. A 

seventh oil change that we had carried out while waiting for the results of the 

analysis was not required. 

We have concluded that two issues are of critical importance during the oil purge 
process. First, all system refrigerant lin& need to be opened to ensure that the old 

oil can be circulated back to the compressor. Second, extended compressor run time 

between each oil purge is required to improve the mixing and purging process. 

We estimate that to install a new oil with less than 1% final contamination requires 

four oil purges. With a price of $40/gallon, the lubricant cost for a large refrigeration 
system may approach $2,000 for a changeover. 

SUMMARY 

0 

0 

0 

0 

0 

At +20"F SST, the system EER with HFC-134a compared to CFC-502 was 
significantly better. The EERwas comparable for HFC-l34a, CFC-12, and 
HCFC-22. 

As expected, for a fixed compressor displacement, the HFC-134a 
refrigeration capacity at +20"F SST is 32% lower than that of HCFC-22 or 
CFC-502. The HFC-134a capacity is 3% greater than that of CFC-12. 

At -20°F SST, when compared to CFC-502, HCFC-22 exhibited 7% lower 
capacity. The EERs were comparable. HFC-134a capacity was 46% lower 
than CFC-502 capacity. Its EER was similar to the other two refrigerants 
below 100°F SDT. Even though at -20°F SST, HFC-134a is as efficient as 
CFC-502 and HCFC-22 (below 100°F SDT), it is not an ideal replacement 
refrigerant for low-temp supermarket applications. This is due to its 
subatmospheric evaporator pressure and its prohibitively high-pressure 
ratio. 

Under certain operating conditions, the performance of a screw 
compressor refrigeration system improves by disabling the economizer. 
These conditions are reflected in Table 2-9. 

. 

Improper volume ratio selection can have a severe negative impact on the 
EER of a screw compressor. 

2 - 41 



Conversions fkom CFC-502 to HCFC-22 suffer from instability due to the 
reduction in the mass flow of the fluid. Phase separation in the 
evaporator causes large fluctuations in evaporator superheat and results 
in TXV hunting. 

With screw compressors, oil dilution by HCFC-22 must be examined 
closely to ensure that the oil viscosity is adequate to seal between the 
lobes of the screws. POE oils are diluted more than mineral oils for a 
given viscosity. A significant penalty in capacity and EER will result if the 
viscosity of the oil injected between the rotors is too low. 

Oil carryover from the internal oil separator of the screw compressor was 
excessive at high refiigerant flow rates. A high-capacity, dual-chamber, 
coalescing, external oil separator may be required if the system is to 
operate properly for the full flow range of the compressor. 

When changing oil in anticipation of a switch to an alternative refrigerant 
such as HFC-l34a, a run time between purges of 200 hours appeared to 
mix the oils more thoroughly and minimized required oil changes. Mixing 
times on the order of 4 to 8 hours seemed insufticient for a good purge. 
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CLIFTON PARK CFC-502 TO HCFC-22 RETROFIT 

Section 3 

IN THIS SECTION 

THE DEMONSTRATION SITE SUPERMARKET 

CFC-502 TO HCFC-22 CONVERSION 

DEMONSTRATION TESTING RESULTS 

ADDITIONAL TESTING 

RELIABILITY HISTORY 

SUMMARY 

THE DEMONSTRATION SITE SUPERMARKEX 

The Clifton Park store was selected for a CFC-502 to HCFC-22 retrofit because we had 

already obtained extensive CFC-502 data on its low-temp rack. The low-temp 
(-20°F SST) rack in this store is composed of two independent systems. The first, a 

semi-hemetic reciprocating compressor rack, is the store's original reiZgeration 
system (the reference rack). The second, an open-drive screw compressor rack, was 
added for comparison testing of the two types of compressors on CFC-502. At the 

time, the store had been in operation for less than a year and its existing refrigeration 

systems were state-of-the-art. The principal attraction of this particular store was its 
very large compressor room, which offered plenty of empty space for the screw 
compressor rack. By moving two of the circuits to a different suction group, it was 

possible to match the store's low-temp (-20°F) refrigeration load to the CFC-502 
capacity of the compressor. Both systems were in place at the time of the HCFC-22 
retrofit. The Clifton Park store is located about 20 miles north of Albany, NY, and has 

a floor area of 62,000 sq. ft. 

I t  was decided to use a variable-frequency inverter to control the capacity of the screw 
compressor. This also afforded us the opportunity to test the reciprocating 
compressors using a variable-frequency drive. As a result, we conducted a three-way 
test between: 

1. The screw compressor with variable-speed capacity control (designated in 
this report as m. 

2. The reciprocating compressors with unloader capacity control m. 
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3. The reciprocating compressors with variable-speed (inverter) capacity 
control (INVI. 

A8 
A9 

The following section describes the Clifton Park store and its existing low-temp 

refiigeration systems prior to the conversion of its -20°F rack to HCFC-22. A complete 
description of the results of testing with CFC-502 can be found in Reference 1. 

Service Meat 24 ft -20 7.6 
Frozen Food Glass Door 13 DRS -20 23.7 

Supermarket's Refkiveration Schedule 

A I  0 
A I  1 
A12 
AI  3 

The -20°F low-temp refrigeration load of the test supermarket was 149.2 MBH. This 
load consists of the six circuits listed in Table 3-1. 

Frozen Food Glass Door 17 DRS -20 30.9 
Ice Maker 1 UNIT -20 30.5 
Frozen Food Glass Door 13 DRS -20 23.7 
Frozen Food Glass Door 18 DRS -20 32.8 

RedprocatinP Compressor Rack 

(Total 

The -20°F reference system in the Clifton Park store consisted of two Carlyle 
semi-hermetic compressors. These were mounted on a skid that also housed two 

-25°F and two +15"F compressors. The six compressors shared an oil separator, 
condenser, receiver, oil reservoir, and heat reclaim coil. The system was originally 
designed to run at - 15"F, but the store conditions required that it be run at -20°F. 
Figure 3-1 shows the entire skid with all six compressors. The -20°F compressors are 
the two on the far left. Figure 3-2 shows a close-up view of the -20°F portion of the 
reference rack. This section is dedicated to the description of the various components 

of this rack. 

I 149.2 

Reciprocating Compressors. The Carlyle compressors shown in Figure 3-2, are two 
identical Model 06ER165 high-efficiency units equipped with suction cutoff unloaders. 

Each compressor could be unloaded in two steps, reducing the capacity 33 and 66%, 
respectively. The compressors were equipped with six cylinders and each step 

