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ABSTRACT

An air-to-air heat pump was installed in a single-family residence near Knoxville,
Tennessee, and was operated in a multiyear test to permit characterization of dynamic
losses in capacity and efficiency due to cycling, frosting, and defrosting. The residence and
heat pump were extensively instrumented, and a state-of-the-art data acquisition system
logged data for each of the several system operating modes (start-up transient heating and
cooling, normal-mode heating and cooling, and defrost with recovery) throughout the testing
period.

For the test heating seasons, defrosting was responsible for 10.1%, losses due to frosting
for 3.6%, on-off cycling losses for 8.4%, and off-cycle parasitics for 4.3% of the total energy
consumption (exclusive of supplemental electric resistance heater energy use as required by
second-stage thermostat demand). An overall heating seasonal performance factor of 1.96
was realized, and the value of the cyclic degradation factor, Cd, in heating was found to be
0.24. Both output loss per cycle and input energy increase per cycle were directly related to
off-time per cycle, increasing strongly with off-times up to approximately 20 min and at a
much lower rate thereafter. Defrost time per defrost cycle and the associated energy use
penalty varied directly with frosting potential; the effect of ambient temperature on defrost
time is not clear, and additional investigation is warranted. Use of a desuperheater for
domestic water heating reduced the heat pump's space heating capacity but had no
measurable effect on dynamic loss levels.

The steady-state cooling capacity and coefficient of performance (COP) of the heat pump
were degraded from the manufacturer's ratings and those which were measured in initial
steady-state tests, precluding definitive evaluation of dynamic losses during cooling
operation. The cyclic degradation factor, Cd, in cooling was estimated to be between 0.20 and
0.25.

Air-Conditioning and Refrigeration Institute-rated heating seasonal performance
factors (SPFs) for units with steady-state performance ratings similar to those of the test
unit are within 4% of the measured values. Rated cooling SPFs appear to be about 34%
higher than those measured in these tests. The steady-state performance degradation of the
test unit accounted for about half of this difference.
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1. INTRODUCTION

The performance of an air-to-air heat pump, when operating under field conditions, is
degraded from that measured at steady state under laboratory conditions and reported by
equipment manufacturers. During the heating season, this degradation in both capacity and
coefficient of performance (COP) is due to three causes: frosting, defrosting, and cycling.
During the cooling season, cycling is the prime cause of performance degradation.

Frost forms on the outside coil during heating operation when the coil surface
temperature is below freezing and the ambient humidity is high. The buildup of frost
restricts airflow across the coil and insulates the coil surface from the air stream. Both of
these effects lower the refrigerant evaporating temperature, lowering both heating capacity
and COP.

Periodically during heating operation, the heat pump switches to the defrost mode of
operation to melt and drain away any frost that has accumulated on the outside coil. In this
mode, the