Table 3- 1. - Low-Temp (-20'F) Refrigeration Schedule 
of the Clifton Park Store 
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Figure 3-1. - The Rack Housing All S i x  Compressors 

~~~ ~~~~~ ~ ~ 

Figure 3-2. - The Two Carlyle Compressors Serving the -20°F 
Refrigeration Load 
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unloaded two cylinders. The corresponding reduction in power consumption for each 

step was 28 and 56%, respectively. The nominal rating of each compressor was 20 hp. 
Their rated CFC-502 refiigeration capacity at -20°F SST and 110°F SDT was 80 MBH 
each. This resulted in a total capacity of 160 MBH, which is a safe match for a 149 
MBH refrigeration load. With the unloaders, the rack provided six steps of capacity 

control. 

Controller. The rack used an EIL RC-48 compressor control system. This unit was 

specifically designed for parallel compressor supermarket refiigeration application. 

The RC-48 was not, however, equipped to control a variable-frequency inverter. 
Hence, we added an EIL RC-1000 controller to control the rack when the 
variable-speed capacity control was in use. Originally, the RC-1000 used a PI 
(proportional-integral) algorithm to control the VFD. Later, this was changed to a PID 
(proportional-integral-derivative) algorithm. This controller was used when the SCR 
and INV systems were in operation. Figure 3-3 shows the RC-1000 in the center, the 
inverter o n  the right, and the switch gear in the bottom left. The manual switches 

were used to select one of the three operation modes of the rack (INV, UNL, or SCR). 

A n  EIL TDC-64 were used for temperature and defrost control. On  this rack, no 
evaporator pressure regulators were used. Instead, the TDC-64 controlled suction line 

solenoid valves in order to maintain the desired case, cooler, or freezer temperatures. 

Screw Compressor Rack 

The screw compressor rack was installed in the Clifton Park store during a previous 

CFC-502 demonstration project sponsored by NYSERDA (lJ. The rack, shown in 

Figure 3-4, was designed by Aspen Systems and manufactured on-site by Eastern 
Heating and Cooling. I t  was 58 in. long and 24 in. wide. It  housed one screw 
compressor, a motor, a subcooler, an oil cooler, and an electrical control panel. 

Screw Compressor. As portrayed in Figure 3-4, the screw compressor sits on the left 
side of the rack. I t  is a 9 1-mm "Hummingbird" compressor manufactured by Howden 
Compressors identical to the one used in our laboratory (described in Section 2). 

Variable Frequenw Drive. A variable-torque inverter manufactured by Toshiba is 
used to control the speed of the compressors. The inverter was originally oversized-by 
25% to accommodate the constant-torque nature of the positive displacement 
compressor. The specifications of the inverter are as follows: 
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Figure 3-3. - The EIL RC-1000 Controller, the Toshiba 
Inverter, and the Switch Gear for the Low-Temp Rack 

Figure 3-4. - The Clifton Park Screw Compressor Rack 
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Model No. ................................................ TOSVERT-130H 
Nominal Rating .................................................... 50 hp 

. Type ................................................... Sinusoidal PWM 
Max. Efficiency ...................................................... 95% 

Other Screw Compressor Rack Components. The other components of the rack, 
such as the motor, oil cooler, and economizer, were similar to those used iri our 

laboratory rack. The laboratory apparatus is described in Section 2. 

Lavout of Maior Components 

Figure 3-5 shows the piping and instrumentation (P&I) diagram of the low-temp 
system before the HCFC-22 conversion. The screw compressor rack was built on a 
separate base and piped to the existing recipro'cating compressor rack. The two 
systems shared the same condenser, receiver, and suction and discharge headers. 

Oil Manwement 

The marriage of a screw and a recip compressor on a single rack was not a trivial 
matter. The oil sump of a screw is at discharge pressure while that of a recip is at 

lo 0 

Figure 3-5. - The Clifton Park Low-Temp Screw Compressor Rack P&I 
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suction pressure. Since the oil level must be maintained in either of the two sumps, it 
was necessary to devise a system that equ&ed the oil, despite the pressure difference 

in the two housings. Figure 3-6 illustrates the method employed for oil equalization. 

The oil accumulated in the oil reservoir can be fed either to the recip or screw 

compressors. In the recip, the oil level is maintained by an oil level regulator mounted 

on the compressor. With the screw, oil is injected into its suction line when an 
external oil level switch calls for more oil. After this oil is carried through the 

compression process, it reaches the oil sump and raises the oil level. An inverted oil 

level regulator mounted directly on  the screw ensures that any excess oil accumulated 
in its sump is pushed into the oil reservoir. This flow is induced by the pressure 

difference between the sump of the screw and the oil reservoir. The pressure of the oil 

reservoir is set by a differential check valve at 20 psi above the suction pressure. 

. I  

LEGEND i 

Figure 3-6. - The Clifton Park Low-Temp Rack Oil , 
Equalization Diagrani 



Instrumentation 

The Clifton Park test rack was fully instrumented to ensure accurate and reliable 
performance evaluation of the parameters listed in Table 3-2. Table 3-3 provides a 
comprehensive list of the instnunentation used in Clifton Park. In all, 75 
instnunentation points were monitored at 10-minute intervals. 

2- . 
3- 
4- 

The most critical instruments were those used to measure the power and refiigeration 

load of the rack. For measuring the electric power, we used two-stator polyphase G.E. 
Watt-hour meters with a pulse output. Since these meters were the same kind used 

by utilities, they provided a power that most accurately reflected electric utility 
charges. The refrigeration load measurements were made using turbine flow meters in 

conjunction with thermocouples located in the liquid and suction lines (to and from 
the display cases). 

Power Consumption 
Refrigeration Capacity 
EER 

Two Com-Trol2002 energy management systems (Figure 3-7) were used to gather the 
data and download it to Aspen Systems offices once a week. 

5- 
6- 
7- 

CFC-502 TO HCFC-22 CONVERSION 

Ambient Subcooling 
Mechanical Subcooling 
Suction and Discharge Superheat 

Performing a refrigerant changeover in an operating supermarket poses severe time 

challenges to the service personnel involved. The work must have a minimum impact 

on the products and the customers. 

The changeover of the Clifton Park low-temp refiigeration system from CFC-502 to 

HCFC-22 was accomplished over two consecutive nights. A crew of seven service 

people was required. 

Table 3-2. - Test Information Obtained From the 
Clifton Park Low-Temp Rack 

I 1- I Refrigeration Cycle State Points I 

I 8- ]Vapor Injection Benefit I 
I 9- Icondenser Power I 



Table 3-3. - List of Instrumentation for the Clifton Park Low-Temp Rack 

kom-Trol Svstem # I :  

1 1 Pres Screw compressor suction P I  -2.5 50 Psig 
2 2 Pres Screw compressor discharge P2 -1 5 300 psig 
3 3 Pres Vapor iniection port P3 -15 300 psin 

_ _ _ ~ ~ ~  1 4 1  4 I Temp Iscrew compressor suction I T I  I -50 I 150 -I? 
15- 5 I Temp IScrewcompressordischarge I T2 I 50 I 300 I F  
I - 6  I 49 I Temp IVaporlnjectionPort I T3 I -50 I 150 I F 
I 7 I 7 I Pres IRecip. compressorsuction I ~4 I -5 I 100 I psig 

8 8 Pres Recip. compressor discharge P5 -1 5 300 psig 
9 9 Temp #I Recip. compressor discharge T8 -50 150 F 
10 12 Temp #2 Recip. compressor. discharge T9 -50 150 F 
11 10 Temp #I Recip. compressor suction 1 6  50 300 F 

1- 12 - 1  ~ 11 I Temp 1#2Recip. compressorsuction I T7 I 50 I 300 I F 
I 13 I 16 I Temp ICondenserairstream I TI3 I -50 I 150 I F 

14 53 Temp Outdoor ambient T39 -50 150 F 
15 56 kW Compressors w1 0 80 kW 
16 57 kW Condenser w2 0 80 kW 
17 6 Temp Subcooler refrigerant inlet T34 -50 150 F 
18 13 Pres Subcooler inlet P6 -1 5 300 psig 

20 48 Pres Subcooler outlet P7 -1 5 300 psig 
19 50 Temp Subcooler refrigerant outlet T35 -50 150 F 

21 78 Temp Vapor injection TX valve inlet T36 -50 150 F 
I 22 I 51 I Temp I#1 lndoorambient I T37 I -50 I 150 I F 

23 52 Temp #2 Indoor ambient T38 -50 150 F 
24 70 Temp Notused T32 -50 150 F 
25 47 Temp Receiver outlet T33 -50 150 F 
26 59 Flow #I Circuit inlet, A8, 24' MEAT F1 0 100 %F.S. 
27 60 Flow #2 Circuit inlet, A9, 13DRS FF F2 0 100 %FS. 
28 61 Flow #3 Circuit inlet, A10, 17DRS FF F3 0 100 %F.S. 
29 62 Flow #4 Circuit inlet, A I  1 , ICE F4 0 100 %F.S. 
30 63 Flow #5 Circuit inlet, A12, 13DRS Z F5 0 100 %F.S 
31 64 Flow #6 Circuit inlet, A13, 18DRS Z F6 0 100 %F.S 
32 71 Flow Not used .F7 0 100 %F.S. 
33 17 TemD. # I  Circuit inlet T I  4 -50 150 F 

I I I 

34 I 18 I Temp I#1 Circuit outlet I TI5 I -50 150 I F 
35 19 Pres # I  Circuit inlet P9 -1 5 300 psig 
36 20 Pres # I  Circuit outlet P I  0 -5 100 psig- 
37 21 Temp #2 Circuit inlet T I  6 -50 150 F 
38 22 Temp #2 Circuit outlet T I  7 -50 150 F 

-15 I 300 I psig 39 I 23 I Pres Ifit;! Circuit inlet I PI1 I 
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Table 3-3 (Cont.) - List of Instrumentation for the Clifton Park Low-Temp 
Rack 

:om-Trol System # 1: 

65 67 kWh Ohio Semitronics Wattmeter w3 0 80 kW 
66 69 kWh Condenser w 4  0 80 kW 
67 79 kWh GE Wattmeter w5 0 80 kW 

:om-Trol System # 2: 
1/68 I 74 I Temp IHeat reclaim in 
2/69 I 14 I Temp I Condenser refrigerant inlet 
3/70 15 Temp Condenser refrigerant outlet 
4/71 75 Temp Oil coolerin 
5/72 I 76 I Temp lOil coolerout 
6/73 54 DewP Indoor dewpoint 
7/74 55 DewP Outdoor dewpoint 
8/75 I 77 I Pres I screw comp. suction (extra) 
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TI1 I 50 I 300 I F 
TI 2 50 150 F 
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Figure 3-7. - The Two Corn-Trol Energy Management 

The process was started by shutting the liquid line valves to all the cases. The rack 
compressors were used to remove the refrigerant from the cases. The compressors 
pushed the refrigerant into the high side of the system. A refrigerant recovery device 

was used to remove the liquid from the receiver and condenser. 

When the cases had reached atmospheric pressure, the suction lines from the cases 
were isolated. Four service personnel then began replacing the TXV and distributor in 
each case. A liquid line filter drier was also installed upstream of the TXV to minimize 
the chance of the TXV port being blocked. The HCFC-22 valve ports were smaller than 

the CFC-502 valve ports, and were therefore more susceptible to clogging. 

Three service personnel continued removing refrigerant from the rack and condenser. 
They expedited the refrigerant removal by opening a bypass line, which connected the 
low-temp rack to the medium-temperature rack (the medium-temperature rack is a 
CFC-502 system). Once the system had been brought to near atmospheric pressure, 
several high-capacity vacuum pumps were attached to the rack to prepare it for 
charging with HCFC-22. 
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As the changeover of each display case was completed, the finished case was placed on 

a vacuum pump. Once the rack and condenser were put on vacuum pumps, the 
suction valves to the finished cases were opened. After 1.5 hours o n  the vacuum 
pumps, the evacuated sections of the system were charged with HCFC-22 and the 

compressors were started. The compressors were off-line for approximately four 
hours. The changeover of all the low-temp cases was completed in about seven hours. 

The +15"F cases, which share' the same high side with the low-temp rack, were 

switched to the medium-temperature rack for the first night. These cases were 
converted to HCFC-22 operation on the second night. 

Oil analysis before the refrigerant changeover showed no abnormalities. Since 

CFC-502 is in part HCFC-22, and the oil was not showing any sign of degradation, the 
decision was made to leave the existing oil in place. This allowed for a much faster 
changeover. Oil analysis after the changeover did not show any abnormalities. 

Refrigerant analysis performed after the changeover indicated that the refrigerant in 
the system was 99.9% pure HCFC-22. 

This changeover was performed before new EPA rules concerning venting were 

enacted. Under the present EPA rules, the refrigerant must be recovered uniil the 
system has reached a vacuum of 15 in. Hg. This would, of course, prolong the time 
required to complete a changeover. 

DEMONSTRATION TESTING RESULTS 

Test Histom 

The Clifton Park HCFC-22 conversion took place on  July 7, 199 1. The UNL system 

was run for the first eight weeks of HCFC-22 operation while we converted the 

components of the screw compressor rack to HCFC-22. 

Table 3-4 lists weekly results obtained during the first phase of this project. The 
power readings from t$e utility-type Wattmeter were recorded both manually and 
automatically. The two measurements were checked against each other to verify the 

accuracy of the downloaded data The manually recorded Watt-hour measurements 
are reflected in the third column of Table 3-4. When divided by the time elapsed fro-m 
the previous measurement, these yield the average kW values provided in column 6. 
The downloaded kW measurements are listed in column 8. As shown, these are in 
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agreement with the manually recorded power readings. Table 3-4 also shows the 

weekly average values for the SDT, SEX, refrigeration load, and EER. 

Table 3-5 lists the history of modifications and repairs of the low-temp rack. Most 
repairs and modifications were related to the control system or involved changing the 
operating setpoints. We experienced no mechanical failures on these systems except 

for a leaking relief valve. O n  June 3, 1992, we sent the screw compressor to Howden 

for a thorough examination. The Howden technicians observed no measurable wear. 

A new screw compressor with larger suction and discharge ports was installed during 

October 1992. Results fiom that test are described below, under Additional Testing, 

New Screw Compressor Performance. 

Test Procedure and Operating Conditions 

The test plan was simple. Each week the load was switched between the three 

refrigeration systems (see above). Initially, the switchovers were scheduled for 

Mondays. However, the service technicians would occasionally miss a switchover 
when a holiday would fall on a Monday. Hence, when the Glens Falls project was 

started, we decided to move the switchovers to Tuesdays. The suction setpoint was 
initially set at -14°F. This was eventually lowered to -18OF to satisfy fiozen food 
requirements. The condensing temperature was allowed to float down to 
approximately SOOF. Lower head pressures were not examined due to the extremely 
low EERs encountered at these conditions (see below, Performace Results). 

Data Reduction Procedure 

Measurements were recorded every 10 minutes and stored in the two Com-Trol units. 
The data was downloaded on a weekly basis, generally on the day of the switchover. 
Each week, we collected close to 0.5 Mbytes of data A CrossTalkTM script was written 

to automate the data downloading procedure. A set of computer programs was 
developed to reduce the downloaded data into two tabular formats: the first for 
viewing and the second for input to the computer software used for generating graphs. 
Various curve-fitting techniques such as polynomial regressions, spline fits, and data 
smoothing were used to generate meaningful averages of the data. 
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Table 3-4. - Clifton Park HCFC-22 Test Weekly History. 

LEGEND 
UNL: Reciprocating Compressor Rack on Unloaders 
INV: Redprocating Compressor Rack on the Inverter 
SCR: Screw Compressor Fack on the Inverter 
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Performance Results 

10/21/91 
10/21/91 
11/18/91 

04/09/92 
04/13/92 
05/12/92 

This section summarizes the extensive results obtained from the Clifton Pxk store 
after the HCFC-22 switchover. The weekly average performance results were listed in 

Table 3-4. Using the data in this table, we generated the following weekly history of 

Lowered suction set point by 2 psi (actually, added 2 psi offset to the RC-1000 reading). 
Opened subcooler TXV's two turns. 
Changed UNL suction setpoint from l l in ,  gout to loin, 1Oout making setpoints on all 
three racks the same. 
Replaced firmware in RC-1000 to include PID control. 
Replaced CPU in malfunctioning RC-1000. 
Started switching and downloading on Tuesdays. 

the refrigeration loads for the three systems. 

05/19/92 
05/22/92 
06/03/92 

07/07/92 

Ref-eration Load. Figure 3-8 depicts the history of the HCFC-22 refiigeration load 
for the Clifton Park store. I t  also illustrates a comparison of results among the 

different systems. The average weekly refrigeration loads of the three systems are 

essentially equal. Up to the first quarter of 1992, the refiigeration load averaged about 
100 MBH. Since then, the average load noticeably decreased to about 90 MBH. The 

Changed to EIL firmware 5.0. 
Leaking relief valve in screw rack. Switched to UNL. 
Sent screw compressor to HoWden for a complete checkover and replacement by an 
optimized unit. 
Com-Trol not communicating. After changing modem and power supply, sent unit back 
to Corn-Trol. 

primary cause of the load reduction was a change in store operation. The store no 

longer used ice for some of its produce, and the demand on the ice machine was thus 
significantly lower. Concurrent with the load decrease, the rack control algorithm was 
changed from a PI to a PID version. Also, there was a slight rise in the suction 
pressure setpoint. 

Table 3-5. - Clifton Park HCFC-22 Test History of Modifications 

I 08/19/91 I Replaced TXV in VI subcooler. I 

I I 09/11/91 Adjusted superheat on TXV's on SYS A13 (had noticed that suction side was frequently I saturated). 
~~ ~~ 1 09/11/91 I Replaced A12 suction side pressure transducer. 

I 09/16/91 ~ ILowered suction set point by 2 psi. I 

08/14/92 I Installed repaired Corn-Trol unit. I 
3 -  15 
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Results Histoq. Figures 3-9,3-10, and 3-11 are snapshots of the entire test history 
of the three refrigeration systems. The average hourly load, SDT, ambient 

temperature, power, EER, and SST are plotted against hours of operation for the entire 
duration of the test. The horizontal axes of the top and bottom curves are identical. 
Every line in these figures is composed of as many data points as the number of hours 
shown on the horizontal axis. To reduce the scatter of the results, the data are 

smoothed using a 21-point window. This means that every data point is averaged with 

its 20 neighboring points (10 points on each side). The resulting smoothed data points 
are connected to their neighboring points by a small segment of straight h e .  
Smoothing allows the general trend of these curves to be clearly discerned. To 

illustrate this fact, the refrigeration load data of Figure 3-9a are shown in their original 
non-smoothed form in Figure 3-12. The scatter in non-smoothed data is so large that 

it masks the trend of the data,. 

25 

Figures 3-9a and 3-9b show the results for the recips on  inverter. These curves 
indicate that even smoothed data are subject to substantial fluctuations. The 
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refiigeration load follows the general trend of Figure 3-8. A comparison of ambient 

ASPEN SYSTEMS HCFC-22 DEMONSTRATION RESULTS 

WEEKS FROM S T m  OF TESTING 

Figure 3-8. - History of the Weekly Refrigeration Load for the 
HCFC-22 Low-Temp Rack of the Clifton Park Store 
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HOURS O F  OPERATION ON RECIPS ON INVERTER 

Figure 3-9a. - History of the Hourly Refrigeration Load, SDT, 
and Ambient Temperature for Recips on Inverter 
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HOURS O F  OPERATION ON RECIPS ON INVERTER 

Figure 3-9b. - History of the Hourly Power, EER, and SST 
for Recips on Inverter 
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0 500 1000 1500 

HOURS O F  OPERATION ON SCREW ON INVERTER 

Figure 3-loa. - History of the Hourly Refrigeration Load, SDT, 
and Ambient Temperature for Screw on Inverter 
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HOURS OF OPERATION ON SCREW ON INVERTER 

Figure 3-lob. - History of the Hourly Power, EER, and SST 
for Screw on Inverter 
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HOURS O F  OPERATION ON RECIPS ON UNLOADERS 

Figure 3-lla. - History of the Hourly Refrigeration Load, SDT, 
and Ambient Temperature for Recips on Unloaders 
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Figure 3 - l lb .  - History of the Hourly Power, EER, and SST 
for Recips on Unloaders 
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HOURS OF OPERATION ON RECIP. ON INVERTER 

Figure 3-12. - History of the Hourly Refrigeration Load for 
Recips on Inverter (Non-Smoothed Data) 

temperature and SDT shows that fan cycling held the minimum condensing 

temperature above 50°F. After the first 300 hours of operation, the SST was held at an 

average of - 17°F. 

Even though smoothed data are useful in reducing the scatter of the data, smoothing 

eliminates the extreme peaks in the data Based on the raw (non-smoothed) data, the 

power for the INV peaked at 27 kW at an  SDT of 106°F and ambient temperature of 

90°F. Hence, at high ambient temperatures, the condenser TD was about 16°F. The 

range of ambient temperature for the INV was firom 4 to 90°F. 

The results for the SCR are shown in Figures 3-loa and 3-lob. Similar to the INV, 
after the first 300 hours of operation, the SST averaged -17°F. Based on the raw data, 

the power peaks at 22.5 kW at an SDT of 97°F and ambient temperature of 82°F. The 

ambient temperature range while the SCR was in operation was 0 to 82°F. 

The results for the UNL are shown in Figures 3-1 la and 3- 1 lb. After the first 300 - 
hours of operation, the SST averaged -19°F. Based on the raw data, the power peaks 

at 25 kW at an SDT of 11 1°F. The ambient temperature range while the SCR was in 

operation was 0 to 89°F. 



Comparison of Refrigeration Systems 

Spline Fits. The smoothed data of Figures 3-9,3-10, and 3-1 1 would be confusing if 
they were simply plotted on top of each other for comparison. In  order to compare the 
performance of the three refrigeration systems, it is ,necessary to transform the data 

into a form that allows a simple comparison. Consider the EER data obtained for the 

INV in Figure 3-13. There is considerable variation in EER for given SDT values. 

Thus, it is desirable to assign a single value to  the EER of the system at any given SDT. 

To accomplish this, spline points were visually imbedded in the smoothed data and a 
spline was drawn between these points (Figure 3-14). The resulting spline, Figure 
3- 15, is an accurate representation of the performance of the system for the range of 

available data. This method was used on  all the data to simplify the performance 
'comparison between the three refiigeration systems. The first 300 hours of data 

collected on the three systems were excluded since, during this period, the suction 
setpoint was not  lowered to its final value. The shaded SST region in Table 3-4 shows 
the data that were excluded on the basis of their high SSTs. 

EER Comparison. Figure 3-16 shows the comparison of the splines fitted through the 
HCFC-22 EER data of the three refiigeration systems. These curves indicate abnormal 
EER performance at low SDTs. To illustrate this, consider Figure 3-17, which shows 
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Ix w w 

SDT ("El 
Figure 3-13. - EER vs. SDT for Recips on 

Inverter (Smoothed Raw Data) 
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Figure 3-14. - EER vs. SDT for Recips on 
Inverter (Fitting a Spline) 
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Figure 3-15. - EERvs. SDT for Recips on 
Inverter (Spline Curve Fit) 
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Figure 3-16. - Comparison of the HCFC-22 EER 
Performance for the Three Refrigeration Systems 
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Figure 3-17. - Comparison of the CFC-502 EER 
Performance for the Three Refrigeration 
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the CFC-502 results for the three systems. The performance of the low-temp rack on 

the two refrigerants is substantially different. With HCFC-22, all three systems 

exhibit a marked reduction in EER at SDTs below 50°F. This abnormal behavior is due 

to the excessive cycling of the compressors at low ambient temperatures. The reason 

for this cycling is discussed in the subsections below, entitled "SST Comparison" and 

"Analysis of the Effect of Lower HCFC-22 Flow Rates". 

With HCFC-22, the UNL shows the best overall performance followed by the INV. The 

SCR is last. However, the situation was not ideal for the SCR, since we were using a 

150-SUS oil. This oil was selected based on  the requirements of the recips as opposed 

to the screw, since the wear rates of the recips were supposed to be excessive with 
higher viscosity oils. Our laboratory results have shown that with a higher viscosity 

oil the SCR performance can improve by an average of 5%. With CFC-502, the INV 
shows the best performance. Compared to the SCR, the UNL has a higher EER above 

60°F SDT, while the SCR has a distinctly higher EER below 60°F SDT. As  shown in 
Figures 3- 10a and 3- 1 la, the two  systems spend a considerable amount of the time 
below 60°F. Thus, only a bin temperature analysis can show which has the best 

seasonal EER. 

The HCFC-22 reduction in EER at low SDTs is most pronounced for the INV, and least 

pronounced for the SCR. Figure 3- 18 shows the direct comparison of HCFC-22 and 

CFC-502 performance for the INV. The CFC-502 performance follows the general 

pattern of EER/SDT dependence for positive-displacement compressors. The HCFC-22 

performance is similar to that of CFC-502 at SDTs higher than 80°F. Below 80°F SDT, 

it crosses above the CFC-502 curve at 72°F and crosses back at 53°F. 

As  shown in Figure 3-19, the EER of the SCR is generally lower for HCFC-22, which is 
in agreement with our laboratory results (see Figure 2-14). The laboratory tests have 

shown that, with 68-cSt (300-SUS) mineral oil, the screw compressork low-temp EER 
performance deteriorates when switching to HCFC-22. Only after we switched to 

substantially higher viscosity (1500-SUS) POE oil did we obtain equivalent CFC-502 

and HCFC-22 EER performance. In Clifton Park, this problem was compounded by the 

use of 150-SUS mineral. As a result, the screw in Clifton Park performed even worse 

than the screw in the laboratory running on 300-SUS mineral oil. Figure 3-20 
compares the HCFC-22 performance of the UNL with its CFC-502 performance. Above 

50°F SDT, the HCFC-22 performance was better than or equal to that of CFC-502. 

- 
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Figure 3-18. - Comparison of CFC-502 and 
HCFC-22 EER Performance for Recips on Inverter 
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Figure 3-19. - Comparison of CFC-502 and 
HCFC-22 EER Performance for Screw on Inverter 
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Figure 3-20. - Comparison of CFC-502 and 
HCFC-22 EER Performance for Recips on Unloaders 

Power Comparison. The HCFC-22 power consumption of the three systems is 

presented in Figure 3-2 1. The SCR has the highest power consumption, followed by 

the INV. The UNL is the most efficient system on HCFC-22. The CFC-502 results are 

similar (Figure 3-22), except that the INV consumes less power than the UNL for SDTs 

less than 83°F. With CFC-502, the use of the inverter improves the seasonal 

performance of the recips, since the SDT is less than 83°F for most of the year. 

The UNL consumes less power with HCFC-22 than with CFC-502. The situation is 

reversed for the SCR and the INV. At low SDTs, the UNL and SCR consume similar 

amounts of power regardless of the refrigerant used. The INV, however, consumes less 

power (at low SDTs) with CFC-502. For HCFC-22, a comparison of the power curves in 
Figure 3-21 with the EER curves of Figure 3-16 suggests that the fluctuations in EER 
are caused solely by the refigeration load. 

Refriperation Load Comparison. A comparison of the curves in Figures 3-23 and 

3-24 indicates that all three systems operate less stably with HCFC-22 than with 
CFC-502. The instability in load is most pronounced with the INV and least 

pronounced with the SCR. The average refrigeration load for the two refrigerants is 
similar and is about 100 MBH, except for the SCR with CFC-502. With CFC-502, The 

refigeration load for the SCR is consistently higher than that of the other two systems 
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Figure 3-21. - Comparison of the HCFC-22 Power 
Consumption for the Three Refrigeration Systems 
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Figure 3-22. - Comparison of the CFC-502 Power 
Consumption for the Three Refrigeration Systems 
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Figure 3-23. - Comparison of the HCFC-22 Refrigeration 
Load for the Three Refrigeration Systems 
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Figure 3-24. - Comparison of the CFC-SO2 
Refrigeration Load for the Three Refrigeration Systems 

3 - 28 



(see Figures 3-24 and 2-6). The increase in load for the SCR is attributable to a 
parasitic heat gain in the subcooled liquid lines. When the SCR is in operation, the 

liquid is mechanically subcooled by the economizer and is considerably colder than 

when the UNL or INV is running. As an example, at 80°F SDT, the liquid temperature 

for the SCR is 23°F while for the UNL and INV it is 67°F. The lower liquid temperature 

(44°F) results in the pickup of a parasitic load in the trenches that poses an additional 

burden on  the SCR. Thus, it is not surprising that the EER performance of the SCR 

compared to that of the other two systems (Figure 3-17) is not as unfavorable as its 

power consumption comparison (Figure 3-22). 

For HCFC-22, however, the average refrigeration load of the SCR is not higher than 
that of the other two systems (Figures 3-23 and 3-8). The absence of parasitic load 

can be partially explained by the fact that the subcooling load is less for HCFC-22. At 

80°F SDT, the mechanical subcooling load for CFC-502 is 17.5 MBH, while for 

HCFC-22 it is only 11 MBH. This, combined with the lower refrigerant flow rates of 

HCFC-22, may reduce the parasitic load picked up in the trenches. 

SST Comparison. The SST curves in Figure 3-25 show unusual fluctuations for a 
supermarket refrigeration system. The expected behavior is that shown in Figure 3-26 
for CFC-502. This figure shows that the INV controls the average suction set point to 
within 0.2"F. The SST bandwidth for the UNL is wider at about 1°F. The slight 
fluctuation in average SST with the UNL is due to the finite steps in capacity with 
unloaders. Below 75°F SDT, the SCR holds a tight control over the SST. However, 

above 75°F SDT, the full capacity of the screw compressor is reached and the SST 

climbs above its setpoint. This also explains the change in the slope of the SCR power 
curve in Figure 3-22 at 75°F SDT. Since the power consumption of a compressor 
increases at higher SSTs, the power consumption of the SCR increases more' rapidly 

above 75°F SDT. 

With HCFC-22 (Figure 3-25), however, the SST seems to be strongly affected by the 
variations in load. This effect is most pronounced for &e INV, which suffers the 
largest variations in load (Figure 3-25). The rapid fluctuations in load at low SDTs 
impeded the controller's ability to maintain suction temperature. The swings in load 
are so violent (Figure 3-12) that the compressors are frequently shut off 

onlow-pressure safety. This happens in two steps: first the low-sp-eed limit of the 
inverter is reached; and then the suction pressure falls below its low-pressure 
setpoint. The controller then waits 30 seconds to restart the compressors. During 
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Figure 3-25. - Comparison of the HCFC-22 SST 
Data for the Three Refrigeration Systems 

this period the SST climbs well above the suction setpoint. This cycling was observed 
by the service technician on many occasions. As a result, the apparent average SST 

increased at lower SDTs. With the SCR, this was not as much of a problem because of 

its smaller refkigeration capacity. The smaller capacity prevented frequent low 

pressure trips. The UNL did not suffer from this problem, suggesting that the problem 

was related to the limited capacity reduction allowed by the inverter. If the unloaders 

were to be used in conjunction with the inverter, this problem may be resolved. 

The reason the screw compressor was undersized was that we originally sized it for 

-15°F operation. The original refrigeration schedule of the supermarket specified a 
-15°F SST for Clifton Park's low-temp rack. During the CFC-502 testing, we 

discovered that the supermarket operators were running the rack at -20°F SST. As 
shown in Figure 3-26, the screw compressor could maintain the suction below -15°F 

with CFC-502. With HCFC-22, according to our laboratory results, the capacity of the 

screw compressor with 300-SUS mineral oil decreased by about 18 MBH (see above). 

The 18-MBH decrease in capacity was verified against the Clifton Park demonstration 
results in the following manner. As shown in Figure 3-27, the screw could not 
maintain a -18°F suction setpoint above 75°F SDT with HCFC-22. With CFC-502, the 
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Figure 3-26. - Comparison of the CFC-502 SST 
Data for the Three Refrigeration Systems 

ASPEN SYSTEMS DEMONSTRATION RESULTS 

Figure 3-27. - Comparison of the HCFC-22 and 
CFC-502 SST Data for the SCR System 

3 - 3 1  



screw could not maintain a -18°F SST above an SDT of 92°F. We used these data to 

calculate the actual HCFC-22 capacity reduction in Clifton Park. Using 

mandacturer's data sheets, the economized capacity at 75°F SDT (-18OF SST, 

CFC-502,4500 rpm) was 176 MBH. The economized capacity at 92°F SDT (other 

conditions the same) is 196 MBH. Thus, the Clifton Park screw compressor suffered a 

loss in capacity of 20 MBH (196 vs. 176 MBH) when we switched to HCFC-22. This 
was in complete agreement with our laboratory results. The additional 2-MBH loss in 
the field was due to the lower viscosity of the oil used in Clifton Park (150- 

vs.3oo-sus). 

Analvsis of the Effect of Lower HCFC-22 Flow Rates. A cursory look at Figures 

3-16,3-23, and 3-25 reveals tliat none of the three systems operates stably with 

HCFC-22, especially at lower SDTs. The cause of this instability was the lower flow 

rates associated with HCFC-22. The higher refligeration effect of HCFC-22 compared 

to CFC-502 resulted in about 30% less mass flow rate for a given load. The lower 

resrigerant velocity, caused phase separation in the evaporator coils of the display 

cases and resulted in increased TXV hunting (SJ. At lower SDTs, the refrigeration 

effect was larger, resulting in even lower mass flow rates. Thus, with HCFC-22, the 

evaporator coils were oversized, especially at lower SDTs. 

With the TXVs' excessive hunting, the infinite adjustability and fast response of the 

inverter caused it to chase the load and intensified the hunting. The situation was 

further aggravated when the minimum condensing setpoint was reached. The 

condenser fans started cycling in response to the violent fluctuations in load. 

Examining Figure 3-9a one can see that all these scenarios all clearly enacted at low 

SDTs. The large variations in condenser temperature difference (TD= SDT-ambient 

temperature) at SDTs below 60°F indicated that the fans were cycling. The large 

fluctuations in refrigeration load indicated that the TXVs were hunting.. The 

destabilizing role of the inverter is discerned by comparing Figures 3-9a and 3-1 la. 

The fluctuations in load at low SDTs are larger for the INV than for the UNL. These are 

smoothed data; as shown in Figure 3- 12, the actual fluctuations in load have a much 

higher amplitude. 

We can now explain the unfamiliar HCFC-22 behavior of the INV in Figure 3-18. As 
the load fluctuated between its high and low values, the heat rejection rate of the 
condenser followed suit. As a result, the SDT followed the variations in the load and 

fluctuated accordingly. Thus in Figure 3-18, at low SDTs, the combination of fan 



, 

cycling and condenser heat rejection rate fluctuation caused the SDT to jump back 

and forth between, say, 50 and 60°F. The EER, therefore, moved up and down along 
the slope of the lower SDT portion of the curve. Meanwhile, the power (Figure 3-19) 

remained unperturbed, primarily because of the long integration time of the pulse 
output of the Wattmeter, which spanned several minutes. Thus, the power 
measurement saddles several fluctuations in load (and SDT) and.remained essentially 

constant. 

ADDITIONAL TESTING 

After reviewing the results we decided to perform several modifications to the system 

and run additional tests. 

1. A newer model screw compressor with larger inlet and outlet ports and tighter 
tolerances was installed. 

2. To improve the low SDT performance, a liquid pump was installed. The 
condenser control was altered to allow the system to operate at lower SCTs. 

3. The effect of disabling the economizer port on the screw compressor rack at 
SDTs below 50°F was examined. By examining the data, we found that with 
HCFC-22, the subcooler could actually increase the liquid temperature at low 
condensing temperatures. Our laboratory tests had indicated that the 
economizer had little or no effect on  EER between 40 an 50°F SDT. 

4. Performance testing was completed for each new configuration. The low SDT 
data were collected during cold ambient conditions. The high temperature data 
were simulated by disabling condenser fans. 

New Screw Cornmessor Performance 

The new, improved screw compressor was installed in October 1992. This 9 1-mm MK4 
Howden compressor had tighter rotor-to-rotor, rotor-to-bore, and end clearances. The 
discharge and suction passageways were enlarged to minimize losses. Laboratory 
tests indicated a 3.7% increase in EER and a 5.8% increase in capacity compared to 
the older MK3 screw compressor. 

The field tests performed with the MK4 compressor indicated an average load of 

94 MBH. The EER performance was distinctly better than with the MK3 compressor. 
Figure 3-28 shows generally better performance from 50 to 85°F SDT. Below 50°F 
SDT, the performance was significantly better. The condenser control was changed -to 
allow lower SCTs and the liquid pump was on. This minimized the fan cycling that had 
occurred during previous tests and provided more stable operation, reducing the 
power usage of the compressor. 

3 - 33 



ASPEN SYSTEMS HCFC-22 DEMONSTRATION RESULTS 
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Figure 3-28. - Comparison of MK4 and MK3 
Screw Compressors EER Performance 

bove 85°F SDT, the MK3 compressor appeared to outperform the MK4. However, this 

was misleading. When the MK3 was tested, the average SST was well above the 

setpoint at higher SDTs (Figure 3-25, SCR). During the MK4 testing, the SST was very 
close to the setpoint over most of the range of SDTs (Figure 3-29). This could be 

attributed to both the higher compressor capacity and the lower average system load. 

Only above 88°F SDT did the SST exceed - 18°F. Thus, the MK3 did not have a better 

EER. It was merely running at a higher SST. 

Comparison of the MK4 EER with recent INV results indicates that the INV is still 

better than the SCR (Figure 3-30). Since we obta&ed limited data on both 
compressors, the curve-fits are not as smooth as the ones from previous tests. 

The power comparison (Figure 3-31) indicates that the inverte-driven recips and the 

inverter-driven screw used the same power from 40 to 55°F SDT. Above that, the trend 

was the same as with the MK3 compressor. The measured power did not include 

power used for the liquid pump. 
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Figure 3-29. - MK4 Screw Compressor SST Data 
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Figure 3-30. - Comparison of MK4 Screw 
Compressor and Recips on Inverter EER 
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SDT 0) 

Figure 3-31. - MK4 Screw Compressor and 
Recips on Inverter Power Comparison 

Note that the power is lower than that shown in Figure 3-2 1. There are two reasons 

for this. First, as mentioned above, the change in condenser control reduced system 

instability and compressor power. Second, one of the ice machines was not  in use and 

therefore the overall load was lower. The lower load led to a lower power consumption. 

Liquid Pump / Condenser Control 

The liquid pump, manufactured by Hysave, was installed in the second week of 

December 1992. The system was run for one week with the liquid pump off to 

determine its effect on compressor power. Figlzre 3-32 indicates a drop in compressor 

power consumption when the pump was in use. However, the power consumed by the 

pump, measured at 380 W, more than offset the decrease in compressor power. 

This result indicates mat the major savings in power and increase in EER for the SCR 
were accomplished by reducing the minimum SCT setting. Our laboratory tests with 

the screw compressor indicated that SDTs down to 40°F were attainable without a 
liquid pump. We did not repeat this test with the INV. Since the INV operated w i ~  
only a s m d  amount of subcooling, its power usage may have been more sensitive to 

the liquid pump operation. 
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Figure 3-32. - Comparison of the MK4 Screw 
Compressor Power With and Without the Liquid 

Economizer Control 

The economizer was disabled for a one-week period. As shown in Figure 3-33, the EER 
was clearly better above 50°F SDT with the economizer on. Below 50°F SDT, the screw 
compressor operated more efficiently without the economizer. This result agrees with 

our laboratory findings. 

RELIABILITY HISTORY 

During the three years that the systems were in operation, we did not encounter any 

problem related to the screw compressor. The reciprocating compressors also 
performed reliably. We had to replace one malfunctioning solenoid valve on the screw 

compressor rack and had a few problems with the control and energy management 
systems. The instrumentation was reliable, and we replaced only one pressure 
transducer. Oil analysis o n  the racks revealed no abnormalities. 

The MK3 screw compressor was removed on June 3, 1992, for inspection and 

replkement with the newer MK4. The inspection of the MK3 revealed no measurable 
wear on the moving parts. 

- 
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Figure 3-33. - Comparison of the MK4 Screw 
Compressor EER With and Without the Economizer 

SUMMARY 

The conversion of the low-temp rack in Clifton Park fkom CFC-502 to HCFC-22 
was accomplished over two nights. 

The average HCFC-22 refrigeration load was 100 MBH and was not different 
fkom the CFC-502 refrigeration load. 

Compared to CFC-502, the HCFC-22 EER performance improved for the UNL 
and deteriorated for the SCR. 

With HCFC-22, the most efficient system was the UNL followed by the INV and 
the SCR. In contrast, with CFC-502, the most efficient system was the INV. In 
terms of efficiency, the SCR and UNL had similar seasonal performance. 
However, the UNL consumed less power. This was due to the additional 
refrigeration load carried by the screw as a result of the mechanically 
subcooled liquid lines. 

The peak hourly power consumption recorded for each system on HCFC-22 is 
given in Table 3-6. 

AU three systems operated less stably with HCFC-22 compared to CFC-502. 
This was due to the lower mass flow rates associated with HCFC-22. 



e 

SCR 
UNL 
INV 

e 

22.5 82 97 
25 89 111 
27 90 106 

e 

e 

e 

e 

e 

Table 3-6. Peak Hourly Power Consumption for the Three 
Refrigeration Svstems With HCFC-22. 

The HCFC-22 performance of the SCR was lower than that obtained in Aspen 
Systems' laboratory. The cause of the lower performance was the low viscosity 
of the oil used in Clifton Park. 

The conversion was successful. The systems performed reliably and, in some 
cases, we observed improved performance compared to CFC-502. 

The replacement of the older MK3 screw with a newer MK4 version improved 
energy effeciency performance. 

The INV still appeared to have better performance than the new MK4 SCR over 
most of the SDT range. 

Disabling: the economizer at low SDTs showed some EER improvement. 

The lower condenser settings and use of a liquid pump lead to better 
performance on the INV. 

The lower condenser setpoints produced better performance for the SCR with 
or without the liquid pump in operation. The mechanical subcooling of the 
economizer appears to provide sufEcient subcooling to maintain case 
temperatures. 
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Section 4 

IN THIS SECTION 
THE DEMONSTRATION SITE SUPERMARKET 
DEMONSTRATION TESTING PROCEDURE 
LOW-TEMP DEMONSTRATION TESTING HISTORY AND RESULTS 
MED-TEMP DEMONSTRATION TESTING HISTORY AND RESULTS 
A/C RACK DEMONSTRATION TESTING HISTORY AND RESULTS 
SYSTEM ISSUES 

OIL ANALYSIS 
RELIABILITY 
PROJECTED ANNUAL PERFORMANCE AND ENERGY COSTS 
ECONOMIC ANALYSIS 
SUMMARY 

This section describes the Glens Falls demonstration test site and summarizes the 
results we obtained in the first year of its operation. 

THE DEMONSTRATION SITE SUPERMARKET 

The Glens Falls Shop 'n Save is a new supermarket that was designated as a 
demonstration site for advanced, non-CFC refrigeration systems in its design stage. 
Completed in March of 1992, the store employs HFC-134a for its air-conditioning 
(A/C) and medium-temperahue (med-temp) systems and HCFC-22 for its 
low-temperature (low-temp) systems. The 63,000 ff store operates 24 hours a day. 

In addition to the testing of alternative refiigerants, different compressor technologies 
were tested. The med-temp system employs open-drive reciprocating compressors 
(recips), semihermetic recips, and open-drive screw compressors. The low-temp 
system uses open-drive screws from two different manufacturers as well as 
semihermetic recips. The A/C rack uses open-drive recips. All compressors, except 
those on the A/C rack, are controlled by VFDs for capacity control. 
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Each system was fully instrumented to allow measurement of operational parameters 
and energy efficiency. Data collected from these systems were used to establish 
seasonal performance and electric power demand. 

Materials performance issues such as component reliability and oil/refrigerant 
compatibility were also addressed. Oil samples from each system were analyzed on a 
regular basis to identify excessive contamination, decomposition, chemical shifts, 
wear, or other long-term compatibiliiy problems. 

Description of the Glens Falls Refr&eration Systems 

A summary description of the A/C and refrigeration systems at the Glens Falls Shop 'n 
Save store is shown in Table 4- 1. The arrangement of the refrigeration systems in 
Table 4- 1 is schematically illustrated in Figure 4- 1. 

Law-Temp Rack 

The low-temp rack in the Glens Falls store has two suction groups, -25°F and - 15"F, 
which share a common oil separator, condenser, reclaim coils, receiver, and liquid 
pump. The rack configuration is illustrated in Figure 4-1. A description of each of the 
components of the low-temp rack follows: 

Compressors. For the tests described in this section, the low-temp refrigeration 
system had one Howden open-drive screw compressor, two Carlyle open-drive screw 
compressors, and two Carlyle 06ER175 semihermetic recip compressors. The 
low-temp rack houses the screw compressors (Figure 4-2), while the semihermetic 
recips (that were added as backup) are mounted on a skid of their own (Figure 4-3). A 

Table 4- 1. Description of the Refrigeration Systems 
in the Glens Falls Test Store 

Legend: Open - Open-Drive; Semi - Semihermetic; AB - Alkylbenzene; POE - Polyol Ester 
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LOW-TEMP 
CONDENSER 

. .  

I I 

I T DISPLAY CASES ? 

MED-TEMP 
CONDENSER 

..... ..... 

..... ..... 

AIC 
CONDENSER 

Figure 4- 1. Arrangement of the Refrigeration Systems 
in the Glens Falls Test Store 

complete description of the Howden compressor can be found in Section 2. The 
Carlyle screw compressors are rated at 33 cfm. They were installed with their 
dedicated external oil separator/reservoir. The three sets of compressors were 
switched between the - 15°F and -25°F refrigeration loads on a weekly basis. 

Oil Coolers. The two low-temp Carlyle screws share one oil cooler and the low-temp 
Howden screw has its own cooler. These oil coolers, mounted in the ceiling of the 
mechanical center, draw air from the mechanical room and exhaust it outside. The 
specifications for the Carlyle oil coolers are as follows: 

Model No. ....................................................... DB-32-4 
Oil flow rate ..................................................... 6.0 gpm 
Heat transfer rating ............................................. .60 MBH 
Dimensions ......................................... 28H x 28W x 18D in. 
Fanhorsepower 314 ...................................................... 

The specifications for the Howden oil cooler are as follows: 

Model No. ....................................................... DB-3 1-4 
Oil flowrate ..................................................... 6.0 gpm 
Heat transfer rating .............................................. 48 MBH 
Dimensions ......................................... 28H x 28W x 18D in. 

...................................................... Fanhorsepower 3/4 

Condenser. The roof-mounted condenser is an air-cooled, belt-driven unit 
manufactured by Bohn. 

Model No. ....................................................... BVF- 100 
Heat transfer rating .................................... 48,830 Btu/"F/hr 
Number offans ........................................................ 3 
Fan horsepower ........................................................ 3 
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Figure 4-2. The Open-Drive Screw Compressors 
in the Low-Temp Refrigeration System 

Figure 4-3. The Carlyle Semihermetic Recip Compressors 
in the Low-Temp Refrigeration System 
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Oil Separator. The oil separator is a high-efficiency, dual-chamber, coalescing type 

made by Frick. 

Model No. ........................................................ DOC-12 ................................................ Oil carryover rate 10 PPm 

Liquid Pump. This rack employs a liquid refrigerant pump to assist in floating head 
operation. The pump also provides additional pressure required for the mass flow 
meters. The pump is a 2-hp Hansen sealed centrifugal Unit with a magnetic drive. 

Economizer Subcoolers. There is one subcooler for each suction group. The two 
subcoolers are Dunham-Bush shell and tube heat exchangers with the following 
specifications: 

Model No. ................................................... SC003482AJ 
Max.load ...................................................... 43.4 MBH 
LMTD 0 design load ............................................... 3 1.1"F 

Controller. Two RC- 1000 rack controllers identical to the one described below under 
Med-Temp Rack were used for the two suction groups. 

Inverter. 
coupled to the Howden compressor. 

A single Emerson Eclipse inverter with the following specifications was 

Model No. ................................................... -6230 - 8421 
Nominalrating ..................................................... 50 hp 

Maximum efficiency ................................................. 96% 
Number ofdrives ....................................................... 1 

Type ................................................... Sinusoidal PWM 

Individual Emerson Eclipse inverters with the following specifications were used for 
each Carlyle screw compressor. 

Model No. .................................................... -6230 - 8521 
Nominal rating ...................................................... 30 hp 
Type ................................................... Sinusoidal PWM 
Maximum efficiency ................................................. 96% 
Number of drives ....................................................... 2 

I 

Each compressor was controlled by its own inverter. For the Howden compressor, the 
maximum speed was 4400 rpm. The Carlyle screws run at a maximum speed of 2200 

rpm. 



Med-Temp Rack 

The med-temp rack had two suction groups, +20"F and +15"F. These shared a 
common oil separator, condenser, reclaim coils, receiver, and liquid pump (Figure 4- 1). 

Condenser. The roof-mounted condenser is an air-cooled, belt-driven unit 
manufactured by Bohn. Specifications of the condenser are listed below: 

Model No. ....................................................... BVF-200 
Heat transfer rating .................................... 96,630 Btu/"F/hr 
Number offans ........................................................ 6 
Fanhorsepower ........................................................ 3 

Oil Separator. The oil separator is a high-efficiency, dual-chamber, coalescing type 
made by Frick. 

Model No. ........................................................ DOC-16 ................................................ Oil carryoverrate 10 PPm 

Liquid Pump. This rack employs a liquid refr-igerant pump to assist in floating-head 
operation. The pump also compensates for the pressure drop across the mass flow 
meters. I t  is a 3-hp sealed centrifugal unit with a magnetic drive manufactured by 
Hansen. 

Med-Temp Rack (20°F System) 

Compressors. The three different compressor groups serving the +20"F med-temp 
cases (Table 4- 1) were alternated on a weekly basis. This system includes three Bitzer 
6H2 open-drive reciprocating compressors (Figure 4-4), four Carlyle 06EM 175 
semihermetic reciprocating compressors (Figure 4-5) and three Howden 91-mm 
open-drive screw compressors (Figure 4-6). The Bitzer and Howden compressors are 
direct-coupled to their respective motors. 

Oil cooler. The three +20"F Howden screws share a single oil cooler. The oil cooler, 
mounted in the mechanical center's ceiling, draws air from the mechanical room and 
exhausts it outside. 

Model No. ....................................................... DB-32-4 
Oil flow rate ..................................................... 12 gpm 
Heat transfer rating ............................................. .77 MBH 
Dimensions ......................................... 28H x 28W x 18D h. 
Fan horsepower 3/4 hP ................................................... 
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Figure 4-4. The Bitzer 6 H 2  Open-Drive Recip Compressors 
in the +20”F Refrigeration System 

Figure 4-5. The Carlyle 06EM175 Semihermetic Recip 
Compressors 
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Figure 4-6. The Howden 91-mm Screw Compressors 
in the +20"F Refrigeration System 

Subcooler. The subcooler is used in conjunction with the economizer ports of the 

three screw compressors to increase their capacity and performance. Refrigerant used 
to subcool the liquid is returned to the compressors' economizer ports. The 
specifications for the Dunham-Bush subcooler are as follows: 

Model No. ................................................... SC00448 1AJ 
Max.load ...................................................... 93.5 MBH 
LMTD @ design load ............................................... 2 1 .O"F 

Variable-Frequency Drives. Three VFDs were installed for control of the +20"F 

compressors. The inverters are Emerson Eclipse, constant-torque VFDs. 

Model No; .................................................... 6230 - 8421 

Maxlmum efficiency ................................................. 96% 

Nominalrating ..................................................... 50 hp 
Type ................................................... Sinusoidal PWM 

Number ofdrives ....................................................... 3 

Controller. The refrigeration system is controlled by an EIL RC-1000 rack controller. 
This controller is identical to the one installed at the Clifton Park site and in our 
laboratory. We utilized the RC- 1000 suction pressure control algorithm for all test 

racks. The suction pressure was maintained at a specific value and the circuit suction 
solenoid valves were cycled to maintain case temperature. 

. 

4 - 8  



Three inverters are available to drive each bank of compressors. When the inverters 
are driving either the open-drive or the semihermetic recips, the maximum inverter 
output is set to 60 Hz. The compressors are aU driven at the same speed. The 
minimum speed on the recips is set to maintain the required minimum oil pump 
pressure. 

When the screw compressors were in operation, the drives were configured for a 
maximum frequency of 67 Hz. The maximum compressor speed was 4000 rpm. The 
compressors were driven sequentially. Thus, the first compressor would be at full 
speed before the second one was started. 

Med-Temr, Rack ll5'F System) 

Compressors. The +15"F med-temp system has two Carlyle 5H40 open-drive 
reciprocating compressors. Each compressor has a direct-coupled motor. Both 
compressors are driven by one inverter (Figure 4-7). 

Figure 4-7. The Carlyle 5H40  Open-Drive Recip Compressors 
in the +15"F Refrigeration System 
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Variable-Frequency Drive. The inverter is an Emerson Eclipse, constant-torque VFD. 

Model No. ................................................... -6230 - 8002 
Nominalrating ..................................................... 75 hp 
Type ................................................... Sinusoidal PWM 
Maxlmum efficiency ................................................. 96% 
Number ofdrives ....................................................... 1 

Controller. A n  RC- 1000 rack controller identical to the one described for the 

med-temp rack, above, was used for this suction group. 

AIC Rack 

The A/C for the store is supplied by five roof-mounted air handlers. The heating load 

is met with heat reclaim from the refrigeration racks and by gas heaters. The cooling 

load is met using outside air when the outdoors ambient temperature is below 70°F. 

Above this temperature, the HFC- 134a-filled A/C rack provides the required 

mechanical cooling. 

Compressors. The A/C system uses three Bitzer 6F.2 and one Bitzer 4H.2 open-drive 
reciprocating compressors (Figure 4-8). These compressors are direct driven and are 

cycled on and off to match the required capacity. 

Figure 4-8. The Bitzer Open-Drive Recip Compressors 
i n  the A/C System 
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Condensers. The roof-mounted condenser is an air-cooled, belt-driven unit 
manufactured by Bohn. The specifications of the condenser are listed below: 

Model No. ....................................................... BVF-200 
Heat transfer rating .................................... 96,630 Btu/"F/hr 
Number of fans ........................................................ 6 
Fan horsepower ........................................................ 3 

Liquid Pump. This rack employs a liquid refkigerant pump to provide additional 
pressure required for the mass flow meters. The pump is a 3-hp Hansen sealed 
centrifugal unit with a magnetic drive. 

Controller. A n  RC-1000 is used to control the compressors. The compressors are 
staged to maintain the desired suction pressure setpoint. The space temperature is 
maintained by cycling the suction solenoid valves on the air handler evaporator coils. 

Oil Manwement 

Both the low- and med-temp racks required special attention for their oil management 
systems. Screw compressors require a significant amount of oil to seal their rotors 
during the compression process and, as a result, discharge a substantial amount of 
oil. The low-temp rack contains three of these compressors. Though the Howden 
compressor contains its own internal separator, we have found that its oil carryover 
rate can be as high as 4 gal/hr (see Section 2). The discharge lines of the two Carlyle 
screw compressors were piped into a special oil separator/reservoir supplied with the 
compressors. The amount of oil not captured by this separator is substantially less 
than the oil carryover of the Howden compressor. The excess oil Ecom all the screw 
compressors is carried through the high and low sides and can significantly reduce the 
effectiveness of the condenser and evaporators. Furthermore, this oil can accumulate 
preferentially in either the sump of the Howden screw or the oil reservoir of the Carlyle 
compressors. To reduce the amount of oil carried into the condenser and evaporators, 
a separate oil separator for the combined discharge flow was installed. The oil 
separated by this oil separator is directed to an external oil reservoir. When a 
compressor is low on oil, oil is fed from the external reservoir into the compressor's oil 
injection ports. 

The med-temp rack has a total of 12 compressors, three of which are screws and two of 
which are at lower suction pressure than the others. The arrangement of the 
compressors and the oil management system of the +20°F portion of this rack is shown 
in Figure 4-9. There is a single oil separator for the combined discharge flow. The oil 
collected by this separator is gravity-fed to an oil reservoir that is maintained at 
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discharge pressure. For the recips, a pressure regulator reduces the oil supply 
pressure to about 45 psi above suction. For the screws, the oil is fed directly into their 
oil injection port, just downstream of the oil cooler. 

In addition, oil storage and feeding must be designed to feed oil to the low-pressure 
sumps of the recips and the high-pressure oil injection port of the screws. 

Instrumentation 

Each of the refrigeration systems is instrumented for temperature, pressure, flow, and 
power measurements. A description of each type of sensor is listed below. 

1. Temperatures and Dewpoints - Critical points in the liquid and suction 
lines used to determine the refrigeration load are monitored with precision 
RTDs inserted into the flow. All other points are monitored with immersion 
thermistors or clamp-on, solid-state temperature sensors. Indoor and 
outdoor temperatures and dewpoints also are measured. 

2. Pressures - System pressures that are critical to calculating refrigeration 
loads are measured by precision pressure transmitters calibrated prior to 
installation. Standard EIL pressure transducers are used for all other 
pressure readings. 

3. Flow Rates - Coriolis-effect mass flow meters are used to measure the 
refrigerant flow rate in the liquid line of each suction group. These flow 
meters provide pulse outputs for each pound of refrigerant mass that 
passes through them. Pulses accumulated over a specified data collection 
interval are divided by the duration of that interval to determine the mass 
flow rate. Since the meters measure mass flow directly, no  adjustments 
are needed for changes in temperature, viscosity, or density. 

4. Electric Power - Power for each bank of compressors is measured with a 
two-stator, polyphase Watt-hour meter equipped with an electronic 
demand register. These meters provide pulse output for each unit of 
energy used. Pulses accumulated over a specified data collection interval 
are divided by the duration of that interval to determine power level. This 
type of meter will read accurately despite the fkequency variations and 
harmonics produced by the VFDs. The power used by each refrigerant 
condenser is monitored with hall-effect-type Watt transducers. The 
condenser fan motors are not powered by VFDs. 

Control and Data Acquisition Svstems 

Control of the refiigeration racks is handled by four EIL RC-1000 refiigeration rack 
controllers similar to the one installed in our laboratory and the Clifton Park test site. 
These controllers regulate all facets of system operation including compressor speed, 
case temperature, defrost cycles, and condenser fan cycling. 
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The RC- 1000 controllers are also capable of recording data and were therefore used as 
part of the data collection system. However, the RC-1000 uses eight-bit resolution for 
sampling data, which is insuf€icient for critical readings. An independent, sixteen-bit 
Campbell Scientific CR-7 data logger was installed to monitor the critical data points. 

The CR-7 data points are recorded every 12 seconds and are averaged over 5-minute 
periods. The 5-minute values are stored in the unit's internal memory prior to being 
downloaded. The RC-1000 records instantaneous data every five minutes and stores it 
in its internal memory. 

The instrumentation and data collection system were not completed when the store 
opened in March of 1992. In  the rush to meet the accelerated construction schedule, 
many sensors were not installed at startup. Weeks after the store was opened, many 
probes and transducers were still being installed. 

Sensor installation was completed by May 12, 1992, when data collection of the most 
critical values was initiated. During the first few weeks, we replaced several failed 
sensors and corrected system wiring problems. 

DEMONSTRATION TESTING PROCEDURE 

Test Procedure 

The five reftigeration systems in the Glens Falls store provided a wealth of data about 
compressor and system performance. The performance parameters relating to the 
compressors were measured on a continuous basis. Other limited-duration tests were 
conducted to determine the performance of specific components. 

Continuous Tests. The following tests were conducted on a continuous basis: 

The +20"F system was alternated between each bank of compressors every 
week. The collected data allowed optimization and comparison of the three 
Merent compressor configurations. 

The compressors on the low-temp rack were alternated between the -15OF 
and -25°F suction groups on a weekly basis. As  on the +20"F rack, 
performance of the compressors was optimized and compared. 

The +15"F rack was continuously monitored. The A/C rack was monitored 
when it was in operation, during the cooling season. 



Oil samples were taken on a regular basis fiom each system. Samples were 
analyzed to determine if there was excessive contamination, decomposition, 
chemical shifts, wear, or other long-term compatibility problems between 
the reliigerant, oil, and system components. 

.. . 
Limited-Duration Tests. The limited-duration or one-time tests included the 
following: 

Condenser TD - Once the system performance was established, the 
condenser TD setpoint was varied to determine its effect on the compressor 

. rack and condenser power. The performance of the system was also 
determined without the use of the TD control to determine the net effect on 
power of this control method. 

Liquid pump characteristics - The power usage of the liquid pumps was 
measured to determine their net effect on  each system‘s performance. 

Compressor internal inspection - The compressor manufacturers were given 
the opportunity to replace the currently installed compressors and inspect 
them for long-term wear or internal damage. 

Data Reduction 

All data were downloaded and saved in weekly blocks that isolated the performance of 
each group of compressors. Average weekly data were summarized in a table showing 
date and time of compressor switchover, manually recorded Watt-hour readings, power 
consumption, and average results. The manually recorded Watt-hour readings were 
used to verify power readings derived from the data collection system. The data sets 
were combined and reduced by FORTRAN programs developed by Aspen Systems. 

The data reduction programs were similar to the routines we used for reducing the 
data from the Clifton Park demonstration site and from our  laboratory test rack. The 
task of rewriting the data reduction programs was more complex than anticipated. 
There were 157 data points scattered over five different data loggers. All five data sets 
were required to calculate all parameters. If one data set was missing, the data could 
not be fully utilized, and some calculated values would be invalid. Though the clocks 
of the units were periodically synchronized, there were always discrepancies in the 
time stamps of the data sets and the data reduction program had to accommodate this. 

Also, new refrigerant subroutines had to be incorporated into the program to analyze 
the HFC-134a systems. 
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LOW-TEMP DEMONSTRATION TESTING HISTORY AND RESULTS 

This section describes the test history and results obtained from the low-temp rack of 
the Glens Falls store between June 1992 and August 1993. Following a history of the 
operation of the racks, the test results for each suction group are reviewed. System- 
and lubricant-related issues are addressed last. Detailed history sheets are provided 

- in Appendix A. 

Histow of the Low-Temp Rack 

The low-temp refr-igeration system is composed of three sets of compressors: two 
open-drive screws, one semihermetic screw, and-one semihermetic recip. Initially, the 
system used HCFC-22 and a 300-SUS alkylbenzene oil. This rack was converted to 
CFC-502 on May 11, 1993, and to HFC-507 (AZ-50) about six weeks later. Results for 
testing done after that date are covered in Volume I1 of this report. 

Several control and piping issues required attention after startup. Some of the 
problems were due to the experimental nature of the installation. 

~. ._1 ~ 

The receiver level varied dramatically during the first several months. The charge was 
migrating to the non-operating, supposedly isolated compressors through an 
unchecked oil line. An isolation valve was added to the line to stop the migration. 

I t  was noted that many of the -25°F display cases were unable to maintain their 
setpoint temperatures. Field measurements showed that the suction stops were 
undersized and were restricting the refr-igerant flow. The existing stops were replaced 
with the next larger size to reduce pressure drop and improve control. 

One problem occured with the reciprocating compressors. The compressors were 
installed with liquid injection desuperheating. The liquid injection valve was 
controlled by the rack controller to open at a specific discharge temperature, injecting 
liquid into the suction line. During the spring, the temperature sensor failed and the 
controller locked the liquid injection valve open. The liquid continually dumping into 
the compressor eventually caused a compressor failure. 

Three issues arose concerning the results for the Carlyle open-drive screw 
compressors. A wiring mistake with the wattmeter produced unreliable data for the 
Carlyle open-drive screw compressors. In  addition, the control sequences for the 



unloader and the variable-volume ratio were not correctly installed and affected overall 
performance. The results presented are, therefore, limited to the Howden open-drive 
screw and Carlyle semihermetic reciprocating compressors. 

The single 9 1-mm Howden experienced only one minor problem. The shaft seal leaked 
perceptibly more than the other open-drive compressors. Our laboratory tests have 
shown an increased leakage at speeds above 4000 rpm (the speed limit for the Glens 
Falls compressor is set at 4400 rpm). Howden engineers have suggested that, due to 
its design, the seal on the MK3 compressor (the version installed in Glens Falls) can be 
expected to leak at high speeds. It  is anticipated that replacing the MK3 compressor 
with an MK5 will solve this problem, since the MK5 has a redesigned seal which 
minimizes leakage. 

Low-Temp Performance Results 

-25°F Suction Group Performance. The -25°F suction group consists of eight 
circuits with a total calculated load of 126 MBH. Forty percent of the load is 
contributed by the open cof€in cases, 34% by the reach-in door cases, and the 
remainder by the grocery freezer. A complete refrigeration schedule for this suction 
group is shown in Table 4- 2. 

The measured average weekly load for this rack is shown in Figure 4-10. The peak 
summer weekly load of 126 MBH was reached in July of 1992 (Week No. 6). One 
abnormally high peak in December is attributed to a fauliy defrost sensor (week No. 
25). 

Table 4-2. -25°F System Refrigeration Schedule 

I 
I A9 I WEZ - FK Frozen Food I 
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Figure 4-10. - Weekly Refrigeration Load Profile 
for the -25°F Rack 

The daily load profile, averaged for July and August of 1992, is shown in Figure 4- 1 1 
and indicates that the average load varies from 113 to 134 MBH during the course of 
the day. The maximum load occurs between 6 and 7 p.m. The actual hourly load has 
reached as high as 144 MBH, exceeding the design load by 14%. The speed of each 
screw compressor was increased to accommodate these peak loads and maintain 
suction pressure. The recips were not run during this period. 

Figure 4- 12 shows the performance with the open-drive screw compressor connected 
to the load. Figure 4- 13 shows the performance when the semihemetic recip 
compressors are connected to the load. The performance is plotted against the SDT. 
The SDT is the saturated temperature corresponding to the compressor discharge 
pressure (measured at the discharge manifold). I t  is generally a few degrees higher 
than the condensing temperature, depending on the pressure drop between the 
compressor discharge and the condenser. The minimum SDT setpoint for the 
low-temp rack was 26°F. The suction temperature range for these graphs is -5 to 
20°F. 
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Figure 4-11. - Average Daily Refrigeration Load 
Profile for the -25'F Rack 

GLENS FALLS SHOP 'N SAVE DEMONSTRATION RESULTS 
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Figure 4-12. - EER Performance of the Howden 
Open-drive Screw on the -25°F System 
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Figure 4-13. - EER Performance of the Carlyle 
Semihermetic Recips on the -25°F System 

I t  should be noted that with the RC-1000, selecting a suction setpoint for the low-temp 
rack is not as precise as desired, since the controller setpoint can only be set in 
increments of 1 psi. At -25"F, a 1-psi change in pressure for HCFC-22 produces a 2°F 
change in SST. 

The data was smoothed and corresponding spline points were determined (see Section 
3 for a complete description of this process). A second order curve was fitted through 
the spline points. A s  shown in Figure 4-12, there is a close agreement between field 
and laboratory results for the Howden compressor. The EER performance of the 
semihermetic recip shows close correspondence to the manufacturer's data (corrected 
for operating conditions). The published data were corrected for actual operating 
conditions and drive losses of the inverter. 

The second-order curve fits for each compressor are compared in Figure 4-14. The 
results indicate that the screw is more efficient than the recips at SDTs below 73°F.' 
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Figure 4-14. - Comparison of the EER Performance of 
the Screw and Recip Compressors on the -25OF System 

-15°F Suction Group Performance. The -15°F suction group consists of eight 
circuits with a total load of 177 MBH. Thirty-five percent of the load is contributed by 
the two ice machines, 17% by the service meat and dual-temp meat cases, 35% by the 
reach-in door cases, and the remaining 15% by the bakery fi-eezer. A complete 
refrigeration schedule for this suction group is shown in Table 4-3. 

. I  

Table 4-3. - 15°F System Refrigeration Schedule 

A7 

Produce Ice - Howe -5 32.40 

Fish Ice - Scotsman -5 29.70 

ZER Frozen Foods 15 DRS -1 5 21.00 

ZER Frozen Foods 14 DRS -1 5 19.60 
ZER Frozen Foods 15 DRS -1 5 21.00- 

EGM - T Service Meat 24 ft -1 5 9.60 
I I 

TZ - FK Dual Temp Meat Coffin 36 f t  -1 5 16.56 
Bakery Freezer 1 1~20x8 -1 5 26.66 

Total 176.52 



The measured weekly load on this rack is shown in Figure 4-15. The peak weekly load 
of 170 MBH was reached in July of 1992. The daily load protile, averaged for June, 
July, and August of 1992, is shown in Figure 4-16 and indicates that the average 
hourly load varies from 132 to 163 MBH during the course of the day. The daily load 
profile on  this system and on the -25°F system are closely tied to defrost schedules. 
Peaks in load trpically occur after the defrost of a major circuit. The maximum load 
occurs between 8 and 9 am. 

The maximum hourly measured load was 200 MBH, 23 MBH above the design load. 
Initially, the suction climbed above its setpoint during these high-load conditions. 
Increasing the maximum speed on the Howden compressor to 4000 rpm and on  the 
Carlyle screw compressors to  2200 rpm provided better control during these high-load 
conditions. 

During the fall of 1992, the load on  this suction group was reduced when one of the 
two ice machines was disconnected. The store chose not to ice certain products. A 
signiscant decrease in average load is seen in the beginning of the year. Data 
collected since the summer of 1993 (not included in this report) clearly indicate this 
decrease in load. 

Figure 4- 17 shows the EER performance with the semihermetic recip compressor, 
while Figure 4-18 shows the performance with the open-drive screw compressor. The 
suction temperature range for these graphs is 0 to 25°F. Comparing the screw and 
reciprocating compressors' curve fits shows that the screw compressor exhibits higher 
efficiencies at SDTs below 90°F (Figure 4-19). 

The EER performance of the screw compressor is similar to our  lab results 
(Figure 4-18). The solubility of the refkigerant in oil is similar for the mineral and 
a3kylbenzene oils. Therefore, the difference of the oils used in the laboratory and field 
tests has little effect on the compressor's performance. The EER performance of the 
semihermetic recips shows close correspondence to adjusted manufacturer data The 
published data were corrected for actual operating conditions and drive losses of the 
inverter. 
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Figure 4-15. - Weekly Refrigeration Load Profile 
for the -15OF System 
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Figure 4-16. - Average Daily Refrigeration Load 
Profile for the -15OF System 
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Figure 4-17. - EER Performance of the Carlyle 
Semihermetic Recips on the -15OF System 
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Figure 4-18. - EER Performance of the Howden 
Open-drive Screw Compressor on the -15°F System 
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Figure 4-19. - Comparison of the EER Performance of 
the Screw and Recip compressors on the -15°F System 

MED-TEMP DEMONSTRATION TESTING HISTORY AND RESULTS 

Historv of the Med-Temp Rack 

The med-temp refigeration rack serves two suction groups: +15"F and +20"F. The 
+15"F system is composed of two, equal, open-drive reciprocating compressors. This 
system runs all the time. The +20"F system is composed of three sets of compressors: 
four semihemetic recips, three open-drive recips, and three open-drive screws. Only 
one of these compressor groups runs at any given time. As indicated in Table 4- 1 , the 
rack uses HFC- 134a with a 300-SUS POE lubricant manufactured by CPI. 

After initial startup of this rack, we had the normal debugging associated with any new 
installation. Several problems arose in the control and piping of the system. None of 
these were specific to the use of the HFC-134a reiiigerant or the POE oil. 

The receiver level varied dramatically. We determined that the charge was migrating to 
a non-operating, supposedly isolated section of the system. The charge passed by a 
defective check valve into the air reclaim coil. Once this was discovered, the defective 
valve was replaced. 



Several items are worthy of note. We discovered that centralized filtration of oil can be 
inadequate for a multiple-screw compressor installation. Filtration should be installed 
at the oil inlet of each compressor. Inadequate filtration at the inlet to each screw 
allowed small metal chips to enter the compressor and cause severe bearing damage 
during these tests. 

As discussed above, under Oil Management, mating of recip and screw compressors on 
the same rack can cause oil migration problems. Special attention must be given to 
the selection and installation of an adequate oil separator. Oil migration from the 
screw compressors to the reciprocating compressors must be eliminated. A mispiping 
of the med-temp rack's oil separator caused excessive oil carryover into the system. 
The oil would eventually migrate to the lowest pressure point in the system, the +15"F 
compressors. It  apparently entered the compressors through their suction ports. 

The reason for the excessive oil carryover was the improper piping of the med-temp oil 

separator. The oil separator is composed of two separate compartments and, due to 
the absence of oil floats in the piping, oil would externally flow from the first to the 
second compartment. This oil flow was then entrained by the discharge refrigerant 
flow leaving the oil separator. When the floats were added to the oil separator the 
problem was resolved. 

Med-Temp Performance Results 

+15"F Suction Group Results. The +15"F suction group consists of eight circuits 
with a total load of 239 MBH. Multideck cases make up the majority of the load with 
only 7% of the load being contributed by the enclosed service deli cases. A complete 
refiigeration schedule for this suction group is shown in Table 4-4. The measured 
average weekly load on this rack is shown in Figure 4-20. The peak weekly load of 205 
MBH was reached during the second week of July 1993 (week 57). Outside 
temperatures reached 102°F during this week. The daily load profile, averaged for 
June, July, and August of 1993, is shown in Figure 4-21 and indicates that the 
average load varies from 158 to 212 MBH during the course of the day. The maximum 
load occurs at 5 p.m. and again at 8 p.m. The maximum hourly measured load was 
242 MBH, essentially the design load. 

. .- ---- . - L . .~ . 
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Table 4-4. - +15"F System Refrigeration Schedule 

HLM - T S.S. Meat 
HLM - T S.S. Meat 
LM - T Meat Coffin 

821 36 ft 15 43.20 
24 ft 15 28.80 
12 ft 15 3.78 

822 

5LMK S.S. Meat 
HLM - T S.S. Fish 
5LMK S.S. CheeselSandwich 
EGM - T Service Deli 
5LMK S.S. Meat 

823 
~~ 

24 ft 15 37.20 
8ft 15 9.60 

40 ft 15 62.00 
44 ft 15 17.60 
24 ft 15 37.20 

824 
825 
826 
827 
828 
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Figure 4-20. - Weekly Refrigeration Load Profile for 
the +lS°F System 

Figure 4-22 shows the energy efficiency performance of the +15OF system. For this 
system, the suction had to be maintained slightly below the nominal 15OF and the 
average SST was 13.6"F. The field results are compared to the manufacturer's data for 
HFC- 134a As shown, there is a close correspondence between the two. 
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Figure 4-21. - Average Daily Refrigeration Load 
Profile for the +15OF System 
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+20°F Suction Group Results. The +20"F suction group cdnsists of 20 circuits with a 
total load of 540 MBH. The coolers and prep rooms make up 48% of the suction group 
load. Dairy door cases account for 13%, and produce cases account for 24% of the 
load. The remaining 15% of the load is fkom the floral bakery and deli cases and also a 
small office A/C load. A complete refrigeration schedule for this suction group is 
shown in Table 4-5. Note that the case loads were taken at full value and not derated 
as recommended by Hill Refrigeration, the case manufacturer. 

The measured weekly load o n  this rack is shown in Figure 4-23. The peak weekly load 
of 330 MBH was reached during the second week of July 1993 (week 55). Outside 
temperatures reached 102°F during this week. The peak hourly load was 432 MBH for 
this week, which is only 80% of the design load. The fact that the compressors are 
rarely required to operate simultaneously confirms that the actual refiigeration load is 
lower than design load. 

Table 4-5. - +2OoF System Refrigeration Schedule 
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Figure 4-23. - Weekly Refrigeration Load Profile for 
the +20"F System 

The daily load profile for late August and early September 1992 is shown in Figure 
4-24. The customer count for the same period is also shown in this figure. Though 
the load generally increases with the number of customers, there is no direct 
correspondence between customers and load on this system. Peak loads generally 
occur at the end of certain circuit deffost cycles. 

Figure 4-25 shows the performance results for the Carlyle semihermetic recips. The 
results are compared to the manufacturer's preliminary data for HFC-134a A 
constant 7% penalty was assumed for using VFDs (Carlyle semihermetic data 
accounts for motor efficiency). The measured performance is slightly lower than the 
manufacturer's data This can be attributed to system and cycling losses. 

In  Figure 4-26, the Bitzer open-drive recips EER data are compared to the 
manufacturer's published data A 15% drive loss is used for the inverter, motor, and 
coupling losses. The data are slightly lower than the performance predicted by Bitzer 
at lower SDTs. Again, this can be attributed to system and cycling losses. 
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Figure 4-24 - Daily Refrigeration Load Profile for 
the +20°F System 
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Figure 4-25. - EER Performance of the 
Semihermetic Recip Section of the +20"F System 
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Figure 4-26. - EER Performance of the Open-drive 
Recip Section of the +20"F System 

The Howden screw compressor data are also lower than the expected performance 
(Figure 4-27). The data are close to the lab results for a 2.6-Vi compressor at high 
SDTs, but show a much lower EER performance as the head drops. 

The screw compressors installed in the +20"F system were not supplied correctly for 
this application. The desired screw compressors would have had a V i  of 2.6. The 
internal volume ratio of a screw compressor determines the compression ratio that the 
gas undergoes before it is discharged. Of the three compressors installed in the +20"F 
system, two had a Vi of 3.6 and one had a Vi of 5.0. This means that they were 
over-compressing the refigerant. Since the Vi of the compressors was not clearly 
marked on their nameplates, we only discovered this discrepancy when, after one year, 
the compressors were disassembled for inspection. 

Figure 4-28 shows the curve fit through the field data of Figure 4-27 and reflects the 
Vi of the compressors used in the lab and in the field. Here the importance of 
selecting the correct Vi ratio for a screw compressor is clearly illustrated. At lower 
SDTs (lower compression ratios), the EER of the laboratory compressor is significantly 
higher since its Vi is better matched to med-temp refigeration. 
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Screw Section of the +20°F System 
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Figure 4-29 compares the energy efficiency performance of the three compressors 
types that serve the +20"F refrigeration load. This figure clearly shows the advantage 
of using open-drive reciprocating compressors for this application. However, as 
explained above, the poor performance of the screw compressors could be deceiving. 
The results obtained in the laboratory are a better indicator of how correctly selected 
screw compressors would operate in the field. 

A/C RACK DEMONSTRATION TESTING HISTORY AND RESULTS 

History of the A/C Rack 

The A/C refrigeration rack was sized for a cooling load of 100 tons. Three 6F.2 and 
one 4H.2 Bitzer compressors are driven directly off the electric bus with no inverters. 
The rack serves five roof-mounted air handlers. 

From its startup, the A/C refrigeration rack experienced several operational problems. 
Improper selection (for HFC-134a operation) of the TXVs and the distributor oriiice 
allowed the cooling coils in the evaporators to flood through. The oritice in the coil 
distributors was much too large; and the A/C TXVs should have been installed with an 
HFC-134a A/C charge. This improper installation damaged one of the four 

SDT CF) 

Figure 4-29. - Comparison of the EER Performance 
of the Three +20°F Compressor Systems 
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compressors. By the end of July 1992, all of the five distributors had been replaced 
and a marked improvement in superheat was found. Before the change, the superheat 
was'usually below 10"F, often close to zero. After the change, the superheat varied 
from 5 to 20°F. 

In addition to the above-mentioned changes, the liquid pump was also turned off. The 
pump, which was installed in 1992, provided over a SO-psi differential increase in the 
liquid pressure. The added pressure at the inlet of the TXVs would aggravate the 
flooding condition. After the pump was shut off, the suction superheat increased to 
values ranging fiom 10°F to 30°F. Without this pump, we were unable to read the 
refrigerant flow properly and were thus unable to obtain any meaningful data during 
the summer of 1992. Later in 1992, a different liquid pump, which produced only 20 
psid, was installed in order to allow us to measure the liquid flow. 

Service technicians at the site noticed a fairly large pressure drop from the evaporator 
coil outlet to the mechanical room suction. During calibration of the pressure 
transducers, we measured a 3.8-psi difference &om where the suction line entered the 
mechanical center to the compressor. Total suction line pressure drop was estimated 
at 14 psid under normal operating conditions. Approximately 0.4 psid can be 
attributed to the suction filters. When the 9,000 lb/hr flow is forced through two 
2- 1 /8 in. valves upstream of the header, 3.4 psid is incurred. These valves are 
extremely undersized. Undersized valves in the air handler are suspected to 
contribute the remaining pressure drop. In order to  compensate for this high pressure 
drop, the SST setting of the rack was lowered to +2S"F instead of the nominal 40°F. A 
third valve was installed at the header to reduce the pressure drop. 

Mer the above changes were completed, the rack was run at 38°F SST through June 
1993. However, a hot  period in the first week of July 1993 required that the SST be 
dropped to 32°F. This is due to the fact that at full capacity, the higher flow rate 
caused too much pressure drop to allow us to operate at 38°F SST. Flooding of the 
coils persisted into 1993. Readjustment of the TXVs helped produce positive 
superheats in the daytime, but nighttime flooding persisted. The flooding occurred 
when the VFD that controls the air handler fan motors dropped to 40% of full speed. 
The coils and TXVs could no longer control the rekigerant flow to produce superheat. 
The minimum speed was increased and a coil bypass damper was closed to alleviate 
the problem. In order to prevent this problem at low loads, a new split coil with 
separate TXVs would have been required. 
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A/C Rack Performance Results 

The calculated A/C load for the store based on  an 85°F outside temperature is 100 
tons (1200 MBH). The average daily load profile during the summer week ending 
August 3 1,1993 is shown in Figure 4-30. The outside temperature for the week and a 
typical customer count is also shown. The load jumps at 7 am., when the setting for 
the store temperature automatically changes from 75 to 72°F. As the outdoor 
temperature increases and the number of customers increases, the load rises. The 
maximum hourly average refrigeration load recorded was 72 tons, 

The daily power profile (Figure 4-3 1) follows a pattern similar to the load. The 
maximum hourly average power recorded was 85.4 kW. 

The correlation between outside ambient temperature and load is apparent in 
Figure 4-32. Figure 4-33 shows the variation of power with ambient temperature. 

The energy efficiency of the system is shown in Figure .4-34. The data start from July 
1993. Since there was significant scatter in the raw data, the data points were 
smoothed (see Section 3). The results presented in the figure are the smoothed data 
points. Data sets that included periods of flooding were not used. In Figure 4-34, a 
drive efficiency of 9 1%, representing the motor and coupling losses, was assumed for 
the Bitzer data. The A/C rack does not utilize VFDs. In addition, there is still nearly a 
3-psid from the point where the suction line enters the compressor room and the 
compressor suction. The Bitzer data is corrected for this as well. 

The measured EER is significantly lower than expected. The most likely cause is the 
cycling of the compressors and large swings in SST. During periods where a fixed 
number of compressors are on  for extended periods, the EER will approach the 
expected values. This rarely happens, however. Most often, one of the three 6F2 
compressors would be cycling on and off. (The smaller 4H2 has had repeated oil trips 
during the testing period and was often off-line.) 

Considering all the issues that have arisen with this system, it is understandable that 
the measured EER has been lower than the Bitzer data The relatively large capacity 
steps can also be responsible for the low performance of the compressors. The use -of 
unloaders or unequal capacity compressors would reduce the capacity steps and 
improve the system's efficiency. 
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Figure 4-32. - Effect of Ambient Temperature 
on the A/C Load 
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Figure 4-33. - Effect of Ambient Temperature 
on the Power Consumption of the A/C Rack 
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Figure 4-34. - EER Performance of A/C Rack 

In addition, the valve size at the air handlers and at the rack should be increased to 
reduce pressure loss. New evaporators would also alleviate the nighttime flooding. 
Split coils would allow better load matching and ensure superheat control. 

SYSTEM ISSUES 

TD Control 

As part of these tests, we evaluated a temperature difference (TD) control algorithm for 
confrol of the condenser fans that was provided with the store's energy management 
systems. The condenser TD is the difference between the saturated condenser 
temperature (SCT) and ambient temperature. The algorithm was designed to optimize 
condenser fan cycling and maximize system EER. During July and August of 1992, 
the med-temp condenser was run with two Werent control schemes: TD control and 
all fans on. Two periods were examined TD control was used during the week ending 
July 21, 1992, while all fans were used during the two week period ending August 18, 
1992 utilized all condenser fans on. The Carlyle 06E semihermetic recip compressors 
were operating on the +20°F load during both periods. 
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The graphs indicate the recorded system power and system EER for each condition. 
The system power includes the power used by the condenser and the power for the 
liquid pump. As shown in Figure 4-35, the EER with the TD control is significantly 
lower through most of the SDT range. 

When the TD control cycles the fans on, the liquid line pressure would drop and 
flashing would occur in the flow meter. This would cause erroneously low flow 
readings until the flash gas had cleared. To check whether our flow data were 
erroneous, we examined the system power readings (Figure 4-36). Clearly the TD 
control uses more power at SDTs above 65"F, but not as much as indicated by the EER 
results. The trend at low SDTs indicates that power consumption would be lower with 
TD control. 

Another issue with the TD control algorithm was that it was not measuring the right 
control parameter. For the control algorithm to use the actual SCT, it would have 
needed a lookup table to convert the condenser pressure to its carresponding 
saturated temperature. In order to avoid the inclusion of this lookup table, the 
condenser temperature was estimated by measuring the liquid temperature in the 
dropleg from the condenser. The data indicate that the dropleg sensor measured a 
temperature up to 6°F lower than the saturated temperature at the receiver (because of 
ambient subcooling). This led to a higher condenser TD than desired (the TD control 
maintained an actual condenser temperature difference of 18.1"F). The TD control 
setpoint was 11°F. 

In  summary, the TD control algorithm as configured for this test did not  reduce the 
power consumption. The rapid fan cycling caused instability in the system operation. 
The rapid cycling of the condenser fans would also be expected to wear the belts of the 
condenser fans much more rapidly. 

Future testing should use a variable-speed control algorithm based o n  the actual SCT. 
Preliminary analysis indicates a substantial savings of condenser fan power with little 
change in compressor power. This should also help alleviate the instability and wear 
issues encountered with the fan cycling algorithm. 
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Liquid Pumps 

Liquid pumps (also called liquid pressure amplifiers) are used by Hannaford Brothers 
in all their stores. The store operators have found that the additional pressure 
provided by the liquid pump eliminates most instances of liquid flashing at the cases. 

Sealed, magnetic-drive, liquid pumps manufactured by Hansen were used in the liquid 
line of each system. These pumps delivered 50 to 60 psi of head. Later, in May 1993, 
these pumps were replaced with HySave equivalents that delivered only 20 psi of head. 

The use of these pumps entails a significant energy penalty. We measured a 2 to 3°F 
increase in the liquid temperature across the pump. The power consumption of the 
pumps on the A/C and med-temp racks was 2.9 kW each. The low-temp pump power 
was 1.4 kW. 

This energy cost should be balanced against the ability to aggressively float the head 
pressure. The compressor power results for the low-temp rack indicate a substantial 
decrease in power when the minimum SDT is reduced from 80°F to 40°F. Assuming a 
120 MBH load on the -15°F and -25°F systems with recips on both suction groups, the 
total rack power would decrease from 32.30 kW at 80°F to 18.45 kW at 40°F. The net 
power savings is 13.85 kW. 

The primary application concern with liquid pumps is to ensure that the pump has 
adequate liquid subcooling at its suction. The amount of liquid head equivalent to  the 
minimum required subcooling is referred to as the net positive suction head (NPSH) 
requirement of the pump. The receiver for each system was therefore mounted at 
ceiling level in the mechanical center to provide adequate NPSH at the pump inlet. 
However, this precaution does not always prevent the pump from cavitating. Changes 
in system operation such as sudden drops in the head pressure can cause flashing at 
the pump inlet resulting in cavitation and premature pump failure. 

Variable-Frequency Drives 

We had originally planned to test the actual efficiency loss of the motor/inverter 
combination at the Glens Falls test site. The inability to maintain very stable 
operating conditions made this test impractical. We were, however, capable of carrying 
out this test in the lab, and found a drive efficiency of 97940, 1% lower than the 
published data on  the drive. 



Two .application concerns with regard to the VFDs were noted. First is the selection of 
a single VFD to drive two compressors at once. A single, constant-torque VFD rated at 
the total of the two motor sizes was unable to provide the required starting torque. 
The next higher size was required to ensure adequate starting torque. 

The second concern relates to the application of a VFD to a screw compressor. At the 
completion of the HCFC-22 testing, one of the low-temp screws was switched from 
inverter operation to across-the-line operation by one of the service personnel. The 
screw compressor failed shortly thereafler. The reason for the failure was reverse 
rotation of the screw rotors. A VFD drives a motor in a particular direction 
independent of the input phase sequence. If a VFD installation can be bypassed to 
run across the line, the motor's rotation must be verified before it is started. A low 
pressure switch was added to the discharge of the screw compressor to prevent the 
possibility of repeating this oversight. 

OIL ANALYSIS 

The oil from each rack was sampled and analyzed on a regular basis. The analysis 
examined the metal content, moisture level, and acid number. The results of the oil 
analysis for each system are shown in Table 4-6. 

The oil from the low-temp rack had a consistently low metal content, moisture level, 
and acid number. I ts  moisture level and acid number history are shown in Figures 
4-37 and 4-38, respectively. The low-temp compressors appear to be running with no 
abnormalities or wear. 

Table 4-6. Glens Falls Store Oil Test Summary 

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Zinc (ppm) 1.5 0.1 0.5 4.9 0.1 1 2.8 0.2 2.8 
Moisture (ppm) 40 13 20 129 36 36 169 22 169 

Acid Number 0.01 0.01 0.01 0.15 0.01 0.04 0.27 0.01 0.01 
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Figure 4-38. - Acid Number History for the Low 
Temperature Rack 
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The POE oil used in the med-temp and A/C racks is extremely hygroscopic and will 
generally have a higher moisture content than common mineral oils. The med-temp 
oil analysis has generally been very good. The Solest 68 POE oil had moisture 
contents much higher than those of traditional mineral oils (Table 4-6 and Figure 
4-39). Every time the system was opened, a subsequent increase occured in the 
measured moisture level. When the work was completed and the system was allowed 
to run undisturbed, the moisture level dropped significantly. 

We were able to maintain moisture levels below 50 ppm. To achieve this we used 
Sporlan type HH filter driers in the liquid and oil feed lines. We had no  moisture- 
related problems. The lubricant manufacturer, CPI, had been monitoring many 
systems including Glens Falls and found that moisture levels below 200 ppm have not  
caused any long term problems. The moisture is tightly bonded to the POE structure 
and will not easily break free. Thus, the water absorbed by these oils is not available 
to interact with the wetted parts of the system. 

The acid number was first measured at over 0.1 (Figure 4-40). Later readings 
indicated a downward trend reaching a minimum of about 0.025. It  hnally stabilized 
at just under 0.040. Even though we operated near the maximum limit set for mineral 
oil acid numbers, CPI considers it normal for POE oils. CPI has monitored many 
systems using POE oil with acid numbers as high as 0.1 that have operated 
trouble-free. 

Two compressors have been removed and dismantled for wear analysis. Wear patterns 
were similar to those found on compressors running with traditional refrigerants and 
lubricants. 

Analysis of the Castrol SW32 POE oil in the A/C rack has also indicated high moisture 
levels. Readings varied between 22 and 169 ppm (Figure 4-4 1). Castrol indicated that 
readings below 200 ppm are normal and that readings as high as 400 ppm may be 
acceptable. As shown in Table 4-6, the oil in the A/C rack had a high copper content. 
This may be an indication that the compressors sustained some damage from liquid 
slugging. The acid number and the content of other metals were low (Figure 4-42). 

Cas@ol also indicated that high measured moisture readings may not  be indicative of 
actual moisture levels in the refrigeration system. Typically samples are "aired out" 
before shipping to allow dissolved rekigerant to escape from the oil and prevent 
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absorbs moisture during this process. Castrol also believes that the moisture may be 
migrating into the oil through the walls of the plastic shipping bottle. 

It  is important to note that specific maximum limits have not yet been determined for 
either moisture level or acid number. Both POE oil mankacturers recommend 
increased monitoring of systems that have moisture levels above 200 ppm. Acid 
numbers may also be high with POE oils. Both Castrol and CPI have indicated that 
acid numbers in the range of 0.1 to 0.2 could be acceptable. 

Our testing to date has indicated that moisture levels up to 180 ppm for short periods 
are acceptable. We also.found that moisture levels below 50 ppm are attainable in a 
tight system with POE oil. In the first few months of operation, the acid number for 
the med-temp oil was above 0.05. In subsequent months, it dropped below 0.05. We 
had no oil-related problems during the test period. During these tests, no discernible 
oil problems were discovered that could be attributed to the use of POE oil and 
HFC-134a 

RELIABILITY 

Once the initial problems associated with an experimental demonstration were 
resolved, the systems reported no significant problems associated with the use of the 
alternative refiigerants or oils. Oil analysis repeatedly indicated no breakdown or wear 
problems. 

The application of HCFC-22 to a low-temp system created a system operational 
liability. With HCFC-22, at high SDTs, the compressor discharge temperature can 
exceed the manufacturer's specification. To eliminate this problem, liquid is injected 
into the suction of the compressor. In our installation, a control sensor on the 
discharge line sensed discharge temperature. When this reached 2 10"F, a solenoid 
valve was opened and liquid was injected into the suction. A TXV was installed to 
regulate the flow, but the valves-sensing bulb was not attached. When the control 
sensor for this injection failed, the controller read it as a constant high temperature 
and allowed liquid to dump uncontrolled into the compressor suction. This eventually 
led to faSue of one of the recip compressors. 

For HCFC-22 applications that require liquid injection, a secondary sensor should be 
installed to de-energize the liquid injection if the suction is too cold. In addition, the 
TXV bulb should be attached and insulated. 
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Other reliability issues that have arisen are either related to operational issues or the 
nature of the experimental setup. The A/C operation with variable-speed air-handler 
fan allowed many periods of liquid flooding in the suction line. Since there was only 
one full-size coil with a single expansion valve, at partial air handler fan speeds (lower 
loads), the expansion valve was too large to control the liquid refrigerant flow. The 
initial use of suction solenoids to isolate the air handlers and a liquid pump with 
nearly 60 psi of head in the liquid line contributed to this problem. This led to gasket 
failures and indications of excessive wear. 

Oil filtration for multiple-screw compressor installations must provide protection of 

each compressor. The +20"F system required three compressors to meet the design 
load. A single filter was installed'in the oil line out to the oil cooler. This single filter 
was too remote fiom the individual compressors to prevent s m d  metal chips from 
entering the compressor oil injection portand causing significant damage to the 
compressor bearings. Future installation should incorporate oil filtration at the oil 
injection port of each screw compressor. 

PROJECTEDANNUALPERFORMANCEANDENERGYCOSTS 

We used the second-order curve fits of the data to calculate the AEER of the 
refrigeration systems. The analysis utilized bin temperature data from Albany, NY (8). 
Since there were several operational issues concerning the A/C rack, we are unable to 
present a reasonable seasonal EER value for this rack. 

For the low-temp analysis, the semihermetic recip was chosen as the base system. 
The semihermetic recip is the industry standard for supermarket refrigeration. The 
low-temp analysis shown in Table 4-7 clearly indicates that the screw compressor has 

a higher AEER and a lower annual operating cost. 

Apart from the discrepancy caused by the incorrect volume ratios (see above), the data 
on the +20"F system were consistent with our expectations. The AEER for the 
open-drive reciprocating compressors was 14.82 (Table 4-8). For the semihermetic 
reciprocating compressors, the AEER was 13.39. On the basis of these figures, the 
annual operating cost savings of the open-drive system versus the semihermetic 
system is about $1600, based on $O.lO/kWh, including energy and demand costs. 



Table 4-7. Annual Energy Usage and Cost of Glens Falls 
Low-Temp Refrigeration Systems 

ISemihermeticRecip I 3 I 6.92 I 151,874 I 15,187 I BASE I 
Refrigeration Load = 120 MBH. 
Minimum SDT = 4OOF. 
Albany bin temperature data used for analysis. 
Cost based on 0.10 $/kw-hr (Including demand charges). 

-75OF Svstem 

Semihermetic Recip I 3 I 8.33 I 126,263 I 12,626 I BASE 
Refrigeration Load = 120 MBH. 
Minimum SDT = 4OOF. 

~ 

hlbany bin temperature data used for analysis. I 
Cost based on 0.10 $/kw-hr (Including demand charges). I 

A significant energy and cost penalfy is associated with the improper Vi selection of 
the +20"F screw compressors. In terms of AEER, selecting the wrong Vi results in 16% 
higher energy consumption. As shown in Table 4-8, the annual EER based on  the field 
data is 13.01, whereas the laboratory data yield an AEER of 15.1 1. On the basis of 
these figures, an increased cost of $2,353 was incurred. This emphasizes the 
importance of selecting the correct Vi when installing a screw compressor. Unless a 
refrigeration system is selected and installed correctly, it will not yield the energy 
efficiency that an  engineering analysis predicts. 

ECONOMIC ANALYSIS 

Though a particulat system may be more energy efficient than others, the system's 
economic benefit must be favorable to justify its use. For this analysis, we examined 
the LCC of the different options tested. The economic analysis performed is described 
in Appendix B. The economic descriptors calculated were: the LCC, the NPVS, the 
ROI, and the simple payback period. Table 4-9 lists the parameter values used for this 
analysis. 



Table 4-8. Annual Energy Usage and Cost of Glens Falls 
Med-Temp Refrigeration Systems 

Open-Drive Recip 
Semihermetic Recip 
Open-Drive Screw 

Minimum SDT = 65OF. 
Albany bin temperature data used for analysis. 
Cost based on 0.10 $/kw-hr (Including demand charges). 

6 14.82 148,914 14,891 -1,596 
7 13.39 164,869 16,487 BASE 
5 13.01 169,653 16,965 478 

I +2O"F System I 

Open-Drive Screw I (a) I 15.11 146,124 I 14,612 I -1,875 
Refrigeration Load = 252 MBH. 
Minimum SDT = 65°F. 

Albany bin temperature data used for analysis. 

ELECTRICITY ESCALATION RATE 
MAINTENANCE COST (RECIPS) 
MAINTENANCE COST (SCREWS) 

. I  

5 %NR 
1,000 $NR 
900 $NR 

SALVAGE VALUE 
SYSTEM LIFE 

ICost based on 0.10 $/kW-hr (Including demand charges). I 

500 $ 

15 YR 

(a) Energy usage based on laboratory performance. I 
Table 4-9. - Parameters Used in the Economic 

Analysis 

IDISCOUNT RATE I 7 I % I  
ICOST OF ELECTRICITY I 0.1 I$/KW-HRI 

 MAINTENANCE COST ESCALATION I 5 I %NR I 

The initial costs for the refrigeration racks were obtained fkom Phoenix Refrigeration 
based on systems whose capacities matched the refrigeration loads. These loads are 
close to the actual measured loads in Glens Falls. There were slight variations 
between these capacities and the capacities of the systems actually installed. Table 
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4-10 summarizes the economic comparison of the semihermetic recips and the 
open-drive screw compressor on the -25°F and -15OF loads. The open-drive screw has 
a signiiicant advantage over the semihermetic recips. The payback period of 

approximately three years may be attractive to a supermarket given the reduced risk of 
slugging and consequent food spoilage. 

Table 4- 1 1 summarizes the economic comparison of the three compressor types on the 
+20"F system. The open-drive recips, despite their clear EER advantage, may not be 
economically justifiable due to the six years required to pay back the additional capital 
cost. 

Table 4-10. Economic Comparison of Low-Temp 
Refrigeration Systems Using HCFC-22 

Table 4-11. - Economic Comparison of Med-Temp +20"F 
Refrigeration Systems Using HFC- 134 

Based on lab results with DroDerlv selected comressor Vi 



In this analysis, the open-drive screws fare poorly when the field results fiom the 
improperly selected compressors are used. An evaluation based on the laboratory 
results is also shown to illustrate the potential economic benefit when the screws are 
properly selected. However, even with the proper Vi, the payback period of 8.6 years 
hardly justifies the additional capital cost. 

This analysis assumes a rate for electricity that includes both fuel and demand 
charges. Starting in December 1992, we began measming store power and demand. 
In the second phase of this project, we Wiu examine the effect of the individual racks 
on total store power and the monthly demand. 

SUMMARY 

All refrigeration systems in the Glens Falls store operated well and within the expected 
performance range. On a rack-by-rack basis, the following summarizes the results we 
obtained. 

Low-Temp 

We did not expect and did not  experience any problems with the low-temp 
HCFC-22 system. The data collected for the Howden screw compressor 
show similar performance to Aspen Systems' laboratory data. 

The screw compressor provided 7% better AEER than the recips for both 
-25°F and - 15°F suction groups. Economic analysis indicates a payback 
period of about three years. 

Med-Temp 

Our experience with HFC-134a.h the-med-temp rack was extremely 
favorable. We have observed no incompatibility problems between 
HFC- 134% its POE lubricant, and the rest of the system. HFC-134a 
appears to be a trouble-fiee long-term refiigerant replacement for med-temp 
re fiigeration. 

All compressor systems on the med-temp rack performed as expected, 
except for the screw compressors. The open-drive reciprocating 
compressors showed the best AEER at 14.82 Btu/W-br. 

The Vi ratio of the open-drive screws was not optimized. According to our  
laboratory results, with the correct Vi, the open-drive screws would have 
performed at least as efficiently as the open-drive reciprocating 
compressors. 

Economic analysis indicates lengthy payback periods for the open-drive 
recips and open-drive screws compared to semihermetic recips. 



Air Conditioning 

From its start-up, the A/C refiigeration rack experienced several 
operational problems. These problems included improper selection of TXVs 
and distributor orifices for HFC- 134a operation, flooding of compressors, a 
high pressure difference across the liquid pump, and a substantial pressure 
loss in the rack's suction line. 

The measured EER for the A/C rack was significantly lower than expected. 
The most likely cause for this is the cycling of the compressors and large 
swings in SST. 

The performance results of the A/C rack are not completely reliable since 
few data were collected after its operational problems were corrected. 



TECHNOLOGY TRANSFER 

Section 5 

IN THIS SECTION 

PUBLICITY 

PRESENTATIONS 

PUBLICITY 

The following is a brief description of some of the publicity about this project as of 

November 1, 1992. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Associated Press Article on the Glens Falls store released the week of June 1, 
1992. This article appeared in many papers nationwide during the week it was 
issued. 

Consulting-Specjfving Enaeer,  May 18, 1992, News in Review, "First 
supermarket non-CFC retkigeration and air conditioning systems installed." 
This contained a brief description of the Glens Falls refrigeration systems * a d  
mentioned the funding authorities. There was also an excellent picture of all 
three of the low temperature screw compressors. 

Engineered System, May 1992, "Screw Compressors Make The Grade In 
Supermarkets." This general article on  screw compressors in supermarkets 
had several large sections devoted to the testing being done by Aspen Systems. 
I t  included two pictures of the rack at Clifton Park and one of the rack at Aspen 
Systems. 

Store Equipment and Design, March/April 1992, "Shop 'N Save in first US. test 
of non-H/CFC". This article presents some of the results of Clifton Park tests 
and details the Glens falls refkigeration systems. There is also a listing of the 
project funding agencies and project participants. 

Air Conditioning. Heating and Refrigeration News, April 27, 1992, "New 
supermarket uses HFC-134a for medium temperature refrigeration". This is a 
broad overview of the refigerants and compressors installed at the Glens Falls 
store. The project participants and the funding agencies are listed. 

Glens Falls Store Opening Ceremony, March 23, 1992. This event was covered 
by several newspaper reporters including one from the New York Times. 
Several local television stations also covered the ceremony. Hannaford received 
an award from the American Lung Association at this ceremony for using 
non-CFCs in this store. Advertisements announcing the opening of the 
non-CFC store were placed in the New York Times and the Wall Street Journal 
by Hill Refigeration, Carlyle Compressor, and Phoenix Refigeration. 

Televised CNN spots on the Glens Falls store were aired on the 4th and 5th of 
January 1992. 
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8. ASHRAE Journal, November 1991, Industry News, "R-134a test installation 
planned." This short piece had an overview of the Glens Falls demonstration 
site and a picture of a technician working on a rekigeration rack. A partial list 
of project participants and funding agencies was included. 

PRESENTATIONS . 

1. 1992 International CFC Halon Alternatives Conference, September 1992, 
"HFC- 134a and HCFC-22 Supermarket Refiigeration Demonstration." .Paper by 
Messrs. Ray Albrecht, Hamed Borhanian, and Lenley Rafuse. This paper was 
presented at the conference by Mr. Borhanian. The paper had a description of 
the Glens Falls demonstration site and preliminary test results, and listed all 
project participants. 

2. FMI Conference, September 1992, Two presentations by project participants 
Mr. Charlie Bizilj of Howden Compressors and Mr. Tom Mathews of Hannaford 
Bros., included preliminary results from the Glens Falls demonstration site. 

3. NSP's Grocery Manager/Operator Seminar, October 1992, Cosponsored by 
EPRI. Mr. Hamed Borhanian presented preliminary results from Glens Falls. 

4. Ontario Hydro's Symposium on Meeting Supermarket Needs, November 1992. 
Mr. Tom Mathews presented preliminary results from Glens Falls. 
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WEEKLY HISTORY OF GLENS FALLS REFRIGERATION RACKS 

Appendix A 

GLENS FALLS SHOP 'N SAVE - WEEKLY HISTORY OF THE -25OF RACK, HCFC-22 

Note: 1 .  Alternate running of three banks of compressors: two 33 CFM Cariyle S C ~ W S  and one 91mm Howden screw, 

2. The date shown Is the last day of the period (usually one week) during which data w a s  taken. 
3. The Power Balance Is a comparison of manually recorded power from the watt meters and the power determined from 
the downloaded data. 

two Cariyle 06ER175 Backup compressors. 
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GLENS FALLS SHOP ‘N SAVE - WEEKLY HISTORY OF THE -25OF RACK, HCFC-22 

HISTORY OF MODIFICATlONS 

7/14/92 
8/19/92 
8/26/92 
9/1/92 
9/24/92 
1011l92 
10/13/92 
10120i92 

1111 1/92 
1 1 124192 
1/7/93 
1/19/93 

1121193 
211193 
2/2/93 
2/1O/93 
Feb-93 

3/9/93 

3/29/93 
3130193 
4127193 
5/4/93 

Feb-93 

5/6/93 
5/9/93 
511 1 I93 

Begin reliable data collection. 
Carlyle oil Filter pressure added. 
Economizer SH high; adjusted down. 
RC-2 firmwam failure; 5.0E firmware installed. Data from this RC for this week lost. 
Oil float lock-out disabled. 
Economizer TXV changed from GA to  C head. SH adjusted. 
Economizer TXV SH adjusted down. 
Suction settings for Carlyle operation were 7/7 5/5. 
Settings for Howden 7/7. 
Economizer TXV changed. Excessive contaminants found in valve. 
Setpoint not changed at previous witchover. 
-15 and -25 kWh meter swapped. No change in power readings noted. 
Backup compressors added into alternation. 
Test points removed from RC-1000 by electncian. RGlOOO data lost. 
Removed and reinstalled refrigerant charge. Disabled air heat reclaim. 
Condenser minimum pressure increased .fmm-35 t o  50 psig. . 
Flow meter re-zeroed. Large offset found.. 
Submoler TXV began flooding thru. 
Carlyle oil f i l ter changed; exact day not known. 
Downloaded data time period is shorter than full week causing power descrepency. 
P5, P5a. P I 0  pressure checked; offsets adjusted. Measured 6 psid across filter. 
Pressure differential set at 6 psid across oil pressure regulating valve 
Backup compressor C1 failed. Switched to  Carlyle screw. 
Subcooler TXV repaired. 
Carlyle opens removed. 
Hansen liquid pumps removed; Hysavs liquid pump #835 installed. 
Carlyle backup C1 failed connecting rod; 05/06 switched to  Carlyle 
High liquid injection flow is suspected cause. 
Discharge temperature sensor used to control liquid injection failed. 
New Carlyle Semihermetic screw installed. 
Carlyle compressor failed; XL reverse rotation is suspected cause. 
Low temperature rack switched over to CFC-502 from HCFC-22. 
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GLENS FALLS SHOP 'N SAVE - WEEKLY HISTORY OF THE -1 5OF RACK, HCFC-22 

2. The date shown is the last day of the period (usually one week) during which data was taken. 
3. The Power Balance is a comparison of manually recorded power from the watt meters and the power determined from the 
downloaded data. 
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GLENS FALLS SHOP 'N SAVE - WEEKLY HISTORY OF THE -1 5 OF RACK, HCFC-22 

HISTORY OF MODIFICATIONS: 

711 4/92 
7/28/92 
8/25/92 
9/24/92 
10/1/92 
1011 3/92 
1011 5/92 
10/20/92 

1111 7/92 
12/1/92 
1/7/93 
111 9/93 
1/21/93 
2/1/93 
2/2/93 
2/16/93 
2/22/93 
2/23/93 
5/4/93 

511 1/93 

Begin reliable data collection. 
Oil separator repiped. 
Suction pressure offset accidentally altered in field. 
Suction pressure offset changed, wrong sign entered lowering suction control setpoint instead of raising it. 
Economizer TXV head changed from GA to C. 
Howden tripped for unknown reason 
Suction offset corrected. Economizer SH adjusted down 5 deg F. 
Suction settings changed for -15 operation: Carlyle 11111 10110 
for Howden 1111 1 
Liquid RTD defective. RC-1000 thermistor used for calculations 
Liquid RTD replaced. 
-15 and -25 k w h  meter swapped. No change in power readings noted. 
Test points removed from RC-1000 by electrician. RC-1000 data lost. 
Removed and reinstalled refrigerant charge. Disabled air heat reclaim. 
Condenser minLnum pressure increased from 35 to 50 psig. 
Flow meter re-zeroed. Insignificant offset found. 
Carlyle settings changed from 1111 1 1011 0 to  1211 2 1111 1 
Leak in butcher case repaired. Carlyle off on low oil. 
Down loaded data tihe period is shorter than full week causing power descrepency. 
Hansen liquid pumps removed; Hysave liquid pump #835 installed. 
Carlyle backup C1 failed connecting rod; 05/06 switched to Carlyle 
High liquid injection flow is suspected cause. 
Discharge temperature sensor used to  control liquid injection failed. 
Control chaned to  one XL and on inverter driven. XL setpoint 8 psig, inv 7psig. 
Low temperature rack switched over to  CFC-502 from HCFC-22. 
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GLENS FALLS SHOP 'N SAVE - WEEKLY HISTORY OF THE + 15 O F  RACK - HFC-134a 
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GLENS FALLS SHOP ‘N SAVE - WEEKLY HISTORY OF THE + 1 5  OF RACK - HFC-134a 

2. The date shown is the last day of the period (usually one week) during which data was taken. 
3. The Power Balance is a comparison of manually recorded power from the watt meters and the power 
determined from the downloaded data. 

HISTORY OF MODIFICATIONS: 

711192 
7121192 
7122192 
914192 

911 8192 
9129192 
1011192 
1012192 
1015192 
1016192 
1017192 
1019192 
10123192 
1 113192 
1120193 
1/22/93 
1125193 
1126193 

211 6193 

2/17/93 
3125193 
3130193 
4113193 

514193 
411 3193 
811 7193 
9123193 
11130193 

Beginning of consistent valid data collection. 
Oil separator repiped. 
Switched from TD control to head pressure control. 
375 Ibs refrigerant added. Suction control set to 10 psig (7 O F  SST) during service. Pump cavitation caused low load 
reading for part of week . W&h the low load reading removed load would be 181 MBH and the EER 8.67. 
125 Ibs of refrigerant added. 
Changed from head control to TD control: 4 cut in ; 0 offset. 
Set suction control to 15 psig (1 5 deg F). 
TD control settings changed: 8 cut in : 4 offset. 
125 Ibs of refrigerant added. 
Pump cavitation caused low load reading for much of the week. 
Large leak in suction line repaired. 125 Ibs of refrigerant added. 
125 Ibs of refrigerant added. 
63  Ibs of refrigerant added. 
One of the 5H40s electrically disconnected. Run only one 5H40 for winter. 
RC-1000 CPU changed. 
Frequency setting of RC-1000 found set at 50 Hz. reset to 60  Hz. 
Added 1251bs of refrigerant. 
Pump cavitation caused low load reading for part of the week . With the low load reading removed 
the load would be 1 16 M8H and the EER would be 13.1. 
RC3 locked-up and had to be master cleared. RC-1000 data lost for this week.Pump cavitation caused low load 
reading for part of the week . Weh the low load reading removed the load would be 134 MBH and the EER 14.1. 
Drained oil from 5H40 compressors. 
2nd 5H40 turned back on. 
Inverter freq. bypass accidently removed1 reinstalled. Bypass 27 Hz because of vibration problem. 
Pump cavitation caused low load reading for part of the week . W&h the low load reading removed 
the load would be 153 MBH and the EER would be 12.0. 
Hansen liquid pumps removed; HySave installed. 
Oil changed. Installed new Solest 68. Remove 25 gallon. Installed 23 gallon. 
Data from this week indicates pump cavitation. 
Liquid pump not pumping. 
Shut off one 5H40. Running just one 5H40. 
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GLENS FALLS SHOP 'N SAVE - WEEKLY HISTORY OF THE +2OoF RACK - HFC-134a 

' I  
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GLENS FALLS SHOP 'N SAVE - WEEKLY HISTORY OF THE + 2OoF RACK - HFC-134a 

Note: 1. Atternate between three banks of compressors: three Howden 91mm. Four Carlyle 06Eh4175, and Three Bitzer 6H.2. 
2. The date shown is the last day of the period (usually one week) during which data was taken. 
3. The Power Balance is a comparison of manually recorded power from the watt meters and the power 
determined from the downloaded data. 

GLENS FALLS SHOP 'N SAVE - WEEKLY HISTORYOF THE +2O0FRACK - HFC-134a 

HISTORY OF MODIFICATIONS: 

811 8192 
914192 
911 8192 
9128192 
9129192 

1012/92 
1 015192 
1016193 
1017192 
1019192 
1011 3/92 
10121192 
10122192 
10123192 
10127192 
10129192 

1115192 
11123192 
12/1 5/92 
12/29/92 
12/31/92 

1/5/93 
1/21/93 
1125193 
1126193 

1128193 
211 6193 

211 8193 
a20193 
2/22/93 
3110193 
3126193 
411 3/93 

Liquid pump power removed from compressor Watthour meter. 
375 Ibs of refrigerant added. 
125 I b s  of refrigerant added. 
#1 and #2 screws were controlled by a singe analog signal. Rewired to have #1 and #2 to be conrolled individually. 
Changed from head control to TD control: 4 cut in ; 0 offset. 
Suction pressure offset and suction pressure settings altered to correct RC-1000 readings. 
TD control set thgs changed: 8 cut in ; 4 offset. 
125 Ibs of refrigerant added. 
Low charge caused pump cavitation and flow reading error. No data from this week is valid. 
Large leak in suction line repaired. 125 Ibs of refrigerant added. 
125 Ibs of refrigerant added. 
Howden Economizer pressure transducer defective. 
Lowered minimum speed to 600 rpm. Output ofRC-1000 has not been low enough. 
Lowered minimum speed to 525 rpm. EIL reading now at 30Hr. 
Leak at transducer P32. 63 Ibs of refrigerant added. 
Head control at 55151 psig. 
Analog output board changed. Minimum speed on recips s e t  to 750 rpm. 
Howden economizer pressure transducer replaced. 
Head control at 30 deg F 
One Inverter driven Carlyle (C4) off on oil safety. Reset a t  11 :45am. 
One Inverter driven Carlyle (C3) off on oil safety. 
Changed Howden suction setpoints from 1811 711 6 to  1911 811 7 psig. 
One Inverter driven Carlyle (C3) off on oil safety. 
Timer on the oil pressurization reservoir pressurization installed. 
Individual oil feed to  each Howden Screw installed. 
Howden economizer disabled. 
Added 125 Ibs charge. Receiver at 20%. 
Pump cavitation caused low load reading for part of the week . Wfih the low load reading removed 
the load would be 207 M8H and the EER would be 18.3. 
Head control changed to 51/45 (50 dag F). 
RC3 locked-up and had to be master cleared. RC-1000 data lost for this week. 
06E #3 oil trip discovered. 
#1 and 3 Howden shut down and would not turn. #2 ran at full speed. 
B e e r  compressor on with Howden. 
Switched from Howden and Biher to all Btzers. Data for week ending 2123 not valid. 
Produce prep and finger cases disconected. 
Setpoint changed. 
Oil changed. Installed new Solest 68. Removed 25 gal., installed 23 gal. Pump cavitation caused low load 
reading for part of the week. Wnh the low load reading removed the load would be 233 MBH and the EER 17.9. 
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HISTORY OF MODIFICATIONS: 

5/4/93 
511 0193 
6/24/93 
7/9/93 
711 3/93 
8/17/93 
9/23/93 

9/28/93 
10/5/93 

lOl8l93 

11/2/33 
, 1011 2/93 

Hansen liquid pumps removed: Hysave installed. 
Critical temperature, pressure and power readings calibrated. 
Flow meter zero checked. 
Third Bber on-line to meet load. 
Fourth Carlyle on-line. Control through EIL compressor staging. 
Data from this week indicates pump cavitation. 
Liquid pump not pumping. Per Hysave instructions technician partially closed outlet ball valve and pump 
began operating properly. Outlet ball valve opened. 
Return to only two Eiers on-line. 
Return to 3 Carlyle compressors. 
Unused A-rack heat recalim coils piped into Brack 
Solenoid installed in heat recla-m drop leg. Opens when heat reclaim is on. 
Added 125 Ib. of R-l34a 
Filter drier changed. 
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LIFE CYCLE COST ANALYSIS 

Appendix B 

The life cycle cost (LCC) of a system can be calculated as follows: 

N N 

J=1 J=l 
LCC= C-S+MC [ V I J + P  c [ElJ 

where: 

C = initial system cost 
S = salvage value of the system at year N 
M = annual maintenance cost 
P = annual cost of electric energy 
N = Useful life of the system in years 
EM = annual escalation rate of maintenance cost 
EP = annual escalation rate of the cost of electric energy 
I = interest rate 

The life cycle cost is the present value of the total cost of the entire system over its 
entire lifetime. This cost includes initial cost, operating cost, and maintenance cost, 
less the system salvage value. 

There are three economic comparisons that we have examined net present value 
savings (NPVS), return on investment (ROI), and simple payback period. 

The net present value savings is:defined:as:. 

NPVS = LCCbase system - LCCdternative system 
. I  

The return on investment of an alternative system compared to the base system is 
defined a s  the interest rate at which the NPVS is equal to zero: 

ROI = I, for NPVS(1) = 0 

ROI can be used to compare the relative merit of two different prospective investments, 
For two systems 6 t h  equal risk factors the one with the higher ROI is the more 
financially beneficial. 

- 
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The simple payback period is the time required for an investor to recoup his initial 
investment. I t  is defined as 

Payback Period = Initial investment / annual cost savings 

or 

Payback Period = increased system cost/(annual energy savings * cost of enera) 

B - 2  
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NOTICE 

This report was prepared by Aspen Systems, Inc., in the course of performing work 
contracted for and sponsored by the New York State Energy Research and 
Development Authority, Empire State Electric Energy Research Corporation, and 
Electric Power Research Institute (hereafter the "Sponsors"). The opinions expressed 
in this report do not necessarily reflect those of the Sponsors or the State of New York, 
and reference to any specific product, service, process, or method does not constitute 
an implied or expressed recommendation or endorsement of it. Further, the Sponsors, 
the State of New York, and the contractor make no warranties or representations, 
expressed or implied, as  to the fitness for particular purpose or merchantabilily of any 
product, apparatus, or service, or the usefulness, completeness, or accuracy of any 
processes, methods, or other information contained, described, disclosed, or referred 
to in this report. The Sponsors, the State of New York, and the contractor make no 
representation that the use of any product, apparatus, process, method, or other 
information will not hii-hge privately owned rights and will assume no liability for any 
loss, injury, or damage resulting from, or occurring in connection with, the use of 
information contained, described, disclosed, .or referred to in this report. 



ABSTRACT 

Aspen Systems, and a team of nineteen agencies and industry participants conducted 

a series of tests to evaluate the performance of viable long-term replcement 

refiigerants for supermarket applications. For the first phase of this effort, we 

determined the performance of HFC-l34a, HCFC-22, and CFC-502 for several 

supermarket applications. The results of the Phase I effort are presented in a separate 

report (3. The results of the second phase of the project are the subject of this report. 

Phase I1 centered on  laboratory testing of all viable HFC replacement refiigerants for 

CFC-502. I t  also included the field demonstration of one of these long-term 

replacement refrigerants, HFC-507. 

LABORATORY RESULTS 

Laboratory tests were conducted to 'determine the performance of HFC-507, 
HFC-404A, and HFC-407AY relative to CFC-502, for low-temperature applications. A 

laboratory refrigeration rack with four types of refiigeration compressors was used. An 

open-drive screw compressor, an open-drive reciprocating (recip) compressor, a 
semihermetic recip compressor, and an internally compounded two-stage recip 

compressor were tested. Tests were conducted to simulate a low (-20°F) saturated 

suction temperature (SST) refrigeration system. 

The test results show that the relative refrigeration capacity and energy efficiency ratio 

(EER) for each of the refrigerants is dependent on  the compressor type. Under most 

conditions, the EER performance of HFC-507 was nearly identical to that of HFC-404A 

and similar to that of CFC-502. At high saturated discharge temperatures (SDTs), 

HFC-407A EER performance nearly matched that of CFC-502, but dropped at lower 

SDTs. 

Among the HFC alternatives, regardless of the compressor type, HFC-507 exhibited 

the highest refrigeration capacity, followed by HFC-404A and HFC-407A. With the 

semihermetic and open-drive recips, all HFC refiigerants registered a lower capacity 

compared to CFC-502. With the internally compounded recip and open-drive screw, 

HFC-507 and HFC-404A registered higher capacities, while HFC-407A showed a 

slightly lower capacity than CFC-502. 
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DEMONSTRATION RESULTS 

For the demostration test, the low-temperature rack of a fully instrumented 

supermarket in Glens Falls, NY, was converted from HCFC-22 to HFC-507. The rack 

contains three sets of compressors: one consisting of an open drive screw compressor, 

one consisting of a semihermetic screw compressor, and the third consisting of two 

semihermetic reciprocating compressors. We monitored the performance of the rack 

on  two suction groups (-15°F and -25°F SST) for 10 months. The conversion from 

HCFC-22 to HFC-507 at the demonstration site went smoothly and no startup 

problems were encountered with the refiigerant or the poly01 ester (POE) lubricant. 

The efficiency performance of the low-temp rack on HFC-507 and HCFC-22 was 

similar. With the open-drive screw, the EER of the two refrigerants was virtually 

identical below 80°F SDT. Above 80°F SDTj HCFC-22 showed higher EERs. With the 
semihermetic recips, below 68°F SDT, HFC-507 showed higher EERs than HCFC-22. 

Above 68°F SDT, HCFC-22 showed slightly higher EERs. No refiigerant comparison 

data were obtained for the semihermetic screw, since it was added during the 

refiigerant conversion. 

The screw compressors provided significantly better AEER than the recips for the 

low-temp rack. The screds advantage over the recips was more pronounced for the 

- 15°F suction group. The recips were more efficient than the screws at high SDTs, 
suggesting that in warmer climates they may show a better annual performance. 

Our experience with HFC-507 in the low-lemp rack of the Glens Falls store has been 
extremely favorable. We have observed no incompatibility problems between HFC-507, 

its POE lubricant, and the rest of the system. HFC-507 appears to be a trouble-free 

long-term refiigerant replacement for low-temperature refrigeration. 
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SUMMARY 

IN THIS SECTION . 
BACKGROUND 

RESULTS - LABORATORY TESTS 

RESULTS - DEMONSTRATION TEST 

BACKGROUND 

As the deadline approaches for the complete phase out of CFC rekigerant production, 

the supermarket industry is faced with many uncertainties regarding alternative 

refrigerants and their effect on system design and efficiency. The New York State 

Energy Research and Development Authority (NYSERDA) and the Empire State Electric 
Energy Research Corporation (ESEERCO) cosponsored a project directed toward 

resolving these uncertainties. The project was aimed at testing long-term replacement 

rekigerants for low-temperature (low-temp) supermarket refiigeration systems. The 

scope of the program included testing non-CFC refrigerants both in a laboratory and in 
an operating store. The demonstration site for the project was a Shop 'n Save 

supermarket in Glens Falls, NY. The Glens Falls store was the first supermarket to 

use HFC-134a for its entire air conditioning (A/C) and medium-temperature 

(med-temp) refrigeration loads (2J. 

The proposed work concentrated on newly available candidates for the replacement of 

CFC-502 in low-temp supermarket applications. The candidates that were selected for 

testing were HFC-507, HFC-404A, and HFC-407A (see Table S-1). The work plan 
aimed at testing these refrigerants in a laboratory refiigeration rack that simulated a 

supermarket operation. The laboratory tests were conducted at Aspen Systems' 

Marlborough, MA, facility. One of the more promising candidates (HFC-507), was also 

retrofitted in the low-temp (HCFC-22) rack of the Glens Falls demonstration site (2J. 

The laboratory testing portion of the effort aimed at evaluating the CFC-502, HFC-507, 
HFC-404A, and HFC-407A on three reciprocating compressors (recip) and one screw 

compressor (screw). The compressor types tested were: a semihexmetic recip, an 
open-drive recip, an internally compounded two-stage recip, and an open-drive screw. 

s- 1 



Table S-1. List of Long-Term CFC-502 Substitutes Tested 

HFC407A I IC1 Klea 60 I HFC-32/125/134a I 20/40/40 I 

For the field-testing portion of the project, we evaluated three refrigeration systems 

serving the low-temperature (low-temp) load of a supermarket. These systems utilized 

semihermetic recip, an open-drive compressor and, a semihermetic screw. The three 

systems were tested with two refi-igerants, HCFC-22 and HFC-507. 

RESULTS - LABORATORY TESTS 

In the laboratory tests, the refrigerants listed in Table S-1, as well as the baseline 

refi-igerant (CFC-502), were tested on the four compressors listed in Table S-2. Tests 

were conducted to determine the performance of each compressor with each 

refrigerant . The capacity of each compressor at -20°F saturated suction temperature 

(SST) and 110°F saturated discharge temperature (SDT) was determined at the outset 

of each test. The actual (measured) refi-igeration capacity of each refrigerant for each 

compressor relative to CFC-502 is shown in Table S-3. The energy efficiency of each 

compressor was measured for the range of SDTs encountered in a typical supermarket. 

The resulting energy efficiency ratio (EER) data were used to calculate a projected 

annual EER (AEER) for each of the four compressors. For ambient conditions, bin 

temperature data for Albany, NY, were used. The results of the annual bin 

temperature analysis are' summarized in Table S-4. As expected, the compressors that 

utilized subcooling (internally compounded recip and open-drive screw) showed higher 
overall AEERs than the non-subcooled recips. With all but the screw compressor, the 

alternative refrigerants appear to impose a measurable AEER penalty compared to 

CFC-502. With the screw compressor, HFC-507 showed essentially the same AEER as 

CFC-502, while HFC-404A indicated a 1.1% increase and HFC-407A exhibited a 4.7% 

decrease. The internally compounded recip showed the least AEER reduction among 

the recips. The open-drive recip shows the highest AEER penalty for converting from 

CFC-502 to an alternative refrigerant. Still, even with this penalty, the open-drive 

recip exhibits higher AEERs than the semihermetic unit. 
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Table S-2. Description of Laboratory Test Rack Compressors 

. .  .-. . .! 
. 

. .  
. . .  COMPRESSOR . .  

. .  . .  :.:. .. 
. .  . .  

SEMIHERMETIC RECIP 
OPEN-DRIVE RECIP 

INTERNALLY COMPOUNDED RECIP 
OPEN-DRIVE SCREW 

!Legend: Disp. - Displacement at 60 Hz, NIA - Not Applicable, Manufr - Manufacturer, Effi. - Efficiency I 

REFRIGERATION:CAPAC~N:R'E~ATIVE 
-To CFC-502'(%). '-1 

. .  . .- .. .. . 
. .. . . .. . .. . . . i 

. .&FP~507. . . _ _  :: H@XO&4'G: ~@&407A 
97 93 90 
95 93 84 
108 102 95 
112 108 99 

Table S-3. Measured Refrigeration Capacity of the Three 
Replacement Refrigerants on Four Types of Compressors 

Relative to CFC-502 

REFRIGERANT 
SEMIHERMETIC RECIP 

CFC-502.-L HFG-507 . HFC+Q4A : HFC-407A 
8.47 8.29 8.27 8.16 

Table 5-4. Projected Annual Energy Emciency Performance 
of All Compressor Types 

OPEN-DRIVE RECIP 
INTERNALLY COMPOUNDED RECIP 

OPEN-DRIVE SCREW 

8.99 8.43 8.43 8.37 
9.40 9.13 9.26 8.78 
8.86 8.87 8.96 8.44 
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Summaw of Resul ts  and Conclusions of the Laboratory Tests 

Following are some of the most important observations made during the laboratory 

testing: 

HFC-507, HFC-404A, and HFC-407A appear to be viable alternatives to 
CFC-502. 

The performance of HFC-507, HFC-404A, and HFC-407A, relative to CFC-502, 
varied substantially depending on  the compressor tested. 

CFC-502 valve bodies and heads were used for all testing. The valves required 
only minor superheat adjustment for proper operation on HFC-404A and 
HFC-407A. The valves also worked well for HFC-507, but required signifcant 
superheat adjustment from their CFC-502 settings. As  expected, the capacity 
and EER performance of HFC-507 and HFC-404A were very similar. 

The design of the oil pumps on the older recips did not consistently provide 
sufiicient pressure using alternative refrigerants and oils. The manufacturer 
now has a higher-capacity oil pump for these compressors. 

Comparison of compressor technologies indicated that the internally 
compounded compressor can offer distinct advantages in annual energy usage. 

The screw compressor EER was nearly identical using CFC-502, HFC-507, or 
HFC-404A. AEER calculations showed a slight improvement with HFC-404A. 

The EER performance of recips can substantidy benefit from operating at 
lower than design speeds. 

RESULTS - DEMONSTRATION TEST 

The Glens Falls Shop 'n Save superstore was designated as a demonstration site for 

advanced, non-CFC refrigeration systems in its design stage. Completed in March of 

1992, the store employed HFC-134afor its A/C and med-temp systems, and HCFC-22 

for its low-temp system. We identified several HFC-based CFC-502 substitutes and 

installed the one that, at the time, promised to be the most trouble-free. The 

refrigerant selected was HFC-507 (AZSO), manufactured by Allied Signal. I t  is an 

azeotropic 50/50 mixture of HFC-143a and HFC-125 and has been commercially 
available since late 1993. The focus of the HFC-507 conversion was the low-temp 

system, which is composed of an open-drive screw, a semihemetic screw, and two 

semihemetic recips (Table S-5). All compressors use variable-frequency drives (VFDs) 

for capacity control. The low-temp rack has two suction groups, -25°F and - 15"F, that 
share a common oil separator, condenser, heat (water) reclaim, receiver, and liquid 

P-P- 
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Table S-5. Description of the Low-Temp Refrigeration Systems in the Glens 
Falls Test Store 

Prior to the HFC-507 conversion, the low-temp rack operated on HCFC-22 and a 
300-SUS Wlbenzene oil. For the HFC-507 conversion, the oil in the rack was purged 

and replaced with a Castrol SWlOO (450-SUS) poly01 ester (POE) oil. The three 

compressor banks were alternated between the -25°F and -15°F suction groups on a 

weekly basis. Data were collected between June 1993 and March 1994, and the 

compressors' performance was measured and compared. The EER results for HFC-507 

are shown separately for the -25°F and - 15°F suction groups. 

-25OF Suction Group Test Results 

Curve fits of the EER performance for each compressor type on the -25°F suction 

group are compared in Figure S-1. The results indicate that the open-drive screw is 

more efficient than the other two types of compressor at SDTs below 73°F. This 

compressor's 3.6 internal volume ratio (Vi) favors the lower SDTs. The semihemetic 

screw features variable Vi and shows better performance at high SDTs. The 

performance of this compressor is much closer to that of the semihermetic recip, 

though it shows a slightly higher EER at low SDTs. At high SDTs, the semihermetic 

recips show the highest system efficiency. 

- 15°F Suction Group Test Results 

The energy efficiency performance of the three compressor types on the -15°F suction 

group is compared in Figure S-2. The results indicate that the open-drive screw is 
significantly more efficient than the other two types of compressors at SDTs below 

68°F. This is similar to our findings on the -25°F suction group. The semihermetic 
screw exhibits higher EERs than the recips over most of the operating range. Only 
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GLENS FALLS SHOP 'N SAVE DEMONSTRATION RESULTS 
-25"FsUCTlON GRWPIHFG507 

. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  1 5 : : :  
...... 'r ...... < ....... t .............. ; ...... < ....... { .............. > ...... 'r ...... < .............. > ...... 9 ...... < .... . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  ...... ...... ...... ....... ....... ....... ...... .......... ...... .... . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  * ... 1 .......,...... < f .......,...... ... < ....,...... 3 < 

. . .  . . .  . . .  . . .  . . .  . . .  

. . .  . . .  . . .  . . .  . . .  . . .  
. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  u s ; ; ;  
...... ...... ...... .............. ...... ....... . . .  . . .  . . .  . . .  . . .  . . .  'r + < ; 3- .....,....... 
....... - OPEKDRl"ESCREW ....... . . .  . . .  . . .  . . .  . . .  . . .  ....... - w m =  SCREW ...... .i ...... 6 ...... i ....... .'.....)...... 3 ...... < .... . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

----- --- SEMlHERMmCRECIP i i i 
...... L ...................... ................. ............................ * ............................ .. ........... 

0 . . .  
30 50 70 90 

SDT 

- 
... 
... 
... 
... 
- 
... 
... 
... 
... 

... 

... 

... 

... 
d 

110 

Figure S-1. Comparison of the Energy Efficiency Performance of the 
Three Compressor Types on the -25°F Suction Group 

GLENS FALLS SHOP 'N SAVE DEMONSTRATION RESULTS 
-15'F SUCTION GROUP I HFC507 

. . .  . . .  . . .  . . .  

. . .  . . .  

. . .  . . .  . . .  . . .  
40 60 100 

SDT (OF) 

Figure S-2. Comparison of the Energy Efficiency Performance of the 
Three Compressor Types on the -15°F Suction Group 
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above 98°F SDT does the recip's performance exceed that of the semihermetic screw. 
The semihermetic recips show the best performance near design conditions. 

Load Factor of the Low-Temp Rack 

A measurement that is of interest to utilities for identifying the demand associated 
with any electric system is load factor. The load factor is defined as the average power 

used by the system for a given period (in this case one month), divided by its 

15-minute demand. A fixed, 15-minute demand interval is the method used by the 
utili@ supplying the store's electric power, Niagara Mohawk. 

Figure S-3 shows the load factor of the low-temp rack, juxtaposed against the load 

factors of the other refrigeration racks and that of the entire store, for 15-months 
starting in January 1994. The load factor for the low-temp rack varies fiom 0.45 to 

0.69. The medium temperature rack shows load factors that vary between 0.45 and 
0.64. As expected, the air conditioning racks load factor is very low in the beginning 
of the cooling season and climbs to 0.5 by the end of summer. The store's load factor 
peaks in the winter and ranges between 0.73 and 0.89. The store load factor is 
consistently higher than that of any rack. 

Q 0.2 

0 

~ . .  i - 

. .  

JAN FEB tvW3 APR MAY JUN JUL AUG SEP OCT NOV DEC J h  FEB MAR 
MONTH OF 1993 OR 1994 

Figure S-3 .  Load Factors of the Refrigeration Racks 
in Glens Falls Store Compared to the Load Factor of the Entire Store 
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Proiected Annual Performance 

. . . . . . . . . . .  . . . . . .  . .  ......... 
. . . . . . .  ...:: :;.::;:: 

Semihermetic Recip 

The curve fits in Figures S- 1 and S-2 as well as performance curves for HCFC-22, were 

used to calculate a projected annual EER (MER) for each of the three compressor 
types. For ambient conditions, bin temperature data for Albany, NY, were used. The 

performance results of the bin temperature analysis for the two suction groups are 

listed in Table S-6. The two screw compressors show higher AEERs than the 

semihermetic recips. This corroborates our laboratory findings. The screw 

compressor's EER exceeds the efficiency of the recips at lower SDTs, where the system 

spends most of its operating time. A s  shown, the screw's advantage over the recips is 

more pronounced for the - 15°F system. This is because the relative efficiency of 

screws compared to recip increases at lower pressure ratios. At -25°F SST, HCFC-22 

and HFC-507 AEER performance is similar. However, at - 15°F SST, HCFC-22 shows 

better efficiency than HFC-507, is to be expected based on  theoretical cycle 

calculations. 

....... .: ..... : . . . . . . . . . .  
:..:Btu./Whr. ..: .~ . . . .~~~~kW-~r~~. .~.~:  .:i:BtuNV-h<. 1 . . .  .I'..kW -hr 

7.00 150,091 I 6.90 151874 

Table S-6. Annual EER and Energy Usage of the Low-Temp Refrigeration 
Systems in the Glens Falls Store 

lopen-Drivescrew I 7.40 I 142,614 I 7.40 I 142624 I 
kemihermetic Screw - I 7.15 I 147.056 I Not Meas. I Not Measured I 
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Economic Analysis Results 

A n  economic analysis was performed to determine the relative life cycle costs (LCCs) of 

the different refrigeration systems tested. The economic descriptors calculated were: 

the LCC, the net present value savings (NPVS), the return on investment (ROI), and 

the simple payback period. The semihermetic recips were chosen as the base system 

since they constitute the industry standards for supermarket refrigeration. Table S-7 
lists the results of the economic analysis for both the -25°F and -15°F suction groups 

with HFC-507. 

Both the open-drive and semihermetic screws show an economic advantage over the 

semihermetic recips. For the -25°F system, the open-drive screw has the highest ROI 

(33.9%), translating into a payback period of 3.5 years. The semihemetic screw 

exhibits an ROI of 24.5%, for a payback period of five years. As expected, the screws 
are even more economical for the -15°F suction group. The ROI of the semihermetic 
screw is the highest, at 67.1%, for a payback period of only 1.7 years. The ROI of the 

open-drive screw is 56.5%, for a payback period of two years. The economic analysis 

for HCFC-22 showed a slightly better economic performance (compared to HFC-507) at 
-25°F SST, but a somewhat worse perfomance at -15°F SST. 

Table 5-7. Economic Comparison of the Low-Temp Refrigeration Systems 
in the Glens Falls Store Using HFC-507 

Maintenance Cost (Screws) 
Electricity Cost (including demand) 10 #/kW-hr Maintenance Cost Escalation Rate 
Electricity Escalation Rate Salvage Value 
Maintenance Cost (Recips) $1 OoO/yr System Life 

s-9 



Summarv of Results and Conclusions of the Demonstration Test 

The following observations were made during the demonstration testing: 

The conversion fiom HCFC-22 to HFC-507 at the demonstration site went 
smoothly and no startup problems were encountered with the refrigerant or the 
POE lubricant. 

Our experience with HFC-507 in the low-temp rack of the Glens Falls store has 
been extremely favorable. We have observed no incompatibiliQ problems 
between HFC-507, its POE lubricant, and the rest of the system. HFC-507 
appears to be a trouble-free, long-term refrigerant replacement for low-temp 
refrigeration. 

The efficiency performance of the low-temp rack on HFC-507 and HCFC-22 was 
similar. With the open-drive screw, the EER of the two refrigerants was 
VirtUaUy identical below 80°F SDT. Above 80°F SDT, HCFC-22 showed higher 
EERs. With the semihermetic recips, HFC-507 showed higher EERs than 
HCFC-22 below 68°F SDT. Above 68°F SDT, HCFC-22 showed slightly higher 
EERs. 

The screw compressors provided significantly better AEER than the recips for 
the low-temp rack. The screw's advantage over the recips was more 
pronounced in the - 15°F suction group. 

The recips were more efficient than the screws at high SDTs, suggesting that in 
warmer climates they may show a better annual performance. 

HCFC-22 and HFC-507 annual efficiency results were similar for a -25°F 
suction group. At - 15°F SST, HCFC-22 performed noticeably better than 
HFC-507. 

An economic analysis indicated a payback period of 3.5 to 5 years for a screw 
compressor rack over a semihermetic recip compressor rack for a -25°F 
refrigeration load. The payback period for a screw compressor rack is even 
more attractive for a - 15°F refrigeration load (1.7 to 2 years). HCFC-22 shows a 
slightly better economic performance (compared to HFC-507) at -25°F SST, but 
a somewhat worse performance at - 15°F SST. 
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INTRODUCTION 

Section 1 

IN THIS SECTION 

DESCRIPTION OF THE R&D PROJECT 

SCOPE OF WORK 

DESCRIPTION OF THE R8sD PROJECT 

As the deadline approaches for the complete phase out of CFC refrigerant production, 

the supermarket industry is faced with many uncertainties regarding alternative 

refrigerants and their effect on system design and efficiency. The New York State 

Energy Research and Development Authority (NYSERDA), N i a g r a  Mohawk Power 

Corporation, and the Empire State Electric Energy Research Corporation (ESEERCO) 

cosponsored a project directed toward resolving these uncertainties. The project was 

aimed at testing long-term replacement refrigerants for low-temperature (low-temp) 

and medium temperature (med-temp) supermarket refrigeration systems. For the first 
phase of this effort, we determined the performance of HFC-l34a, HCFC-22, and 

CFC-502 for several supermarket applications. The results of the Phase I effort are 

presented in separate report (lJ. The results of the second phase of the project are the 

subject of this report. Phase I1 concentrated on newly available candidates for the 

replacement of CFC-502 in low-temp supermarket applications. Several candidates 

were identified for testing. These were HFC-507, HFC-404AY and HFC-407A. The work 
plan aimed at testing these refrigerants in a laboratory refrigeration rack that 

simulated a supermarket operation. One of the more promising candidates (HFC-507), 
was also retrofitted in the low-temp (HCFC-22) rack of a supermarket in Glens Falls, 

NY. 

The supermarket chain sponsoring the project is Hannaford Bros. Co., of Maine. Since 

its inception, this program has received the support of several manufacturers. The 

major participants, other than the sponsors, the Supermarket chain, and Aspen 

Systems, have been the following organizations: 

ALCO Controls- Valve Manufacturer 

AUied Signal, Inc. - refiigerant manufacturer 

Brown Engineering/ Bitzer Compressors - compressor manufacturer 
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Carlyle Compressor Company - compressor manufacturer 

Castrol, Inc. - lubricant manufacturer 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

CPI Engineering Services, Inc. - lubricant manufacturer 

Dupont Chemicals - refrigerant manufacturer 

Eastern Heating and Cooling, Inc. - installation contractor 

E.I.L. Instruments, Inc. - control systems manufacturer 

Hannaford Brothers - owner of the Shop 'n Save supermarket 

Hill Refrigeration - display case manufacturer 

Howden Compressors, Inc. - compressor manufacturer 

IC1 Klea - refrigerant manufacturer 

Niagara Mohawk Power Corporation - local electric utility 

Phoenix Refrigeration Systems, Inc. - refrigeration systems manufacturer 

Spectronics Corporation - leak detection systems manufacturer 

Sporlan Valve Company - valve manufacturer 

SCOPE OF WORK 

The work plan was divided into two parts: field testing and laboratory testing. For the 
field testing portion of the project, we evaluated three refrigeration systems serving the 

low-temperature (low-temp) load of a supermarket. These systems utilized 

semihermetic recip, and open-drive and semihermetic screw compressors. The three 

systems were tested with two refiigerants, HCFC-22 and HFC-507. 

The 1aboratoI.j testing portion of the effort aimed at evaluating the most viable 

replacement refrigerants for CFC-502 using four different types of compressors. The 

compressor types tested were: semihermetic recip, open-drive recip, internally 
compounded two-stage recip, and open-drive screw. 

The work plan for this effort included the following tasks: 

1. Redesign and retrofit the existing refrigeration rack in Aspen Systems' 
laboratory to include three new reciprocating compressors and one new screw 
compressor. Use this laboratory setup to establish the comparative 
performance of the different compressors on CFC-502, HFC-507, HFC-404A, 
and HFC-407A. 
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2. 

3. 

4. 

Replace the HCFC-22 in the low-temp rack of the test supermarket. with 
HFC-507 and carry out field comparisons of the two refrigerants. Alternate 
between the existing screw and reciprocating compressors to determine relative 
performance of each compressor system. 

Obtain demonstration test results from the HFC-507 system for as long as 
possible . 
Prepare a final report detailing the results of the laboratory and demonstration 
testing. 

The refrigeration systems in the Glens Falls store are described in Table 1- 1. 

The low-temp rack was switched on a weekly basis to alternate the compressors 
between the - 15°F and -25°F refrigeration loads. The entire store was instrumented 

and the data was collected by EIL energy management systems and a high-precision 
data logger. Due to a lack of sufficient funds, the demonstration phase of the project 

was limited to less than ayear of testing. 

Table 1-1. - Description of the Refrigeration Racks 
in the Glens Falls Store 

. .  
Low-Temp Rack 

-25°F or -1 5OF LOW-TEMP SYSTEM (HCFC-221 
One Carlyle 65 cfm Semihermetic Screw 
One Howden 91 mm Open-Drive Screw 
Two Carlyle 06ER175 Semihermetic Recips 

. . .  
. .  ... . .  I. Med-Temp Rack 

+I 5OF MED-TEMP SYSTEM IHFC-134a) 
Two Carlyle 5H40 Open-Drive Recips 
+2OoF MED-TEMP SYSTEM (HFC-134a) 
Three Howden 91 mm Open-Drive Screws 
Three Bitzer 6H2 Open-Drive Recips 
Four Carlyle 06EM175 Semihermetic Recips 

AIC Rack 
+40°F N C  SYSTEM IHFC-134a) 
Three Bitzer 6F2 and One Bitzer 4H2 Open-Drive Recips 

. I  
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LABORATORY TESTING 

Section 2 

IN THIS SECTION 

SCOPE OF LABORATORY WORK 

DESCRIPTION OF THE LABORATORY TEST SETUP 

TEST PLAN 

TEST RESULTS - COMPARISON OF REFRIGERANTS 

TEST RESULTS - COMPARISON OF COMPRESSORS 

PROJECTED ANNUAL ENERGY EFFICIENCY 

SUMMARY OF RESULTS AND CONCLUSIONS 

The objective of this effort was to identify and evaluate the most promising long-term 

low-temperature replacement refrigerants for CFC-502. This section describes Aspen 

Systems' laboratory test faciliiy and summarizes the laboratory test program. The test 
results of alternative reliigerants are compared to results obtained with CFC-502. 

SCOPE OF LABORATORY WORK 

The laboratory testing phase of this project consisted of the following major tasks: 

Instrument verikation. 

Baseline testing with CFC-502. 

Modification of existing refrigeration test rack. 

Testing of alternatives for CFC-502. 

The refrigerants listed in Table 2- 1 were identified as the most viable long-term 

replacements for CFC-502 in low-temp applications. HFC-404A is also manufactured 

by Elf Atochem as FX-70. All the refrigerants in Table 2- 1 have zero ozone depletion 

potential (ODP) and their only special requirement is the use of a synthetic oil. 

Several poly01 ester (POE) oils were identified that work well with these refi-igerants. 

We utilized our existing laboratory reliigeration rack for these laboratory tests. The 

description of our reliigeration faciliiy and the instrumentation is given below. 
Comparison of the low-temp performance of CFC-502, HCFC-22, and HFC-134a can be 

found in Section 2 of the Phase I Final Report a. 
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Table 2-1. List of CFC-502 Substitutes Tested 

DESCRIPTION OF THE LABORATORY TEST SETUP 

At the start of this project, Aspen Systems' laboratory reftigeration test setup consisted 

of two screw compressor racks. The larger one was based on a 50-hp, vertical, 

hermetic Dunham-Bush screw compressor (2J: The smaller rack used a 40-hp, 

horizontal, open shaft, Howden screw compressor (lJ. Complete descriptions of each 

system can be found in the references noted. 

For this project, we added four new compressors: a Bitzer OSN536 1 open-drive screw, 

a Carlyle 5H40 open-drive recip, a Carlyle 06ER175 semihermetic recip, and a Carlyle 

06CC675 semihermetic internally compounded two-stage recip. 

I n  order to accommodate the new compressors, we removed the vertical screw 

compressor as well as a test display case and a horizontal receiver &om the rack. We 

replaced the receiver with a new vertical receiver mounted o n  the wall above the rack. 

AU compressors shared the same condenser, receiver, evaporators, and heat source. 

The setup was designed to obtain accurate and reliable test data for the reftigerants 

tested. A comprehensive description of the laboratory setup is presented below. 

R e f e e r a t i o n  System 

The piping and instrumentation diagram for the rack is presented in Figure 2- 1. 

Figure 2-2 shows a photograph of the complete test rack. The major components of 

the laboratory system consisted of five compressors with their respective drive motors, 

a VFD and controller, two chillers, economizer heat exchangers (subcoolers), a 
receiver, oil coolers, oil separators, a gas-fired boiler, and an air-cooled condenser. AU 

items except for the last two were mounted on the rack. The condenser was installed 

on the roof while the gas-fired boiler was located adjacent to the reftigeration rack. 
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Figure 2-1. Laboratory Test Rack Piping Diagram 
Showing Some of the Critical Instrumentation 

Figure 2-2. Aspen Systems' Laboratory Test Rack 
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The heat input for the refrigeration cycle was supplied by an ethylene glycol brine 

loop. The major components of the brine loop were the gas-fired hydronic boiler and 

its circulating pump. The boiler was sized to provide the heat removed by the chillers. 

The pump circulated a 45% solution of ethylene glycol and water that withstands 

fkeezing to -25°F. 

Compressors. Five different compressors were installed on the rack. These are 

summarized in Table 2-2. The semihermetic recip with its small footprint and reliable 

operation has become the industry's workhorse. The open-drive recip can offer higher 

efficiencies than the semihermetic compressors because the motor's parasitic heat is 
not dumped into the refrigeration loop. The semihermetic internally compounded 

compressor was originally designed for HCFC-22 operation. We decided to test the 

effect of its built-in subcooling capability with HFC refrigerants. Screw compressors 

have shown some promise to perform more efficiently than reciprocating compressors 

at low pressure ratios. Both of the screw compressors also had built-in subcooling 

options. 

We chose the Bitzer screw compressor for these tests, since its Vi of 5.0 was better 

suited to low-temp operation. The 2.6-Vi Howden screw compressor had been used for 

the previously completed medium-temperature (med-temp) testing. 

Controller. Two controllers were used to govern the operation of the rack and its 

compressors. The first was a standard PID controller, and the second an energy 
management system manufactured by EIL (the RC-1000). Either unit could be used to 

control the compressors. The RC- 1000 had the capability of controlling a supermarket 

rack. I t  used a modified PID algorithm to control the VFD and maintain a constant 

Table 2-2. Description of Laboratory Test Rack Compressors 
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system suction pressure. The standard PID controller allows modification of all PID 
parameters and is able to maintain a better control of suction pressure for testing 

purposes. 

Variable-Frequencv Drive. A constant-torque, variable speed inverter manufactured 

by AUen Bradley was used to control the speed of the compressor/motor drive. The 

specifications of the inverter are as follows: 

Model No. ........................................ 1336-B050-EAG-FA2-L3 
Nominal Rating .................................................... 50 hp 
Type ................................................... Sinusoidal PWM 
Max. Efficiency ...................................................... 98% 

Condenser. The condenser was an air-cooled, direct-drive Uriit manufactured by 

Dunham-Bush. The condenser specifications are as follows: 

Model No. ......................................... LSBC-242D-ARFNN8 N 
Heat transfer rating ..................................... 21,200 Btu/'F/hr 
Fan power ...................................................... .3.92 kW 
Number offans ........................................................ 4 
Weight .......................................................... 1290 lbs 
Dimensions .............................................. 88 x 88 x 49 in. 

The original fan cycling contactors were bypassed and a VFD with separate PID 

controller was installed. The PID controller allowed precise control of head pressure 

during testing. 

Brine Chillers. The brine chillers were shell-and-tube units manufactured by 

Dunham-Bush. They consisted of a stainless steel housing and inner-finned copper 

tubing. The stainless steel housing was specified by Dunham-Bush for low-temp 

application. The specifications of the chillers are as follows: 

M o del No. ............................................. C H SK-76 0 1 A- J J-T 
Rating at 9°F approach and 10°F range, for water .................. 42 ton 
Rating with ethylene glycol ........................................ 20 ton 
Brine side pressure drop .......................................... 3.5 psi 
Weight ........................................................... 397 lbs 
Dimensions ........................................ 12-3/8 Dia. x 74 L in. 

Receiver. The receiver was a vertical unit manufactured by Conyers Tank and 

Welding: 

Model No. ....................................................... AS1454 
Refrigerant Capacity (CFC-502) ................................... 240 lbs 
Dimensions ............................................. 14 Dia. x 54 L in. 
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Hydronic Boiler. The boiler was a gas-fired unit manufactured by Edwards 

Engineering. 

Model Number .................................................. VSOOMC 
Input Heat Rating .............................................. 500 MBH 
Output Heat Rating ............................................ 400 MBH 
Dry Weight ..................................................... 1100 lbs 
Dimensions ............................................ 53 H x 30 D i a  in. 

The boiler package included a circulating pump, a natural gas pressure regulator, and 

controls. 

Economizer Subcooler. Three of the test compressors had the capability to accept 

vaporized refi-igerant at an interstage pressure. This capability could be utilized to 

mechanically subcool the liquid and increase the compressor efficiency. We had two 

different subcooler heat exchangers on the rack. The original subcooler was a %ton 

shell-and-tube heat exchanger connected in a counter flow configuration. This unit, 

which is manufactured by Dunham-Bush, was mounted vertically, with the 

evaporating refi-igerant flowing upwards in the tube side. The specifications for the 

subcooler are listed below: 

Model No. ................................................ SCOO4243AOOU 
Max. h a d  ........................................................ 36 MBH 
Dimensions ............................................ 4.2 D i a  x 36 L in. 

The second subcooler was a 2-ton brazed-plate heat exchanger provided by Carlyle. 

The 2-ton unit is sized for the internally compounded compressor for operation on 

HCFC-22. 

Model No. ................................................. SlSXZOX7/85 
Max. Load ....................................................... 24 MBH 
Dimensions .......................................... 20 H x 4 W x 3 D in. 

Oil Cooler. Three of the compressors in Table 2-2 required oil cooling. The open-drive 

recip and the Howden open-drive screw share the original rack oil cooler. This 

air-cooled oil cooler, manufactured by Dunham-Bush, had copper tubes that are 

inner-finned. The oil cooler fan is controlled by a thermostat that was set at 120°F. 

The safety thermostat was set to 190°F. The oil cooler’s specifications are: 

Model No. ....................................................... DB-22-4 

Heat rejection at 50°F DT ........................................ 14 MBH 
Dimension .......................................... 16H x 20W x 18D in. 

....................................................... Oil flowrate 6 e m  

Fanmotorrating .................................................. 1/4 hp- 



A separate oil cooler was provided with the Bitzer compressor. This unit is 
manufactured by ITT and its specifications are: 

Model No. ............................................. -5-705-16-6 10-007 
Dimension ................................... 19.7 H x 17.6 W x 15.5 D in. 
Fan motor rating .................................................. 0.9 hp 

Oil Separator. There were three oil separators in the system. An AC&R coalescing 

unit served all three of the recip compressors. I ts  specifications are: 

Model No. .........................................................S-5890 
Capacity (HCFC-22 @ -40°F SST) ............................... 138 MBH 
Dimensions ........................................ 6 D i a  x 15-5/8 H in. 

An AC&R helical unit was installed on  the Howden screw compressor. This separator 

was specially designed for high-efficiency oil separation. I t s  specifications are: 

Model No. .........................................................S-5292 
Capacity (HCFC-22 @ 20°F SST) ................................ 265 MBH 
Dimensions ............................................ .6 D i a  x 18 H in. 

A separate oil separator/reservoir was provided with the Bitzer screw compressor. Its 

specifications are: 
Model No. ........................................................OA1854 
Capacity (HCFC-22 @ Low Temperature) ....................... 12,786 cfh 
Dimensions ........................................... 11 D i a  x 29 H in. 

Instrumentation 

The laboratory test rack is M y  instrumented to ensure accurate and reliable 

performance evaluation of the refrigerants. Table 2-3 lists the instrumentation used in 

the rack. Table 2-4 lists the type of performance data we obtain. 

The most critical instruments are those used to measure the power and refrigeration 

load of the rack. For the electric power, we use a two-stator polyphase Watt-hour 
meter with a pulse output. The harmonics produced by VFDs can distort the readings 
of many power transducers. These utility-type meters have been proven to provide 

accurate power metering when used with a VFD. Refrigerant flow is measured using 
orifice plates in the suction, discharge, and economizer lines. The refrigeration load is 

measured using three highly accurate instruments: two, brine loop thermistors and a 
brine loop flow meter. The thermistors are precision interchangeable devices with 
0.2"F accuracy. The load is continuously checked by comparing the heat gained by 
the brine to the heat lost from the refrigerant in the chillers. To obtain the refrigerant 
heat loss, we determine the rekigerant flow using an orifice plate flow meter located in 
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Table 2-3. Refrigeration System instrumentation 

2- 
3- 
4- 

Power Consumption 
Refrigeration Capacity 
EER 

6- 
7- 
8- 

Ambient Subcooling 
Mechanical Subcooling 
Compressor Efficiencies 

I O -  
11- 

Drive Frequency 
Suction and Discharge Superheat 

13- 
14- 

Condenser Power 
Oil Analvsis 

. ..... ... . . .. , . .. .:. j; . :--: .. _ _  . -1 COMPOHEN Z;;:”::. . -- . .~~MANlJFAk~RERr: 
.. 

. . . . . . . . . . . . . . . . . . . . . . . . . .. ... .. . . .  

1- Thermocouples (9) Omega 
2- Brine Loop Thermistors (2) Omega 
3- I Pressure Transducers (7) IRosemount 
4- I Differential Pressure Transducers 13) IRosernount 
5- Suction Orifice Plate Flow Meter Foxb o ro 
6- Discharge Orifice Plate Flow Meter Foxboro 

OP-FTT-304-300-3 

7- IVapor Injection Orifice Flow Meter IFoxboro 
8- Display Case Flow Meter Fluidyne 
9- Brine Loop Flow Meter Sinnet Sci. 

~~~~~ 

I O -  ILiquid Line Flow Meter IK  Flow K-250 
1 I- lcompressor Wattmeter ~G.E. 
12- 
13- 
- 
- 

- 
14- 

Condenser Wattmeter os1 
Torque Sensor Sensor Developments 
Data Acquisition 
Computer Cornpuadd 286120MHZ I 

15- I Data-Logger ICampbell Sci. 21x 
16- IMultiDlexer ICamDbell Sci. AM32 I 

Table 2-4. Test Information Obtained from 
the Laboratory Test Setup. 

I r R e f r i g e r a t i o n  Cycle State Points I 

I 5- I Evaporator Heat Transfer Rates I 

I 9- I Electric Drive Efficiency I 

I ~ 12- [Vapor Injection Benefit I 
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the suction line. This flow is multiplied by the enthalpy difference of the refigerant 

across the chiller to calculate the refrigeration load. An energy imbalance of less than 
5% is considered acceptable. Most of our results show less than 3% imbalance. This 
independent verification allows us to have a high degree of confidence in the accuracy 

of our  results. 

SATURATED DISCHARGE TEMPERATURE 
RETURN GAS TEMPERATURE 
ECONOMIZER SUPERHEAT 

Verification of Instrumentation. All instruments were calibrated to ensure the 

accuracy of their measurements. The Watt-hour meter was calibrated by the 

manufacturer. We verified the Watt-hour meter's operation with an independent 

solid-state meter operating on a non-VFD-driven load. The pressure transducers were 

calibrated at the beginning of testing and as required during testing. Temperature 

probes were checked in an ice bath before installation and against each other at 

ambient temperature. The brine flow meter was calibrated at three different brine 

temperatures. 

1102 0.4OF 
0 2 5OF 
13 2 4 O F  

In addition, a Coriolis-effect mass flow meter is mounted in the liquid line of the 
system. This is the type of flow meter used in the Glens Falls demonstration site. 

Prior to installation, the flow meter was calibrated using water. After installation, the 

meter was used to periodically check the suction, discharge, and economizer flow rates 

measured by the orifice plates. 

TEST PLAN 

The test procedure for measuring the performance of each compressor and refiigerant 

combination consisted of two steps. First, we determined the compressor's capacity at 
the conditions listed in Table 2-5. Next, holding the refigeration load constant, we 

measured the compressor's performance over a range of operating discharge 

pressures. The head was varied so as to obtain an SDT range from 110°F down t o  

40°F. 

Table 2-5. Operating Conditions for Testing 

I ALwAysoNI ECONOMIZER CONDITION FOR THE SCREW AND INTERNALLY I COMPOUNDED RECIP COMPRESSORS 
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A VFD was used to match the compressor's capacity to the refrigeration load as the 

SDT was reduced. Thus, all of the EER results presented include motor and inverter 

efficiency losses. The open-drive screw was tested with the %ton subcooler. The 

internally compounded recip was tested with both the 2- and %ton subcoolers. All 

tests for the above two compressors were conducted with the subcooler (economizer) 

operating. 

In order to obtain high SDTs even during cold ambient conditions, a separate VFD wa 

installed to control the speed of the condenser fans. This VFD was modulated by a 

PID controller to maintain the desired discharge pressure. 

The test conditions of Table 2-5 and the procedures described above are only 

applicable to refiigerants that exhibit little or no temperature glide. These include, 

CFC-502, HFC-507, and HFC-404A. For all practical purposes, HFC-404A performs as 

an azeotrope. Since its evaporator glide is less than 1"F, we decided to treat this 

near-azeotropic refiigerant as an azeotrope. 

However, since HFC-407A has a significant temperature glide, we had to redefine the 

test parameters for measuring its performance. 

HFC-407A can have a glide of over 10°F in the condenser and 6 to 10°F in the 

evaporator. Since the saturated evaporator temperature (SET) glides upward as the 

refiigerant passes through the evaporator, the measured SST will be higher than that 

of the azeotropic refrigerants. For our tests, we matched the average SET of HFC-407A 

to the SET obtained with the other refiigerants. For the azeotropic refrigerants, the 

SDT and the saturated condensing temperature (SCT) were essentially the same since 
there was only a 2 psi drop from the compressor discharge to the condenser outlet. 

For HFC-407AY the discharge pressure was adjusted upward to maintain an average 

SCT equivalent to the SDTs found for the other refiigerants. In all the graphs 

comparing the EER performance of HFC-407A to the other refiigerants, the X axis 
represents the SDT for the azeotropic refrigerants and the SCT for HFC-407A. 

For the lubricant, we chose a Castrol SW68 (300-SUS) POE oil, which was a 

compromise for both the recips and the screw. This oil is too viscous for the recips 

and not viscous enough for the screw. Our own previous laboratory tests (lJ and tests 

performed by others 
compressor performance can be expected when the oil viscosity is lower than 
600-1500 SUS. For the recips, a 300-SUS oil was expected to produce a slightly 

higher power consumption than a 150-SUS oil. Since we could not run two different 

have established that a measurable degradation in screw 
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oils in the laboratory refrigeration rack, we settled for a 300-SUS oil with the 

agreement of all manufacturers whose equipment were being tested. The impact of the 

use of t h i s  oil on the screw compressor capacity and performance is discussed in 

Section 2.4.4. 

The conversion from one refrigerant to another was straightforward. We first removed 

the refrigerant from the system using a recovery unit. Any required system 

maintenance or repair was performed, and the system was evacuated overnight. The 

system was then refilled with the next refrigerant. CFC-502 thermal expansion valves 

(TXVs) were used for all tests. Since the POE oil was compatible with all of the 

refrigerants, no oil changes were required. 

TEST RESULTS - COMPARISON OF REFRIGERANTS 

Figure 2-3 shows the CFC-502 laboratory data obtained for the semihermetic recip. A 

second-degree polynomial curve is fitted through the data For visual clarity, in the 

subsequent graphs that compare the performance of the four refrigerants, only the 
curve fits are shown and the actual data are not presented. In addition to the EER 
data, the graphs also show the SST, therefrigeration load, and the return gas 

temperature (RGT) for each refrigerant, averaged over the SDT range tested. The test 

results for the different refrigerants are presented for each compressor separately. 

SDT C F )  

Figure 2-3. CFC-502 Energy Efficiency Performance 
of the Semihermetic Recip Compared to Manufacturer’s Data 
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Semihermetic Re& 

The semihermetic recip is one of the more commonly used compressors in the 

supermarket industry. Figure 2-3 compares the CFC-502 laboratory data for the 

semihermetic recip with that provided by the compressor manufacturer. The 

performance data kom the manufacturer are adjusted for the actual RGT and drive 
loss that is present in our system. There is close agreement between the laboratory 

and manufacturer data at 110°F SDT. The compressor performance is higher than the 

manufacturer's data at lower SDTs. The higher efficiency is the result of the lower 

compressor speed. The manufacturer's data rate the compressor at 1750 rpm while 
our  low SDT results were obtained at lower speeds. At low speeds, a reciprocating 

compressor operates more efficiently due to reduced windage losses and improved 

volumetric efficiency. Thus, the higher energy efficiency was as expected. 

The performance of the compressor with all four refrigerants is compared in 
Figure 2-4. The actual operational values for the system at 1 10°F SDT are listed in 

Table 2-6. 

HFC-507. At -20°F SST and 110°F SDT, we found a capacity of 81.7 MBH, 3% lower 

than that of CFC-502, and an EER of 4.05 Btu/W-hr, 6.9% lower than that of 

CFC-502. The EER performance of HFC-507 relative to CFC-502 increases a s  the SDT 

decreases. Below 52°F SDT, the HFC-507 EER performance is better than that of 

CFC-502. Our measured performance corresponds closely to HFC-507 data provided 

by Carlyle. 

HFC-404A. A decrease in both capacity and EER was found when testing this 
compressor with HFC-404A. Compared to CFC-502, the capacity of 78.4 MBH 
represents a loss of 6.9%. The EER of 4.00 Btu/W-hr at 110°F SDT reflects a decrease 

of 8.0%. There was very little EER difference between HFC-507 and HFC-404A over 

most of the SDT range. 

HFC-407A. With HFC-407A, at 110°F SDT, the capacity is lower than that of CFC-502 

by 10.2% at 75.6 MBH, while the EER is virtually the same at 4.33 Btu/W-hr. At 
lower SDTs we found the HFC-407A EER performance to be lower than that of 

CFC-502. 



ASPEN SYSTEMS LABORATORY RESULTS 
SEMlHERMEllC RECIP168 CST POE OIL 

OIL TYPE 
OIL VlSCOSlTY 

...... AVE SST = -19.9'F 

----.AVE RGT= 5.TF 

k V E  SST = -19.8'F ..i ....... AVE SST = -16.3'F 
AVE. LOAD = 81.2 MBH....'?AVE . LOAD = 79.3OF i AVE LOAD = 75.8 MBH""" 

...... ~ V E  RGT.= 7.00~ -.i---AVE RGT 4.5'1: ...... . . .  . . .  . . .  . . .  . . .  . . .  . . .  . .  . .  . .  . .  
50 70 90 110 

SDTlSCT CF) 

. .  -. I REERJGERANT.. . .  

UNITS - CFC-502 - HFC-50~~.~ 3 E a ( ? 4 A  HFC-407A 
POE POE POE POE 

cSt 68 68 68 68 

Figure 2-4. Comparison of the Energy Efficiency Performance of the 
Semihermetic Recip Compressor for all Refrigerants 

SST 
SDT / SCT (KLEA 60) 
SUCTION TEMPERATURE 
DISCHARGE TEMPERATURE 

Table 2-6. Summary of Lab Results with the Semihermetic Recip 
at 110°F SDT 

"F -20.0 -20.0 -20.2 -16.5 
"F 11 0.0 110.4 109.9 109.9 
"F 3.3 4.3 2.2 2.9 
"F 205 196 197 235 

DROP LEG TEMPERATURE 
RECEIVER OUTLET TEMP. 
SUBCOOLED LIQUID TEMP. 
SUCTION PRESSURE 

"F 108 111 110 107 
"F 107 110 109 106 
"F 106 109 108 104 

PSlG 15.3 17.9 16.2 11.0 

EVAPORATOR FLOW 
FREQUENCY 
SATURATED RECEIVER TEMP. 

IDISCHARGE PRESSURE I PSlG 1 248 I 282 I 268 I 260 I 
Ib/hr 2,129 2,039 1,862 1,357 
Hz 60 60 60 60 
"F 110.6 110.4 110.3 106.5 

RECEIVER SUBCOOLING 
SYSTEM SUBCOOLING 
REFRIGERATION LOAD 
POWER 

"F 3.3 0.1 0.8 0.9 
"F 4.2 1.4 1.7 5.8 

MBH 84.2 81.7 78.4 75.6 
kW 19.3 20.2 19.6 17.5 

IEER I BTUMI-hr I 4.35 I 4.05 I 4.00 I 4.33 I 

' I  

, I 
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Open-Drive R e d p  

The open-drive recip EER performance with CFC-502 is compared to the 

manufacturer's performance data in Figure 2-5. The inverter efficiency used was the 

measured value of 95.9%. A coupling efficiency of 99% was used. These efficiencies, 

together with factors for density and enthalpy change are used to correct the 

manufacturer's test data for our operating conditions. The manufacturer's 

performance program automatically includes a motor efficiency O f  93%. For CFC-502, 

the measured load of 90.5 MBH is identical to that predicted by the manufacturer's 

performance program. The measured power, however, is nearly 8% higher. As shown 

in Figure 2-5, the higher power produces a consistently lower EER. The EER 
performance of the open-drive recip compressor with all four retiigerants is compared 

in Figure 2-6. The actual operational values for the system at 110°F SDT are listed in 
Table 2-7. 

HFC-507. With HFC-507, we found that the capacity at -20°F SST and 110°F SDT was 

85.8 MBH, 5.2% below that of CFC-502. The EER was 4.06 Btu/W-hr, 7.5 YO lower 

than that of CFC-502. 

HFC-404A. The measured capacity of the open-drive recip with HFC-404A was 

83.9 MBH with an EER of 4.10 Btu/W-hr. The capacity decreased by 7.3% compared 

to CFC-502. The EER at 110°F SDT decreased by 6.6% compared to CFC-502. 

U 
W w 

ASPEN SYSTEMS LABORATORY RESULTS 
OPEN-ORIVE RECIP I CF-2 I 68  CST POE OIL 

15 

10 

5 

0 
70 110 

SDT ( O F )  

Figure 2-5. CFC-502 Energy Efficiency Performance 
of the Open-drive Recip Compared to Manufacturer's Data 
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ASPEN SYSTEMS LABORATORY RESULTS 
OPEN-DRIVE RECIP I68  CST POE OIL 

. . .  . . .  

. . .  . . .  
. . .  . . .  

. . .  . . .  . . .  . . .  

. . .  . . .  . . .  . . .  . . .  
50 70 90 110 

SDTlSCT CF) 

. . .  . . . .  . . .  . . .  . . .  . . . . .  ::i . . _  . .  

OIL TYPE 
OIL VISCOSITY 
SST 

Figure 2-6. Comparison of the Energy Efficiency Performance of the 
Open-Drive Recip Compressor for All Refrigerants 

... UNITS . CFCy502 . HFCF507:i :HF&j04A., HFC-4074 
POE POE POE POE 

cSt 68 68 68 68 
"F -1 9.8 -20.0 -19.9 -16.3 

Table 2-7. Summary of Lab Results with the Open-drive Recip 
at 110°F SDT 

SDT / SCT (KLEA 60) 
SUCTION TEMPERATURE 
DISCHARGE TEMPERATURE 
DROP LEG TEMPERATURE 

I . . .  . . . .  ... 
. . .  . . . .  I .. REFRfGERANT . -  i 

"F 110.1 110.1 110.0 110 
"F 3.0 1.4 2.3 2.7 
"F 184 177 180 21 3 
"F 108 110 109 106 

SUBCOOLED LIQUID TEMP. 
SUCTION PRESSURE 
DISCHARGE PRESSURE 

"F 106 108 108 105 
PSlG 15.4 17.9 16.4 11.1 
PSlG 248 . 281 271 261 

IRECEIVER OUTLET TEMP. I "F I 106 I 109 I 109 I 107 I 

FREQUENCY 
SATURATED RECEIVER TEMP. 
RECEIVER SUBCOOLING 

Hz 60 60 60 60 
"F 110.1 110 110.1 106.5 
"F 2.6 0.8 1.1 0.2 

IEVAPORATOR FLOW I lblhr I 2,311 I 2,146 I 1,957 I 1,366 I 

REFRIGERATION LOAD 
POWER 

MBH 90.5 85.8 83.9 75.5 
kW 20.5 21.1 20.5 17.5 

ISYSTEM SUBCOOLING I OF I 4.1 I 1.7 I 2.1 I 4.5 I 

EER I BTUMI-hr I 4.39 I 4.06 I 4.10 I 4.32 
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HFC-407A. For HFC-407A, the open-drive recip capacity dropped by 16.6% to 75.5 
MBH. The EER performance at 110°F SDT decreased by only l.6%, from 4.39 to 4.32 

Btu/W-hr. 

Semihermetic Internallv Compounded R e d p  

This compressor was originally designed for operation with HCFC-22. Unfortunately, 

due to budgetary constraints, we were unable to test this compressor on HCFC-22. 

Hence, no comparison with manufacturer’s data (available only for HCFC-22) was 

possible. 

The brazed plate subcooler supplied with the compressor was sized to match the 

expected 2-ton load for HCFC-22. With CFC-502 at 110°F SDT, the 2-ton subcooler 

had a 25°F approach, resulting in a much higher liquid outlet temperature than 

desired. For the same subcooler outlet temperature, the subcooling load with 
CFC-502 is about 50% higher than the load with HCFC-22. Hence, we used the 3-ton 
shell-and-tube subcooler (intended for the screw compressor) instead. This heat 

exchanger provided an approach of only 7°F at high SDTs. Compared to its 

performance with the 2-ton subcooler, the capacity at 110°F SDT increased from 97 

MBH to 104 MBH, an increase of 7.2%, while the EER increased nearly 6%. 

Additional performance comparisons between the 2- and %ton subcoolers are 

presented below, under Test Results. All results presented in this section were 

obtained with the 3-ton subcooler. 

The performance of the compressor with each refkigerant is compared in Figure 2-7 

and discussed below. The actual operational values for the 3 - t O n  subcooler at 110°F 

SDT are listed in Table 2-8. 

HFC-507. With HFC-507, the capacity at -20°F SST and 110°F SDT was 113 MBH, 
8.1% higher than that of CFC-502, while the EER dropped by 0.9% to 5.49 Btu/W-hr. 
HFC-507 EER performance was lower than that of CFC-502 over the entire SDT range. 

We found that with HFC-507, TXVs need to be opened several turns to obtain the 

same superheat as with CFC-502. 

HFC-404A. The measured capacity with HFC-404A was 106 MBH, 6.0% lower than 
that of HFC-507 but 1.6% higher than that of CFC-502. The EER at 110°F SDT was 

5.33 Btu/W-hr, 3.8% lower than that of CFC-502. HFC-404A EER performance was 

lower than that of CFC-502 over the entire SDT range. 
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Figure 2-7. Comparison of the Energy Efficiency Performance of the 
Internally Compounded Recip Compressor for All Refrigerants 

-.---&VE SST = -20.0°F -.-~AVE SST = -19.9OF .... VE. S s  = -16.3'F ..... 
!AVE LOAD = 113 MBH .____. 1AVE LOAD = 107.5 MBH 2VE. LOAD = 99.6 MBH ....... f .... 
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Table 2-8. Summary of Lab Results with the Internally Compounded 
Recip at 110°F SDT (3-ton Subcooler) 

SUBCOOLED LIQUID TEMP. 
SUCTION PRESSURE 
ECONOMIZER PRESSURE 
DISCHARGE PRESSURE 

IRECEIVER OUTLET TEMP. I "F 1 108 I 110 1 110 I 106 I 
"F 48.4 50.6 49.0 42.7 

PSlG 15.4 18.0 16.3 11.1 
PSlG 83.3 93.7 89.2 71.9 
PSlG 249 280 271 260 

EVAPORATOR FLOW 
FREQUENCY 
SATURATED RECEIVER TEMP. 

Ib/hr 1,972 1,810 1,658 1,267 
Hz 60 60 60 60 
"F - - 110.1 - 

RECEIVER SUBCOOLING 
SYSTEM SUBCOOLING 
SATURATED ECONOMIZER TEMP. 
ECONOMIZER SUPERHEAT 
REFRIGERATION LOAD 
POWER 
EER 
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"F 1.9 - 0.5 -0.1 
"F 61.9 59.2 61.1 67.3 
"F 41.7 42.2 42.0 41.7 
"F 12.1 18.1 11.7 10.5 

MBH 104.4 112.9 106.1 98.6 
kW 18.8 20.6 19.9 18.2 

BTUMI-hr 5.54 - 5.49 5.33 5.42 



HFC-407A. With HFC-407A, the internally compounded recip showed a capacity 

decrease of 5.6% to 98.6 MBH compared to CFC-502. The EER at 110°F SDT 

decreased by 2.2% to 5.42 Btu/W-hr. 

ODen-Drive Screw 

The EER performance of the screw compressor with the four refiigerants is compared 

in Figure 2-8. The operating parameters for this compressor with the 3-ton subcooler 

at 110°F SDT are listed in Table 2-9. 

I t  is important to note that the CFC-502 performance is not optimized due to the low 
viscosity of the POE lubricating oil and the high solubility of CFC-502 in the oil. This 

increases the internal leakage inside the compressor, reducing the volumetric 

efficiency and EER (l-2J. With the HFC refiigerants, the leakage is much less severe. 

At the time, the manufacturer recommended a 150cSt oil for both CFC-502 and its 

HFC alternatives. 

In addition, we ran this compressor at well below the minimum head pressures 

recommended by Bitzer. At low SDTs, the oil flow was not always adequate to satisfy 

the sealing requirements of the screws. Despite this Limitation, we tested down to 

40°F SDT to assess the possible energy savings with low head pressure operation. 

We could not directly compare the compressor capacities found with each refiigerant. 

The 40-hp motor supplied with the Bitzer screw compressor was not large enough for 

operation with the alternative refiigerants. With CFC-502, we were running well into 

the service factor of the motor at 67 Hz. Sixty-seven Hz (4000 RPM) was the speed 

recommended for maximum screw compressor efficiency. With the alternative 
refiigerants, increases in capacity or decreases in EER resulted in motor overload trips 

at speeds over 60 Hz. Therefore, all HFC refrigerant tests were run at a maximum 

speed of 60 Hz and the CFC-502 results were normalized to this speed. 

HFC-507. The EER results with HFC-507 were nearly identical to those obtained with 

CFC-502. The EER at 110°F SDT is 4.00 Btu/W-hr, approximately 3% lower than that 

of CFC-502. We saw an increase in capacity fkom 144 MBH to 160 MBH. 

HFC-404A. For HFC-404A, the capacity was 156 MBH, an 8.4% increase compared to 
CFC-502. The EER of 4.07 Btu/W-hr  is 1.2% lower than that of CFC-502. 
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Figure 2-8. Comparison of the Energy Efficiency Performance of the 
Open-drive Screw Compressor for All Refrigerants 

HFC-407A. With HFC-407A, we measured a capacity of 142 MBH, a 1.2% decrease 

compared to CFC-502. The EER of 3.97 Btu/W-hr was 3.6% lower than that of 

CFC- 502. 

As mentioned earlier, the oil used for these tests was not ideal for screw compressor 

performance. The low-viscosity oil allowed excessive leakage between the lobes of the 

screws, reducing the capacity and efficiency. 

To asses the effect of the low-viscosity oil on the compressor performance, we replaced 

the 68 cSt Castrol SW68 with an IC1 Emkarate RL 150s rated at 140 cSt. A complete 

set of tests was repeated for HFC-407A. The capacity of the compressor at 110°F SCT 

increased by 4.0% over the capacity found with Castrol SW68. The EER increased by 

2.8%. The improvement in efficiency decreased as the SDT was lowered. 

Performance Comparison of the Three Replacement Ref-erants Relative to 
CFC-502 

The theoretical refrigeration capacity for each refrigerant relative to CFC-502 is shown 

in Table 2- 10. The conditions listed in Table 2-5 were used for theoretical 
calculations. The amount of subcooling used in the calculations is also indicated in 

the table. The measured refrigeration capacity of each refrigerant in each compressor 

relative to CFC-502 is shown in Table 2- 11. 
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OIL VlSCOSlTY 

SST 

cst 68 68 

"F -1 9.9 -20.2 

SUCTION TEMPERATURE "F 2 -2.6 

DISCHARGE TEMPERATURE "F 152 150.1 

DROP LEG TEMPERATURE 

RECEIVER OUTLET TEMPERATURE 

"F 104 106 

"F 104 108 

SUCTION PRESSURE 

ECONOMIZER PRESSURE 

PSlG 15.4 17.7 

PSlG 73.6 83.7 

FREQUENCY 

SATURATED RECEIVER TEMPERATURE 

Hz 67 60 

"F 107.0 108.1 

RECEIVER SUBCOOLING 

SYSTEM SUBCOOLING 

"F 2.7 0.1 

"F 63.4 61.8 

SATURATED ECONOMIZER TEMP. 

ECONOMIZER SUPERHEAT 

"F 35.5 36.4 

"F 16.5 15.2 

POWER 
EER 

kW 39.0 40.1 
BTUMI-h 4.12 4.0 

.......... 
- . .._ _.: . .  . . .  . . . . .  

. . . . . . . . .  .&.!;.~&M~REssoR . . . .  . . . . .  . . . . . . . . . . .  . . . . . . . .  . . . .  . . . . . . . . . .  . . . . . . . . .  . . .  
. .  . .  

. . . . . . . .  
. .  

. . . .  . . . . . .  . . . . . .  . .  . . . .  .... . .  .......... 

SEMIHERMETIC RECIP 
4OF SUBCOOLING . 

OPEN-DRIVE RECIP 
4OF SUBCOOLING 

INTERNALLY COMPOUNDED RECIP 
6OoF SUBCOOLING 

OPEN-DRIVE SCREW 
6OoF SUBCOOLING 

REFRIGERATION C@P;CIN RELATIVE 

: 'HFC-507 HFC1404AI:; .ifHFC+lO7A 
103 93 94 

103 93 94 

107 102 95 

107 102 95 

TO CFG502-(0/0) 

Table 2-9. Summary of Lab Results with the Open-Drive Screw 
at 110°F SDT (&ton Subcooler) 

. .  . . .  ~ERANT : . .  

DlL TYPE I I POE I POE POE I POE 

-20.1 -16.2 

ISDT /SCT (KLEA 60) I "F I 110.3 I 110.2 110.0 110.0 

150.7 168.2 

lSUBCOOLEDLlQUlDTEMPERATURE I "F I 47.0 I 48.4 

IDISCHARGE PRESSURE I PSlG I 249 I 281 

IEVAPORATOR FLOW 1 Ib/hr I 2,893 I 2,492 2,376 1,710 

108.1 I 105.1 

36.3 I 30.2 

12.4 I 11.1 

IREFRIGERATION LOAD I MBH I 160.6 I 160.4 155.9 142.0 

4.07 3.97 

Table 2- 10. Theoretical Refrigeration Capacity of the 
Three Replacement Refrigerants on Four Types of 

Compressors Relative to CFC-502 
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Table 2- 11. Measured Refrigeration Capacity of the Three 
Replacement Refrigerants on Four Types of Compressors 

Relative to CFC-502 

OPEN-DRIVE REClP 
INTERNALLY COMPOUNDED RECIP 

OPEN-DRIVE SCREW 

95 93 84 
108 102 95 

112 108 99 

Throughout this discussion, the term "relative capacity" is used to denote the ratio of 

the refrigeration capacity of each refrigerant to that of CFC-502. 

For the semihermetic and open-drive recips, the actual capacity of HFC-507 is lower 

than that of CFC-502 despite the fact that theoretical calculations indicated an 
improvement. The internally compounded recip showed an increase in HFC-507 
relative capacity that is slightly higher than that predicted by cycle calculations. The 

screw compressor showed a much larger increase in HFC-507 relative capacity than 

predicted. 

The EER performance of HFC-507 relative to CFC-502 varied depending on which 

compressor was being tested. The semihermetic recip performance was very close over 

most of the operating range. At very high SDTs, the performance of HFC-507 was 

slightly lower. The open-drive recip had a lower performance over the entire operating 

range. The internally compounded recip performance was generally lower than that of 
CFC-502. The open-drive screw compressor exhibited nearly identical performance to 

CFC-502. 

The measured relative capacities with HFC-404A were very close to the predicted 
values for all recip compressors. The screw compressor indicated a larger increase in 
relative capacity than that predicted by cycle calculations. As with HFC-507, this was 

in part due to the poor sealing ability of the 68 cSt POE oil that was used with the 

CFC-502. 

The EER performance of HFC-404A relative to CFC-502 also varied depending on 

which compressor was tested. Though there were some measurable EER differences 

between HFC-404A and HFC-507, they generally produced similar performance curves 
with each of the compressors. The exception was the internally compounded unit. 
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With this compressor, HFC-507 showed a closer EER performance to CFC-502 at high 
SDTs. At lower SDTs, EER performance of HFC-404A was better than that of 

HFC-507. Compared to HFC-404A, HFC-507 produced a higher refiigeration capacity 

with all of the compressors. 

Performance of HFC-407A relative to CFC-502 also depended on the compressor. For 
the semihermetic recip, the actual capacity of HFC-407A was 4% lower than that of 
CFC-502. The relative capacity of the open-drive recip was 11% lower. The internally 

compounded recip showed a relative capacity identical to the predicted value. The 

screw compressor showed a higher relative capacity than predicted by about 4%. 

The EER performance of the semihermetic recip with HFC-407A was similar to that of 
CFC-502 at 110°F SDT. At lower SDTs, we measured a relative decrease in the EER 
performance of HFC-407A. 

With HFC-407A, the EER performance of the open-drive recip at 110°F SDT was closer 

to that of CFC-502 than to those of the other two alternatives with only a 1.6% 

reduction in EER. The performance at lower SDTs appears to be similar to HFC-507 

and HFC-404A. 

With HFC-407A, the internally compounded unit showed a reduction in EER compared 

to that of CFC-502, which got progressively worse as lower SDTs were examined. 

Above 95°F SDT, HFC-404A performed slightly better than HFC-404A and slightly 

worse than HFC-507. Below 95°F SDT, its EER performance was lower than those of 

the other refrigerants. 

The open-drive screw with HFC-407A showed a noticeable reduction in EER at all 
SDTs compared to the other refiigerants. 

One significant operational issue that we encountered was the foaming of the oil, 

especially during start-up. The foaming would cause oil trips with the recip 

compressors. This problem was also observed by Carlyle during their tests, and they 

now provide HFC compressors with a higher-capacity oil pump. This pump can 

maintain oil pressure even during periods of foaming. 

Selection of the Proper Suction Pressure Setpoint for HFC-407A 

The method used for these tests employed a fixed suction pressure for all of the 
floating head data This control method is typical of many existing systems. With 

high-glide refiigerant such as HFC-407A, there can be additional opportunities to 

increase performance if a floating suction control is used. 
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As the discharge pressure is lowered, the liquid temperature entering the thermal 

expansion valve decreases. Since the saturation temperature of HFC-407A entering 

the evaporator drops as the liquid temperature is lowered, the actual SET is lowered 

while the suction pressure is unchanged. Thus at lower head pressures, the suction 

pressure can be raised without penalizing evaporator performance. This will increase 

the system's operating EER performance. 

For the semihermetic recip at 63°F SCT, a 3.2% increase in EER fiom 8.43 Btu/W-hr 

to 8.70 Btu/W-hr would be found for HFC-407A if the suction pressure were increased 

to maintain the same average SET that was found when the SCT was 110°F. CFC-502 

at these same conditions has an EER of 8.68 Btu/W-hr. 

Current supermarket rack controllers include a floating suction algorithm. The 

suction pressure setpoint is increased based on the air temperature in one or two key 

cases. The controller will raise the suction pressure setpoint so long as the case 

temperature is maintained. This type of control would allow the system to take 

advantage of HFC-407A's SET shift at lower SCTs. 

TEST RESULTS - COMPARISON OF COMPRESSORS 

We had the unique opportunity to examine several types of compressors with all 

viable CFC-502 long-term refrigerants. In this section, the test results are presented 

in a format that d o w s  easy comparison of the four types of compressors for each 

refrigerant tested. The results show the performance of the internally compounded 

compressor with both the 2- and &ton subcoolers. 

Comparison of the Four Compressors With CFC-502 

Figure 2-9 shows the comparison of the EER Performance of the four compressors on 
CFC-502. As  shown in the figure, the internally compounded recip had the best EER 

performance of all compressors. Above 68°F SDT, its performance is better with the 
%ton subcooler. Below 68°F SDT, the 2-ton subcooler performs distinctly better than 
the 3-ton unit. This is because at lower SDTs, the subcooling load decreases and the 

2-ton subcooler becomes more ideally matched to this load. The open-drive screw and 

recip performed similarly with the screw, with poorer EER performance at higher SDTs. 
The semihermetic recip showed the lowest EERs below 100°F SDT. 
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Figure 2-9. Comparison of the Energy Efficiency Performance of the 
Four Compressors with CFC-502 

Comparison of the Four Compressors With HFC-507 

As  with CFC-502, the internally compounded recip shows the best EER performance 

with HFC-507 (Figure 2-10). The performance crossover point for the 2- and 3-ton 

subcoolers is 78°F. The open-drive screw ranks third in overall performance. At low 

SDTs (below 55"F), it performed more efficiently than the internally compounded recip 

with the %ton subcooler. The open-drive and semihermetic recip compressors showed 

similar perfokuance, with the open-drive exhibiting slightly higher EERs over most of 

the SDT range. 

Comparison of the Four Compressors With HFC-404A 

With HFC-404A, the internally compounded recip with the 3-ton subcooler shows the 

highest EER for SDTs above 57°F (Figure 2- 11). Below this threshold, the screw 
compressor is the most efficient. Again, the open-drive and semihermetic recips show 

similar performance, with the open-drive displaying a slight edge. 
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Figure 2-10. Comparison of the Energy Efficiency Performance of the 
Four Compressors with HFC-507 
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Figure 2-11. Comparison of the Energy Efficiency Performance of the 
Four Compressors with HFC-404A 



Comparison of the Four Compressors With HFC407A 

With HFC-407A, several of the compressors experienced low oil pressure shutdowns at 

lower SDTs. The most affected was the open-drive recip, which could not be run below 

78°F SDT. The newer, high-capacity oil pumps fkom Carlyle should take care of this 

problem for the semihermetic and compound cooling compressors, but there is no 
high-capacity oil pump for the open-drive recip. 

As  shown in Figure 2- 12, the internally compounded compressor performed 
significantly better than the other compressors. For the range of SDTs for which data 
were collected, the open-drive and semihermetic recips performed almost identically. 

Compared to these two compressors, the screw compressor showed higher EERs for 

SDTs below 90°F. 

Comparison of the Four Compressors - Summary 

With all of the alternative refrigerants, the internally compounded recip showed the 

best EER performance. This is the result of the compressor’s built-in two-stage 

compression and mechanical subcooling. 

Overall, the open-drive screw compressor showed the second best EER performance. 

As  indicated previously, the performance of the screw can be improved with a 

higher-viscosity oil. 
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Refrigeration Load 

The EER of the open-drive recip is similar to that of the open-drive screw on CFC-502, 

but it is noticeably lower with the alternative refiigerants. Re-expansion in the 

cylinder is the suspected cause of this high loss in capacity and EER. The high 
clearance volume in the open-drive recip can produce lower volumetric efficiencies 

with the HFC refrigerants and cause the reduced capacity and performance. 

-: VALUE:-..'. I.. UNIT 

120 MBH 

The semihermetic recip provided the lowest EERs of the tested compressors. I t s  
single-stage operation, lack of subcooling, and the added motor load to the 

refrigeration system all adversely affect its performance. 

Overall Condenser Heat Rating ' 

Specified Subcooling 
Minimum Condensing Temperature 

PROJECTED ANNUAL ENERGY EFFICIENCY 

24,000 BtuIhrlOF 
0 OF 

40 O F  

We used the second-order curve fits of the measured results to calculate a projected 

Discharge Line Pressure Drop 

annual EER (AEER) for each of the four compressors. The program used for this 

5 psid 

calculation is described in Reference 4. 

The input parameter values are listed in Table 2-12. The refrigeration load of 120 
MBH is typical for the low-temperature suction group of a supermarket. The 
condenser heat transfer rating was chosen for a design temperature difference (TD) of 

9°F. No additional subcooling was specified, since subcooling is included in the 
curve-fit equations. A minimum condensing temperature of 40°F was chosen for 

. .  

floating-head conditions. The suction pressure drop was set at 0 psid, since all 

measurements were made at the compressor. The 'fraction of compressor power 
transferred to the refrigerant is dependent on  the type of compressor. For ambient 
conditions, bin temperature data for Albany, NY (5J, shown in Figure 2-13, were used. 

Table 2-12. Operating Conditions Used for AEER Calculations 

ISuction Line Pressure Drop I 0 I PSid I 

I Semihermetic Compressors I 0.93 I I 
I Ooen-Drive Comoressors I 0.85 I I 
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U.S. AIR FORCE BIN TEMPERATURE DATA 

SEMIHERMETIC RECIP 8.47 8.29 8.27 8.16 
OPEN-DRIVE REClP 8.99 8.43 8.43 8.37 

-20 

. INTERNALLY COMPOUNDED REClP 

0 

9.40 9.13 9.26 8.78 

100 120 20 40 80 80 

AMBIENT TEMPERATURE (OF) 

Figure 2-13. Annual Bin Temperature Distribution for Albany, NY. 

The results of the annual bin temperature analysis are summarized in Table 2- 13. As 

expected, the compressors that uW.ed subcooling (internally compounded recip and 

open-drive screw) show higher overall AEERs than the non-subcooled recips. With all 
but the screw compressor, the alternative refkigerants appear to impose a measurable 

AEER penalty compared to CFC-502. With the screw compressor, HFC-507 showed 

essentially the same AEER as CFC-502, while HFC-404A indicated a 1.1% increase 

and HFC-407A showed a 4.7% decrease. The internally compounded recip showed the 
least AEER reduction among the recips. The open-drive recip showed the highest 

AEER penalty for converting from CFC-502 to an alternative refkigerant. Still, even 

with this penalty, the open-drive recip exhibits higher AEERs than the semihemetic 

Llnit. 

Table 2- 13. Projected Annual Energy Efficiency Performance 
of All Compressor Types 

I REFRIGERANT 1 CFC-502 1 HFC-507 I HFC404A I HFC407A 
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SUMMARY OF RESULTS AND CONCLUSIONS 

The performance of HFC-507, HFC-404AY arid HFC-407A, relative to CFC-502, 
varied substantially depending on the compressor tested. 

0 

0 

0 

0 

Compared to CFC-502, the semihermetic recip had a drop in capacity of 3% 
with HFC-507, despite a predicted increase. HFC-404A had a 6.9% drop, while 
HFC-407A showed a 10.2% decrease. 

The open-drive recip had a 5% decrease in capacity with HFC-507, a 7.3% 
decrease with HFC-404AY and a 16.6% decrease with HFC-407A. Its EER with 
all three alternatives was significantly lower than with CFC-502. This is 
possibly due to the higher clearance volume and older valve design of this 
compressor. 

The internally compounded compressor with the 3-ton subcooler had an 8.1% 
increase in capacity with HFC-507, a 1.6% increase with HFC-404A, and a 
5.6% decrease with HFC-407A. The EER performance for both refiigerants was 
lower than with CFC-502. 

The screw compressor capacity registered a larger than expected increase with 
both HFC-507 and HFC-404A. This was in part due to the low-viscosity highly 
soluble oil used during the CFC-502 testing. HFC-407A had essentially the 
same capacity as CFC-502. 

The screw compressor capacity and performance improved when the 68 cSt oil 
was replaced with a 140-cSt oil. 

The screw compressor's EER was nearly identical using CFC-502, HFC-507, 
and HFC-404A. AEER calculations showed a slight improvement with 

The HFC-407A performance was comparable to that of CFC-502 at high SCTs. 
In systems that have fixed suction control, the performance decreased at lower 
SCTs relative to CFC-502. If a controller that employs a floating suction control 
is used, the performance at lower SDTs should be similar to CFC-502. 

The design of the oil pumps on the older recips does not consistently provide 
sufficient pressure with the alternative refiigerants and oils. The manufacturer 
now has a higher-capacity oil pump for these compressors. 

H FC- 40 4A. 

0 No other oil- or refiigerant-related problems were noted. 

CFC-502 valve bodies and heads were used for all testing. The valves required 
only minor superheat adjustment for proper operation on HFC-404A and 
HFC-407A. The valves also worked well for HFC-507, but required significant 
superheat adjustment from their CFC-502 settings. As expected, the capacity 
and EER performance of HFC-507 and HFC-404A were very similar. 

Comparison of compressor technologies indicated that the internally 
compounded compressor can offer distinct advantages in annual energy usage. 

The screw compressor exhibited favorable annual energy performance, better 
than that of the single stage recips that were tested. 

The EER performance of recips can substantially benefit from operating at 
lower than that of design speeds. 



Recips that do not minimiae the cylinder clearance may pay a higher penalty 
when converting from CFC-502 to one of the HFC alternative refiigerants 
tested. 

HFC-507, HFC-404A, and HFC-407A appear to be viable alternatives to 
CFC-502. 
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GLENS FALLS HFC-507 FIELD TESTING 

Section 3 

IN THIS SECTION 

THE DEMONSTRATION SITE SUPERMARKET 

HISTORY OF THE LOW-TEMP REFRIGERATION SYSTEM 

DEMONSTRATION TESTING RESULTS 

RELIABILITY 

LOAD FACTOR O F  THE LOW-TEMP RACK 

PROJECTED ANNUAL PERFORMANCE 

ECONOMIC ANALYSIS 

SUMMARY OF RESULTS AND CONCLUSIONS 

One of the primary goals of this project was to field-test a viable long-term replacement 

refrigerant for CFC-502 in the low-temp refiigeration system of a supermarket. The 

supermarket selected was a Shop 'n Save superstore located in Glens Falls, IVY. We 

identified several HFC-based CFC-502 substitutes (see Table 2- 1) and installed the 

one that, at the time, promised to be the most trouble-free. The refrigerant selected 

was HFC-507 (AZ-50) manufactured by Allied Signal. AZ-50 was (and still is) the only 

azeotropic HFC-based refrigerant that offered the potential of performing similarly to 

CFC-502. I t  was recently designated as Refrigerant 507 by American Society of 

Heating, Refiigerating and Air-Conditioning Engineers' Refrigerants Technical 

Subcommittee (TC 3.1). I t  is an azeotropic 50/50 mixture of HFC-143a and HFC-125 

and has been commercially available since late 1993. 

This section describes the Glens Falls demonstration test site and summarizes the 

results obtained from operating the low-temp rack on HFC-507. 

THE DEMONSTRATION SITE SUPERMARKET 

The Glens Falls Shop 'n Save superstore was designated as a demonstration site for- 

advanced, non-CFC refrigeration systems in its design stage. Completed in March of 

1992, the store employed HFC-134a for its A/C and med-temp systems, and HCFC-22 

for its low-temp system. The 63,000-sq. ft. superstore operates 24 hours a day. 
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The focus of the HFC-507 conversion was the low-temp system which is composed of 
an open-drive screw compressor, a semihermetic screw, and two semihermetic 

reciprocating compressors (Figure 3- 1). All compressors use VFDs for capacity control. 

The system was fully instrumented during construction to allow measurement of 

operational parameters and energy efficiency. Data collected were used to establish 

seasonal performance and electric power demand. 

Materials performance issues such as component reliability and oil/refrigerant 

compatibility were also addressed. Oil samples were analyzed on a regular basis to 

identify excessive contamination, decomposition, chemical shifts, wear, or other 

long-term compatibility problems. 

-1 

A complete description of the store, its refrigeration systems, and the instrumentation 
can be found in Reference 1. 

Low-Temp Rack 

A summary description of the low-temp refrigeration rack at the Glens Falls Shop 'n 

Save store is given in Table 3- 1. The low-temp rack has two suction groups, -25°F and 
- 15"F, that share a common oil separator, condenser, heat (water) reclaim, receiver, 

and liquid pump. The racks piping and instrumentation diagram is illustrated in 

Figure 3- 1. Descriptions of the major components are given below: 

Compressors. As  shown in Table 3- 1 , the low-temp refrigeration system had one 

Howden open-drive screw compressor, one Carlyle semihermetic screw compressor, 

and two Carlyle semihermetic recip compressors.. The Howden compressor has an 

integral oil separator. The Carlyle screw compressor was provided with an external oil 

separator/reservoir. The three compressor sets were rotated between the -15°F and 

-25°F refrigeration loads on a weekly basis. 

Oil Coolers. Each screw had its own oil cooler. These oil coolers, mounted in the 

mechanical center's ceiling, drew air fkom the mechanical room and exhaust it outside. 

The specifications for the Carlyle oil cooler are: 

Manufacturer ............................................. Dunham-Bush 
Model No. ....................................................... DB-32-4 
Oil flow rate .................................................... .6.0 gpm 
Heat transfer rating ............................................. .60 MBH 
Dimensions ........................ :. ................. 28H x 28W x 18D in. 
Fan power ........................................................ 3/4 hP 
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Table 3-1. Description of the Low-Temp Refrigeration Systems in the 
Glens Falls Test Store 

I I I I Hummingbird I I I 
1Legend: Open - Open-Drive; Semi - Semihermetic; POE - Polyol Ester; Disp. (Displacement) is at 60 Hz. I 

The specifications for the Howden oil cooler are: 

Manufacturer ............................................. Dunham-Bush 
Model No. ....................................................... DB-31-4 
Oilflowrate ..................................................... 6.0 gpm 
Heat transfer rating ............................................. .48 MBH 
Dimensions ......................................... 28H x 28W x 18D in. 

........................................................ Fanpower 3/4 hP 

Condenser. The roof-mounted condenser was an air-cooled, belt-driven unit 

manufactured by Bohn. I t s  specifications are: 

Model No. ....................................................... BVF-100 
Heat transfer rating .................................... 48,830 Btu/"F/hr 
Number offans ........................................................ 3 

.......................................................... Fanpower 3 hP 

Oil Separator. The oil separator was a high efficiency, dual-chamber, coalescing-type 

made by Frick. Its specifications are: 

Model No. ......................................................... DOC-12 
Carry overrate ................................................... 10 PPm 

Liquid Pump. This rack employed a liquid refrigerant pump to assist in floating the 

head. The pump also compensated for the pressure drop across the mass flow meters. 

The pump was a 3/4 hp Hysave centrifugal unit. 

Economizer Subcooler. The subcoolers were Dunham-Bush shell and tube heat 

exchangers. Their specifications are: 

Model No. . -. ................................................ SC003482AJ 
Max. load ...................................................... 43.4 MBH 
LMTD @ design load ............................................... 3 1.1"F 
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Inverter. Two VFDs were used to control the compressor sets that refiigerated the 

- 15°F and -25°F suction groups. The inverters are Emerson Eclipse constant-torque 
VFDs. Their specifications are: 

Model No. ................................................... .6230 - 8421 
Nominal rating ..................................................... 50 hp 
Type ................................................... Sinusoidal PWM 
Maximum efficiency ................................................. 96% 

The maximum frequency output was set to 80 Hz for the open-drive screw and 72 Hz 
for the semihermetic screw. The maximum frequency of the recip was limited to 60 Hz. 

Controller. The refrigeration system was controlled by an EIL RC-1000 rack 
controller. We utilized the RC-1000 suction pressure control algorithm to control the 

capacity of all test racks. The controller transmited an analog signal to the inverter to  
vary the compressor speed and maintain a specific suction pressure setpoint. The 
suction solenoid valves in the refiigerant circuits were cycled to maintain case 
temperature. 

-25°F Suction Group Refrigeration Schedule 

The -25'F suction group consisted of eight circuits with a total calculated load of 126 

MBH. Forty percent of the load was from open coffin cases, 34% fiom reach-in door 
cases, and the remainder from a grocery fieezer. A complete refiigeration schedule for 
this suction group is shown in Table 3-2. 

The measured average weekly load for this system is shown in Figure 3-2. The peak 

summer weekly load of 133 MBH was reached during the second week of July 1993. 

Table 3-2. -25°F Suction Group Refrigeration Schedule. 

CIRCUIT ..' I 
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Fish Ice - Scotsman -5 ' 29.7 
ZER Frozen Foods 15 drs -1 5 21 
ZER Frozen Foods 14 drs -1 5 19.6 

Figure 3-2. History of the Refrigeration Load for the 
-25OF Suction Group 
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-15°F Suction Group Ref&eration Schedule 

The -15°F suction group consisted of eight circuits with a total load of 177 MBH. 
Thrity-five percent of the load was generated by the two ice machines, 17% was from 

the service meat and dual temp meat cases, 35% was from reach-in door cases, and 

the remaining 15% was produced by the bakery freezer. A complete reftigeration 

schedule for this suction group is found in Table 3-3. 

ZER Frozen Foods 15 drs -1 5 21 
EGM - T Service Meat 24 ft -1 5 9.6 
TZ - FK Dual Temp Meat Coffm 36 ft -1 5 16.56 
Bakew Freezer 1 1~20x8 -1 5 26.66 

Table 3-3. - 15°F Suction Group Refrigeration Schedule 
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The measured weekly load on this rack is shown in Figure 3-3. The peak weekly load 

of 13 1 MBH was reached during the last week in August 1993. 

During the fall of 1992, the load on  this suction group was reduced when one of the 

two ice machines was disconnected. The store managers chose not to use ice for 

certain products. A si@cant decrease in average load was seen in the beginning of 

1993 (2). The peak load fell from 170 MBH in the summer of 1992 to 131 MBH in the 

summer of 1993. The 39 MBH drop in load is somewhat higher than the 32.4 MBH 

listed in the schedule for the ice machine. 

Oil Management 

The low-temp rack required a special design for its oil management systems. Screw 

compressors require a significant amount of high-pressure oil to seal their rotors 

during the compression process. As a result, they discharge a substantial amount of 

oil. The low-temp rack contained two of these compressors. Though the open-drive 

Howden screw compressor contained its own internal separator, we found that its oil 

carryover rate could be as high as 4 gal/hr@. As  illustrated in Figure 3-1, the 

discharge line of the semihermetic screw compressor was piped into a special oil 

separator/reservoir supplied with the compressors. The amount of oil not captured by 

GLENS FALLS SHOP 'N SAVE DEMONSTRATION RESULTS 
-15'FSUCTION GROUPIHFC-507168 CSTPOEOlL 
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this separator was substantially less than the oil carryover of the Howden compressor. 

The excess oil from all the screw compressors was carried through the high and low 

sides and could signiscantly reduce the effectiveness of the condenser and 

evaporators. Furthermore, this oil could accumulate preferentially in either the sump 
of the open-drive screw, in the oil reservoir of the semihefmetic compressor, or in the 

semihermetic recip. 

2 To reduce the amount of oil carried into the condenser and evaporators and ensure 

adequate oil supply to each compressor, an additional oil separator for the combined 

discharge flow was installed (Figure 3- 1). The oil separated by this oil separator was 

directed to an external oil reservoir-that was maintained at discharge pressure. When 
a compressor is low on oil, oil is fed from the external reservoir into the compressors' 

oil injection ports. For the recips, a pressure regulator reduced the oil supply 

pressure to about 45 psi above suction before it was fed to the compressors' oil floats. 

Control And Data Acuuisition Svstems 

The control of the low-temp refrigeration suction groups was handled by two EIL 
RC- 1000 refrigeration rack controllers. These controllers regulate all facets of the 

system operation, including compressor speed, case temperature, defrost cycles, and 

condenser fan cycling. 

The RC- 1000 controllers are also capable of recording data and were therefore used as 

part of the data collection system. However, the RC-1000 used eight-bit resolution for 

storing the data, that was insufficient for critical readings. An independent, 

sixteen-bit Campbell Scientific CR7 data logger was installed to monitor the critical 

data points. 

The CR7 data points were recorded every 12 seconds and were averaged over 

five-minute periods. The five-minute values were stored in the unit's internal memory 

until they were downloaded. The RC- 1000 systems stored instantaneous data every 

five minutes in the internal memory. 



Instrumentation 

Each of the refrigeration systems was instrumented for temperature, humidity, 

pressure, flow, and power measurements. A description of each type of sensor is 

provided below. 

1. 

2. 

3. 

4. 

Temperatures and Dewpoints - Critical points in the liquid and suction 
lines used to determine the refrigeration load were monitored with precision 
RTDs inserted into the flow. All other points were monitored with 
immersion thermistors or clamp-on, solid-state temperature sensors. 
Indoor and outdoor temperatures and dewpoints were also measured. 

Pressures - System pressures critical to calculating refrigeration loads were 
measured by precision pressure trqsmitters calibrated prior to installation. 
Standard EIL-pressure transducers were used for all other pressure 
readings. 

Flow Rates - Coriolis-effect mass flow meters were used to measure the 
refrigerant flow rate in the liquid line of each suction group. These flow 
meters provide pulse outputs for each pound of refrigerant mass that 
passes through them. Pulses accumulated over a specified data collection 
interval were divided by the duration of that interval to determine the mass 
flow rate. Since the meters measure mass flow directly, no adjustments 
were needed for changes in temperature, viscosity, or density. 

Electric Power - Power for each bank of compressors was measured with a 
two-stator, polyphase Watt-hour meter equipped with an electronic demand 
register. These meters provided pulse output for each unit of energy 
actually used. Pulses accumulated over a specified data collection interval 
were divided by the duration of that interval to determine power level. This 
type of meter reads accurately despite the frequency variations and 
harmonics produced by the variable-frequency drives. The power used by 
each refrigerant condenser was monitored with Hall-effect-type Watt  
transducers. The condenser fan motors were not powered by 
variable-frequency drives. 

Table 3-4 lists the critical instruments used to measure the performance of the Glens 

Falls low-temp rack. 

HISTORY O F  THE LOW-TEMP REFRIGERATION SYSTEM 

The low-temp refrigeration system is composed of three' sets of compressors: an 

open-drive screw, a semihemetic screw, and two semihermetic recips (Table 3-1). 

When the store was opened, it used HCFC-22 and a 300 SUS allqlbenzene oil. Prior 

to the HFC-507 conversion, the rack was converted (on May 11 , 1993) to CFC-502 for a 

period of five weeks. On June 15, 1993, .the system was converted to HFC-507. The 
five-week period was used to obtain some reference CFC-502 data. Also during this 

period, the rack was purged six times with a Castrol SWlOO (450-SUS) POE oil. Field 
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Table 3-4. List of the Critical Instrumentation of the Glens Falls 
Low-Temp Rack 

Hiqh Accuracv Campbell Scientific Data Loaqer 

1 1 Temperature 1-15 EVAPORATOR LIQUID I TE I "F 
2 Temperature -15 EVAPORATOR SUCTION TF "F 
3 Temperature -25 EVAPORATOR LIQUID TG "F 
4 Temperature -25 COMPRESSOR SUCTION TH "F 
5 Pressure -15 EVAPORATOR LIQUID PE P a  
6 Pressure -15 COMPRESSOR SUCTION PF Psig 

7 Pressure -25 EVAPORATOR LIQUID PG Psig 
8 Pressure -25 COMPRESSOR SUCTION PH Psig 
9 Pressure LOW-TEMP RACK DISCHARGE PL Psig 
10 Flow -15 LOW-TEMP FC lblpulse 
11 Flow -25 LOW-TEMP FD lblpulse 
12 Power -15 LOW-TEMP PWC kwhlpulse 
13 Power -25 LOW-TEMP PWD kWhlpulse 

I 14 I Temperature I OUTDOOR TEMPERATURE I TK I "F 
I 15 I Power ISTOREPOWER I PWF I kWhlDulse 

test kits indicated that after six changes the mineral oil level was below 5%. Lab tests 
still indicated a mineral oil concentration of up to 20%. For this reason, the rack was 

purged a seventh time, to ensure that the mineral oil concentration was below 5%. 

Originally, the rack contained two Carlyle open-drive screw compressors. These 

prototype compressors suffered from several control problems that caused invalid data 

Later, during the refrigerant conversion, these compressors were replaced with a single 

high-speed Carlyle semihermetic screw. Consequently, all valid HFC-507 data for 

Carlyle screws were obtained on the semihermetic screw, while no HCFC-22 data were 

obtained with this compressor. 

Data collected on CFC-502 during the period of May 11, 1993 through June 15, 1993 

are not presented in this report. The relatively short run time for each compressor on 

each suction group, the multiple oil purges, and several operational problems, have 
shed some doubt as to the validity of these data. 

This section describes the test procedure and results obtained fkom the Glens Falls 
store between June 1993 and March 1994. The test plan and data reduction 

procedure are presented, followed by performance and reliability results. 
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DEMONSTRATION TESTING RESULTS I 
Test Procedure I 
The following tests were conducted on a continuous basis: I 

The three compressor banks were alternated between the -15°F and -25°F 
suction groups on a weekly basis. Compressor performances were measured 
and compared. 

Oil samples were taken on a regular basis from each system. Samples were 
analyzed to determine if excessive contamination, decomposition, chemical 
shifts, wear or other long term compatibility problems occurred between the 
refrigerant, oil, and system components. 

Data Reduction 

Data were downloaded and saved in weekly blocks that corresponded to the 

performance of each group of compressors. Average weekly data were summarized in a 
table showing date and time of compressor switchover, manually recorded Watt-hour 

readings, power consumption, and average results. This table is included in 
Appendix A. The manually recorded Watt-hour readings were used to verify power 
readings derived from the data collection system. The data sets were combined and 

reduced by FORTRAN programs developed by Aspen Systems. I 
-25°F Suction Group Test Results I 
Figures 3-4,3-5 and 3-6 show the EER performance with the semihermetic recip, the 

semihermetic screw, and the open-drive screw compressors, respectively, as each is 

connected to the -25°F refigeration load. The performance is plotted against the SDT. 
The SDT is the saturated temperature corresponding to the compressor discharge 

pressure (measured at the discharge manifold). I t  is generally a few degrees higher 

than the condensing temperature. The difference depends on the pressure drop 

between the compressor discharge and the condenser. The minimum SDT setpoint for 

the low-temp rack was 34°F (80 psig). The suction temperature range for these graphs 

is -5 to 20°F. 

Semihermetic Recips. Figure 3-4(a) shows the raw data collected for the 

semihermetic recips. These data were smoothed according to the procedure outlined 
in Section 3 of Reference 2, and a second-order polynomial was fitted through the 

smoothed data. The same procedure was repeated for the other compressor types. 

Figure 3-4(b) shows the curve fit of the data in Figure 3-4(a) juxtaposed against the 

expected performance curve based on the manufacturer's data The manufacturer's 
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Figure 3-4. Energy Efficiency Performance of the Semihermetic Recips 
on the -25OF Suction Group, (a) Raw Measured Data, (b) Curve Fit 

- 

of Measured Data Compared to Manufacturer's Data 
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Figure 3-5. Energy Efficiency Performance of the Semihermetic Screw 
on the -25OF Suction Group, (a) Raw Measured Data, (b) Curve Fit 

of Measured Data Compared to Manufacturer's Data 
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Figure 3-6. Energy Efficiency Performance of the Open-Drive Screw 
on the -25°F Suction Group, (a) Raw Measured Data, (b) Curve Fit 

of Measured Data Compared to Laboratory Data 
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data was corrected for superheat, subcooling, and inverter efficiency. The lower 

measured efficiencies (at high SDTs) in Figure 3-4(b) are most likely due to parasitic 

system losses. The system performance improves at lower SDTs because the shaft 

speed of the recips was reduced to match the compressors' capacity to the refiigeration 

load. Recips operate more efficiently at lower shaft speeds due to reduced valve 

1osses.The manufacturer's data are for a constant speed and do not reflect the benefit 

for operating at lower speeds. 

Semihermetic Screw. Figure 3-5 shows the performance with the semihermetic 

screw. Again, the EER is lower than the corrected manufacturer's data. The measured 

Performance relative-to manufacturer's data does not improve at lower SDTs, since a 

screw compressor does not operate more efficiently at lower speeds. 

Open-Drive Screw. Figure 3-6 shows the EER performance of the open-drive screw. 

The comparison curve is based on laboratory results under similar conditions. 

However, the compressor used in the laboratory tests was a more recent, improved 
version (Mark IV) with a low Vi of 2.6. The demonstration compressor was an older 

(Mark 111) version, and had ahigher Vi (3.6). The laboratory results include the 

inverter drive efficiency but do not include cycling losses. 

Compressors Performance Comparison. The curve fits for each compressor type are 

compared in Figure 3-7. The comparison indicates that the open-drive screw is more 
efficient than the other two types of compressor at SDTs below 73°F. This compressor's 

3.6 internal volume ratio favors the lower SDTs. The semihermetic screw features 

variable Vi and shows better performance at high SDTs. The performance of this 

compressor is much closer to that of the semihermetic recips, though it shows a 
slightly higher EER at low SDTs. At high SDTs, the semihermetic recips show the 

highest system efficiency. 

RefrWerant Performance Comparison. The performance of the semihermetic recips 

on HFC-507 and HCFC-22 is similar (Figure 3-8). The EER is somewhat better for 

HCFC-22 at SDTs above 80°F. At lower SDTs, HFC-507 exhibits a slight advantage. 

The open-drive screw performance for the two refiigerants is indistinguishable up to 

80°F SDT (Figure 3-9). Above this point, HFC-507 shows significantly lower 

performance. Actual suction temperature range for Figures 3-7 and 3-8 ranged fiom 
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Figure 3-7. Comparison of the Energy Efficiency Performance of the 
Three Compressor Types on the -25OF Suction Group 
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Figure 3-8. Comparison of the Energy Efficiency Performance of the 
Semihermetic Recips with HCFC-22 and HFC-507 

on the -25OF Suction Group 
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Figure 3-9. Comparison of the Energy Efficiency Performance of the 
Open-Drive Screw with HCFC-22 and HFC-507 

on the -25°F Suction Group 

-5 to 20°F. As mentioned above, no HCFC-22 performance was obtained for the 

semihermetic screw. 

-15°F Suction Group Test  Results 

The energy efficiency performance of the three compressor types on the - 15°F suction 

group is presented in Figures 3- 10,3- 11 and 3- 12. The minimum SDT setpoint for the 

low-temp rack was 34°F (80 psig). The suction temperature range for these graphs is 0 

to 25°F. All of the graphs exhibit significant spread in the data at the lowest SDTs. 
This is attributed to increased cycling of the compressors with the lower load. 

Semihermetic Recips. Figure 3-10 shows the EER performance with the 

semihermetic recips. Preliminary HFC-507 data fiom the manufacturer are also 

shown. The manufacturer's data are corrected for superheat, subcooling, and the use 

of the inverter. As in the -25°F suction group, the EER performance compared to 
manufacturer's data improves at lower SDTs because of lower shaft speeds. 

. I  
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Figure 3- 10. Energy Efficiency Performance of the Semihermetic Recips 
on the -15'F Suction Group, (a) Raw Measured Data, (b) Curve Fit 

of Measured Data Compared to Manufacturer's Data 
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Figure 3-11. Energy Efficiency Performance of the Semihermetic Screw 
on the -15°F Suction Group, (a) Raw Measured Data, (b) Curve Fit 

of Measured Data Compared to Manufacturer's Data 
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Figure 3-12. Energy Efficiency Performance of the Open-Drive Screw 
on the -15°F Suction Group, (a) Raw Measured Data, (b) Curve Fit 

of Measured Data Compared to Laboratory Data 
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Semihermetic Screw. The EER performance with the semihermetic screw is shown in 

Figure 3- 1 1. Again the performance is lower than that predicted by the 

manufacturer's data The measured performance relative to manufacturer's data does 

not improve at lower SDTs, since a screw compressor does not operate more efficiently 

at lower speeds. 

Ouen-Drive Screw. Figure 3-12 shows the open-drive screw on the -15°F load. As in 
the case of the -25" suction group, th.e comparison curve is based o n  laboratory results 

using a Mark IV screw compressor with a V i  of 2.6. The demonstration unit is an older 

model with a Vi of 3.6. 

Compressors Performance Comparison. The EER curve fits for each compressor are 

compared in Figure 3- 13. The comparison indicates that the open-drive screw is 

significantly more efficient than the other two types of compressors at SDTs below 

68°F. This is similar to our findings on  the -25°F suction group. The semihermetic 

screw exhibits higher EERs than the recips over most of the operating range. Only 
above 98°F SDT does the performance of the recips exceed that of the semihermetic 

screw. The semihermetic recips show the best performance near design conditions. 

RefxWerant Performance Comparison. For the -15°F SST suction group with the 

semihermetic recips, the EER performance was significantly lower with HFC-507 than 

with HCFC-22 (Figure 3-14). This is in contrast to our findings with these 
compressors on the -25°F load. The large disparity between installed and actual 

refigeration load must contribute to this loss in performance. When HCFC-22 was 
tested, this suction group was connected to nearly 40 MBH higher refrigeration load, 
which matched the compressors' capacity more closely. 

Comparison fo the EER performance for the two refirgerants (Figure 3-15) with the 
open-drive screw indicates a distinct difference in performance. Below 60°F SDT, 
HFC-507 shows higher EER. Above 60°F SDT, HCFC-22 shows better efficiency. 

System Issues 

Throughout the 10 months of testing, we did not experience any refrigerants- or oil- 
related problems. However, the startup of the screw compressors with the wrong sliaft 

rotation became an issue. Unlike recips, the internal design of the rotor bearings 
allows the screw compressor to spin only in one direction. When the compressor spins 

3 - 2 1  



U w 
W 

GLENS FALLS SHOP 'N SAVE DEMONSTRATION RESULTS 

1 5 i : i  

-15'F SUCTION GROUPIHFCSO'I 

. . .  . . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  ................ ........ ........ ................ ........ ....... ................ ........ . . .  . . .  ......................... " : : : : ; < j 

. . .  
. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

....... OPm-DRIM scRRN ........................... - ............... ̂ ........ 

....... zg;zE;gEF .. ................................... ........ ; ....... ------ ---. 

.......-....... ̂.. .....-....... ....... - .................................................. ^ ......................... 
0 . . .  
40 60 80 100 

SDT CF) 

Figure 3-13. Comparison of the Energy Efficiency Performance of the 
Three Compressor Types on the -15°F Suction Group 
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Figure 3-14. Comparison of the Energy Efficiency Performance of the 
Semihermetic Recips with HCFC-22 and HFC-507 

on the -15OF Suction Group 
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Figure 3-15. Comparison of the Energy Efficiency Performance of the 
Open-Drive Screw with HCFC-22 and HFC-507 

on the -15°F Suction Group 

in the opposite direction, the bearings cannot absorb the reversed axial force and wil l  

seize, damaging the compressor. This problem arose because of the lack of familiarity 

of the service technicians with screw compressors. A differential pressure switch was 

added to ensure that the compressor was spinning in the proper direction. In  order to 

satisfy the semihermetic screw's oil pressure requirement, the minimum SDT setpoint 

was increased &om 10°F (45 psig) to 34°F (80 psig) . After these initial issues were 

resolved, the operation was uneventful. . 

oil Analysis 

The oil from the rack was sampled and analyzed on a regular basis. The analysis 

examined metal content, moisture level, and acid number. Minimum, maximum, and 

last recorded values for each system are shown in Table 3-5. 

The oil from the low-temp rack has had a consistently low metal content and acid 

number. The acid number history is shown in Figure 3-16. The low-temp 

compressors appeared to be running with no abnormalities or wear. 
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Table 3-5. Oil Test Summary of the 
Low-Temp Rack in the Glens Falls Store 

Aluminum (ppm) c.05 c.05 X.05 

Copper (ppm) 0.7 cO.1 0.3 

Tin (PPm) C0.5 c0.5 c0.5 

Zinc (PPm) 0.6 <0.1 0.4 
Moisture (ppm) 143 26 32 

~~ ~ 

cid Number I 0.01 I 0.01 I 0.01 

GLENS FALLS SHOP 'N SAVE DEMONSTRATION RESULTS 
LOW-TEMPRACKlHFCS07168CSTWEML 

. . .  . . .  

0 4 8 12 

MONTHS FROM OIL CHANGE 

Figure 3-16. History of the Acid Number of the Low-Temp Rack 
with HFC-507 and POE Oil 

Measuring the actual system moisture in oil samples can be difficult. POE oils are 

extremely hygroscopic and wil l  generally have a higher.moisture content than mineral 

oils. Figure 3- 17 -indicates the high moisture readings recorded on the low-temp rack. 

These readings are not necessarily indicative of the actual levels in the system. The 

manufacturer (Castrol) believes that some moisture may have migrated into the oil 

when it was shipped to the lab in a plastic sample bottle. 
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GLENS FALLS SHOP 'N SAVE DEMONSTRATION RESULTS 
LON-TEMP RACK I HFC507/ 68 CST POE OIL 

0 4 E 12 

MONTHS FROM OIL CHANGE 

Figure 3-17. History of the Moisture Content of the Low-Temp Rack 
with HFC-507 and POE Oil 

To determine if this was the case, we took two simultaneous samples, one in a plastic 

container and one in a metal container (last samples shown in Figure 3-17). A 

significantly lower moisture was found in the sample in metal containers. I t  appeared 

that in order to obtain accurate moisture r eakgs ,  certain plastic containers could not 
be used. Also, the difference between the samples sent to the Thompson and Castrol 

laboratories may have been due to migration through the plastic bottles. The Castrol 

lab is located in Los Angeles, CA, whereas the Thompson lab is in Minneapolis, MN. 
The difference in the humidity and ambient temperatures of the two sites may also 

have been the cause of the difference in their moisture measurements. 

A s  previously noted, specific maximum limits have not yet been determined for either 

moisture level or acid number. When measurements are made with plastic containers, 

Castrol recommends monitoring the system closely to ensure that moisture levels are 
kept below 200 ppm. A better indication of moisture in the oil is obtained if metal 

containers or more-moisture-resistant plastic containers are used. 

No discernible oil problems were discovered that could be attributed to the use of POE 
oil or HFC-507. 
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RELIABILITY 

No significant problems were reported associated with the use of the alternative 

refrigerants or oils. Oil analysis repeatedly indicated no breakdown or wear problems. 

The fact that screw compressors can only rotate in one direction must be made clear to 

service technicians. One failure of one of the screws was due to reverse rotation of the 

screw. This occurred when the inverter was bypassed in an attempt to run the 

compressor directly from the electric bus. Otherwise, the inverter would have 
protected the compressor as it has built-in phase reversal protection. A s  described 

above under System Issues, in order to protect the compressor without relying on the 

phase sequence, a differential pressure switch was added between the suction and 

discharge ports of the compressors. 

LOAD FACTOR OF THE LOW-TEMP RACK 

A measurement that is of interest to utilities for identifying the demand associated 

with an electric system is load factor. The load factor is defined as the average power 

used by the system for a given period (in this case one month), divided by the system's 

15-minute demand. A fixed 15-minute demand interval is the method used by the 

utility supplying the store's electric power, Niagara Mohawk. 

Figure 3- 18 shows the load factor of the low-temp rack, juxtaposed against the load 

factors of the other refrigeration racks and that of the entire store, for iifteen months, 

starting in January 1994. The load factor for the low-temp rack varies from 0.45 to 
0.69. The med-temp rack shows load factors that vary from 0.45 to 0.64. A s  expected, 

the air conditioning rack's load factor is very low in the beginning of the cooling season 

and climbs to 0.5 by the end of summer. The store's load factor peaks in the winter 

and ranges from 0.73 to 0.89, which is consistently higher than that of any of the 

racks. 

PROJECTED ANNUAL PERFORMANCE 

We used the second-order curve fits in Figures 3-7 and 3- 13 to calculate a projected 

annual EER (AEER) for each of the three compressor types with HFC-507. For 

HCFC-22, we used the curve fits in Figures 3-8,3-9,3-14, and 3-15. Since the 

semihermetic screw was installed after the HCFC-22 was removed from the system, 

no HCFC-22 data were available for this compressor. The performance curves in the 
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Figure 3-18. Load Factors of the Refrigeration Racks 
in Glens Falls Store Compared to the Entire Store 

aforementioned figures had to be extrapolated to cover SDTs up to 110°F. The results 

of these extrapolations are shown in Table 3-6, where the EERs of all compressors at 
the design condition of 110°F SDT are illustrated.. The resulting curve fits were fed 

into a bin temperature analysis program described in Reference 4. Table 2-12 

summarizes the input parameters for the program. The refrigeration load of 120 MBH 
is typical for the low-temp suction group of a supermarket. The condenser heat 

transfer rating was chosen for a design TD of 9°F. No additional subcooling was 
specified, since subcooling was included in the curve-fit equations. A minimum 

condensing temperature of 40°F was chosen for floating-head conditions. The suction 

pressure drop was set at 0 psid, since all measurements were made at the compressor. 

The fraction of compressor power transferred to the refrigerant is dependent on the 

type of compressor. For ambient conditions, bin temperature data for Albany, NY (SJ 

were used. The ambient temperature profile is shown in Figure 2-13. 

The performance results of the bin temperature analysis for the two suction groups are 

listed in Table 3-7. The two screw compressors show higher AEERs than the 

semihermetic recips. This corroborates our laboratory findings. The screw 

' I  

compressor's EER exceeds the efficiency of the recips at lower SDTs, where the system 

spends most of its operating time. As shown, the screw's advantage over the recips is 

more pronounced for the -15°F system. This is because the relative efficiency of 
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Table 3-6. Extrapolated Compressor EER at 110°F SDT 
Based on Curve Fits of Field Data 

-25°F Semihermetic Recip 3.84 4.00 
Semihermetic Screw 3.61 Not Measured 
Open-Drive Screw 2.59 3.39 

-1 5°F 

Table 3-7 Annual EER and Energy Usage of the Low-Temp 
Refrigeration Systems in the Glens Falls Store 

Semihermetic Recip 4.64 4.64 
Semihermetic Screw 3.9 Not Measured 
ODen-DriVe Screw 3.31 4.28 

. . . . . . . . . . . . . . . . . . . . . .  

Semihermetic Recip 
Open-Drive Screw 

7.00 150:091 6.90 151,874 
7.40 142,614 7.40 142,624 

Semihermetic Screw I 7.15 

screws compared to recips increases at lower pressure ratios. At -25°F SST, HCFC-22 
and HFC-507 AEER performance is similar. However, at -15°F SST, HCFC-22 shows 

better efficiency than HFC-507, which can be expected from theoretical cycle 

calculations. 

147,056 I NotMeas. I Not Measured 
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ECONOMIC ANALYSIS 

Maintenance Cost Escalation Rate 
Salvage Value 
System Life 

Though a particular system may be more energy efficient, the system's economic 

benefit must be favorable to justify its use. For an economic analysis, we examined 

the LCC of the different options tested. The economic analysis performed is described 

in Appendix B. The economic descriptors calculated are: the LCC, the NPVS, the ROI, 

and the simple payback period. Table 3-8 summarizes the parameter values used for 

this analysis. 

5 %lyr 
500 $ 

15 Yr 

For the economic analysis of the low-temp rack, the semihermetic recips were chosen 

as  the base system. These compressors are industry standards for supermarket 

refrigeration. Table 3-9 lists the results of the economic analysis for both the -25°F 

and - 15°F suction groups with HFC-507. The first cost data for the different racks are 

based on estimates obtained from Phoenix Refrigeration Systems. 

Both the open-drive and semihermetic screws show an economic advantage over the 

semihermetic recips. For the -25°F system, the open-drive screw has the highest ROI 

(33.9%), translating into a payback period of 3.5 years. The semihermetic screw 

exhibits an ROI of 24.5%, with a payback period of 5 years. 

As expected, the screws are even more economical for the -15°F suction group. The 

ROI of the semihermetic screw is the highest, at 67.1%, with a payback period of only 

1.7 years. The ROI of the open-drive screw is 56.5%, with a payback period of 2 years. 

With HCFC-22 (Table 3-10), the payback period for the open-drive screw for -25°F SST 

is 2.9 years, showing even more economic advantage than with HFC-507. However, for 

-15°F SST, the payback period of 3.3 years is substantially longer than the 2 years 

determined for HFC-507. 

Table 3-8 Parameters Used for the Economic 
Analysis 

~ 

Electricity Cost (including demand) 10 $/kW-hr 
Electricity Escalation Rate 5 %lyr 
Maintenance Cost (Recips) 1,000 $lyr 
Maintenance Cost (Screws) 900 



Table 3-9. Economic Comparison of Low-Temp 
Refrigeration Systems Using HFC-507 

Semihermetic Recip 
Semihermetic Screw 
Open-Drive Screw 

23,000 15,009 1 ,000 500 230.0 Base System 

25,000 14,706 900 500 226.8 3,222 24.5 5.0 

26,000 14,261 900 500 222.0 7,970 33.9 3.5 

Table 3- 10. Economic Comparison of Low-Temp 
Refrigeration Systems Using HCFC-22 
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SUMMARY OF RESULTS AND CONCLUSIONS 

0 

0 

e 

0 

e 

0 

0 

0 

The conversion fiom HCFC-22 to HFC-507 at the demonstration site went 
smoothly and no startup problems with the refrigerant or the POE lubricant 
were encountered. 

Seven oil changes were performed prior to the retrofit with HFC-507. Field test 
kits indicated that after six changes the mineral oil level was below 5%. Lab 
tests still indicated a mineral oil concentration of 20%. 

Our experience with HFC-507 in the low-temp rack of the Glens Falls store has 
been extremely favorable. We have observed no incompatibility problems 
between HFC-507, its POE lubricant, and the rest of the system. HFC-507 
appears to be a trouble-fiee long-term refrigerant replacement for low-temp 
refrigeration. 

The efficiency performance of the low-temp rack on HFC-507 and HCFC-22 was 
similar., WCth the open-drive. screw, the EER of the two refrigerants was 
virtually identical below 80°F SDT. Above 80°F SDT, HCFC-22 showed higher 
EERs. With the semihermetic recips, HFC-507 showed higher EERs than 
HCFC-22 below 68°F SDT. Above 68°F SDT, HCFC-22 showed slightly higher 
EERs. 

The screw compressors provided significantly better AEER than the recips for 
the low-temp rack. The screw's advantage over the recips was more 
pronounced for the - 15°F suction group. 

The recips were more efficient than the screws at high SDTs suggesting that in 
warmer climates they may show a better annual performance. 

HCFC-22 and HFC-507 annual efficiency results were similar for a -25°F 
suction group. At -15°F SST, HCFC-22 performed noticeably better than 

An economic analysis indicated a payback period of 3.5 to 5 years for a screw 
compressor rack over a semihermetic recip compressor rack for a -25°F 
refrigeration load using HFC-507. The payback period for a screw compressor 
rack is even more attractive for a -15°F refrigeration load (1.7 to 2 years). 
HCFC-22 shows a slightly better economic performance (than HFC-507) at 
-25°F SST, but a somewhat worse performance at -15°F SST. 

HFC-507. 

' I  

3 - 31 



TECHNOLOGY TRANSFER 

Section 4 

IN THIS SECTION 

PUBLICITY 
PRESENTATIONS/ PAPERS 

AWARDS 
~~ 

PUBLICITY 

The following is a brief description of some of the publicity about this project and its 
predecessor as of November 1, 1992. 

1. 

2. 

3. 

4. 

5. 

6 .  

Associated Press article, released the week of June 1, 1992. This article on the 
Glens Falls store appeared in many papers nationwide during the week it was 
issued. 

Consulting-Specifying Engineer, May 18, 1992, News in Review, "First 
supermarket non-CFC refrigeration and air conditioning systems installed." 
This article contained a brief description of the Glens Falls refrigeration 
systems and mentioned the funding authorities. There was also an excellent 
picture of all three low-temp screw compressors. 

Engineered System, May 1992, "Screw Compressors Make The Grade In 
Supermarkets." This general article on screw compressors in supermarkets 
had several large portions devoted to the testing being done by Aspen Systems. 
I t  included two pictures of the rack at Clifton Park and one of the rack at Aspen 
Systems. 

Store Equipment and Design, March/April 1992, "Shop 'N Save in first U.S. test 
of non-H/CFC." This article presents some of the results of Clifton Park tests 
and details the Glens Falls refrigeration systems. There is also a listing of the 
project funding agencies and project participants. 

Air Conditioning, Heating and Refiigeration News, April 27, 1992, "New 
supermarket uses HFC-134a for medium temperature refiigeration." This is a 
broad overview of the refrigerants and compressors installed at the Glens Falls 
store. The project participants and the funding agencies were listed. 

Glens Falls Store Opening Ceremony, March 23, 1992. This event was covered 
by several news paper reporters including one from the New York Times. 
Several local television stations also covered the ceremony. Hannaford received 
an award from the American Lung Association at this ceremony for using 
non-CFCs in this store. Advertisements announcing the opening of the 
non-CFC store were placed in the New York Times and the Wall Street Journal 
by Hill Refrigeration, Carlyle Compressor, and Phoenix Refrigeration. 
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7. 

8. 

9. 

Televised CNN spots on the Glens Falls store were aired on the 4th and 5th of 
January 1992. 

ASHRAE Journal, November 199 1, Industry News, "R-134a test installation 
planned." This short piece presented an overview of the Glens Falls 
demonstration site and a picture of a technician working o n  a refrigeration 
rack. A partial list of project participants and funding agencies was also 
included. 

Energy Users News, January 1993, 'Store Gets HFC-based Refrigeration 
System." This article reviewed the installation and operation of the Glens Falls 
store, including costs associated with the HFC-134a conversions. AU of the 
funding agencies were mentioned and many of the project participants were 
noted in the article. 

10. Store Equipment and Design, January/Februrary, 1993, "Substitute beats 
Standby." This article elaborated on the HFC- 134a field and laboratory test 
results. 

11. Store Equipment and Design, March 1993, "Hannaford goes chlorine-free in 
6-months refrigerant try-out.'' The article describes the pending change from 
HCFC-22 to AZ-50 at the Glens Falls Shop 'n Save.store. 

12. HVAC, April 1993, 'Testing the waters on R-134a" This article reviewed the 
Glens Falls Store installation. 

13. A publicity event was held at the store on November 10, 1993, to note the 
reception of EPA Award mentioned below. 

14. Air Conditioning, Heating and Refiigeration News, November 29,1993, "N.Y. 
Supermarket Gets Award for 'Ozone-Friendly' System." This article describes 
the EPA Award and the history of the Glens Falls store. 

15. ASHRAE Journal, February 1994, Vol36. No. 2., p. 30, "Using R-134a and 
R-22 in Supermarket Refrigeration Application." This article was authored by 
Messrs. Ray Albrecht, Hamed Borhanian, Tom Mathews and Lenley Rafuse and 
described the Glens Falls store demonstration project. 

PRESENTATIONS/ PAPERS 

1. 

2. 

3. 

1992 International CFC Halon Alternatives Conference, September 1992, 
"HFC- 134a and HCFC-22 Supermarket Refiigeration Demonstration". Paper by 
Messrs. Ray Albrecht, Hamed Borhanian, and Lenley Rafuse. This paper was 
presented at the conference by Mr. Borhanian. The paper had a description of 
the Glens Falls demonstration site and preliminary test results and listed all 
project participants. 

FMI Conference, September 1992, Two presentations by project participants 
Mr. Charlie Bizilj of Howden Compressors and Mr. Tom Mathews of Hannaford 
Bros. included preliminary results from the Glens Falls demonstration site. 

NSP's Grocery Manager/Operator Seminar, October 1992, Cosponsored by 
EPRI. Mr. Hamed Borhanian presented preliminary results from Glens Falls. 
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4. Ontario Hydro's Symposium on Meeting Supermarket Needs, November 1992. 
Mr. Tom Mathews presented preliminary results from Glens Falls. 

5. Northeast Chapter of ASHRAE Seminar 'Alternative Refrigerants for 
Supermarkets.' presentations by the following project participants: Mr. Mark 
Spatz, Allied Signal; Mr. Len Rafuse, Aspen Systems, Inc.; Mr. Stephen Brown, 
Brown Engineering Co.; Mr. Tom Rajewski, CPI Engineering Services, Inc.; Mr. 
Tom Mathews, Hannaford Bros.; Mr. Ray Albrecht, NYSERDA; Mr. Carl 
Goldberg, Phoenix Refrigeration Systems, Inc.; and Mr. J o h n  Duerr, 
Spectronics. 

6. 1993 International CFC Halon Alternatives Conference, October 1993. Two 
papers presented. "Laboratory Testing of Long Term CFC Replacement 
Refrigerants for Medium Temperature Screw Compressor Refrigeration 
Systems" by Messrs. Hamed Borhanian, and Lenley Rafuse, presented by Mr. 
Borhanian.. "HFC- 134a and HCFC-22 Supermarket Refrigeration 
Demonstration" by Messrs. Raymond Albrecht, Hamed Borhanian, and Lenley 
Rafuse, presented by Mr. Raymond Albrecht. 

7. 1994 International CFC Halon Alternatives Conference, September 1994, 
"Laboratory Testing of Long Term CFC Replacement Refrigerants for Low 
Temperature Refrigeration Systems." Paper by Messrs. Hamed Borhanian and 
Lenley Rafuse. This paper was presented at the conference by Mr. Borhanian. 
The paper describes the laboratory testing outlined in Section 2 of this report. 

AWARDS 

The project received the EPA Stratospheric Ozone Protection Award in October 1993, 
in recognition of its contributions t o  global environmental protection. 



HISTORY OF THE GLENS FALLS LOW-TEMPERATURE RACK 

Appendix A 

GLENS FALLS SHOP 'N SAVE DEMONSTRATION SITE 
WEEKLY HISTORY OF THE -25OF SUCTION GROUP, HFC-507 

I 

Notes: 1. The date shown is the last day of the test period (usually one week) during which data was  taken. 
2. Compressor column notes which bank of compressors w a s  used during the test period: 

Semi Screw - one 65 CFM Carlyle semihermetic screw, Open Screw - one 91 mm Howden screw 
Semi Recip - two  Carlyle 06ER175 compressors. 

the power determined from the downloaded data. 
3. The power balance is a comparison between manually recorded power from the  watt meters and 
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GLENS FALLS SHOP 'N SAVE DEMONSTRATION SITE 
WEEKLY HISTORY OF THE -1 5OF SUCTION GROUP, HFC-507 

Notes: 1. The date shown is the last day of the test period (usually one week) during which data was taken. 
2. Compressor column notes which bank of compressors was used during the test period: 

Semi Screw - one 65 CFM Carlyle semihermetic screw, Open Screw - one 91 mm Howden screw 
Semi Recip - two Carlyle 06ER175 compressors. 

the power determined from the downloaded data. 
3. The power balance is a comparison between manually recorded power from the watt meters and 
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HISTORY OF MODIFICATIONS: LOW TEMPERATURE RACK 

611 6/93 

611 8/93 

611 9/93 
6/23/93 

6/24/93 
6/25/93 
6/29/93 

7/2/93 
7/6/93 
7/7/93 
7/9/93 

711 3/93 

7/29 I9 3 
811 8/93 

811 9/93 

8/31/93 
9/6/93 
9/7/93 
9/9/93 

911 0193 

911 1 I93 
911 7/93 

9/21 I93 
9/23/93 
9/28/93 
1015193 

1011 1 I93 
1 011 2/93 
1011 9/93 

10123-24/93 
1 1/2/93 

1 1 I1 0193 

1 1/30/93 

12/7/93 
1211 7/93 
12/21 I93 

1/5/94 
1 I1 1 I94 
2/23/94 

Removed R-502, drained oil from compressors, reservoir. Installed AZ-50 and SW-100. 
Power meter wiring corrected. Offset correction determined. 
Carlyle screw motor overload trip. Switched to Backup a t  8:40 am. 
Removed HH. Installed RCW filter driers. 
Flow meter failed. Unable to calculate load and EER. 
New Carlyle Screw installed. Timer for loading delay added. Oil filter for Carlyle and main 
filter changed. Subcooler flooding slightly to cool motor. 
Carlyle low oil pressure trip after 5 pm. 
Carlyle screw off on oil float switched to Backup. 
Carlyle screw on-line. Motor overload sensor and shell temp sensors installed. 
Max. speed set  to 60 Hz. Reverse rotation discharge low pressure switch at 0 psig. 
Inverter V-Hz curve 2. RC-1000 setpoint at 13 psig. 
New -25 flow meter installed. 
Howden a t  4400 RPM unable to hold suction. Switched to Backup with setpoint a t  13 psig. 
Setpoint dropped to 13 psig. Volume ratio switching corrected. 
Leak in -1 5 cross over manifold fixed. 
Carlyle screw suction running high. Max speed increased from 60 Hz to 65 Hz at 12:30 pm. 
Howden Max. shaft speed increased to 5000 RPM. 
Howden off on high current. Carlyle screw off on motor temp. 
Technician noted noisy bearing on Howden motor. 
Rack A Three leaks: receiver blank-off plate, liquid pressure transducer, liquid temperature probe. 
Carlyle screw tripped out. Technician originally thought it was oil float trip. 
Review of temperature data indicated it may have been high shell temp trip. 
RC-2 logic for oil reservoir functioning. 
Backup off on low oil pressure. Minimum RPM increased to 800 RPM from 600 RPM. 
Trip on 916 cause low readings for -1 5. Load is 11 8 MBH, SST is -1 5.OoF for operating period. 
Removed 6.5 gallons of oil from A rack. 
Closed top port on Carlyle float tank. 
Backup C l  off on oil. No oil in compressors. Float may be sticking. Flocon setting increased 
to 55 psi from 45 psi. 
7 pm Carlyle screw off on oil float. 
Variable Vi set  to operate opposite polarity ( i s .  low Vi at high SDT) 
Make-up oil flow shut-off. Flocon a t  0 psi (manual open). Float tank valved off with oil in it. 
Timer (1 5 sec) added to Carlyle separator float switch. 
Carlyle Vi back to normal. Howden injection into suction. 
-1 5 subcooler solenoid leaking by. Ball valve closed. 
Liquid injection into economizer inlet of Carlyle screw is  implemented. Max speed is 70 Hz. 
Minimum head reset to 75psig from 61 psig. 
I/C freezer flooding through. Demand sensor needed in front of coil. 
Carlyle screw oil pressure trip. 
Oil differential tripped. Decreased setting from 35 to 30psid. 
Howden subcooler not on this week. 
Reverse rotation low pressure trip on Carlyle screw. 
Reverse rotation low pressure switch with capillaries is  replaced with one that accepts 114" lines. 
Minimum head increased form 75 to 80 psig. Carlyle screw oil differential set  at  25 psid. 
Carlyle oil make-up tank disabled. Make-up controlled by reservoir float. If make-up oil has not 
satisfied float in 15 seconds, compressor trips off. 
Howden oil injection into oil line. 
Reverses Rotation trip. Reduced reverse rotation low pressure switch again. 
Flashing in flow meter caused low readings. Actual load a t  108 MBH. 
Carlyle screw off on oil differential. 
Head control changed to all fans on. CI =88,CO =84. 
Pump cavitation decreased measured load. Actual load is 114.1MBH. 
Technician noted that the Howden seal is leaking. 
Pump cavitation caused low readings. 
CI = 84,CO = 88. 
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LIFE CYCLE COST ANALYSIS 

Appendix B 

The life cycle cost (LCC) of a system can be calculated as follows: 

N N 

J= 1 J=1 
L c c = c - s + M C [ ~ ] J + P C [ ~ ] J  

where: 

C = initial system cost 
S = salvage value of the system at year N 
M = annual maintenance cost 
P = annual cost of electric energy 
N = useful life of the system in years 
EM = annual escalation rate of maintenance cost 
EP = annual escalation rate of the cost of electric energy 
I = interest rate 

The life cycle cost is the present value of the total cost of the entire system over its 
entire lifetime. This cost includes initial cost, operating cost, and maintenance cost 
less system salvage value. 

There are three economic comparisons that we have examined net present value 
savings (NPVS), return on investment (ROI), and simple payback period. 

The net present value savings is defined as: 

NPVS LCCbase system - ‘‘‘alternative system 

The return on investment of an alternative system compared to the base system is 
defined as the interest rate at which the NWS is equal to zero: 

ROI = I, for NWS(1) = 0 

B- 1. 



ROI can be used to compare the relative merit of two different prospective investments, 
For two systems with equal risk factors, the one with the higher ROI is the more 
financially beneficial. 

The simple payback period is the time required for an investor to recoup his initial 
investment. I t  is deftned as  

Payback Period = Ini t ia l  investment / annual cost savings 

or 

Payback Period = increased system cost/(annual energy savings * cost of energy) 
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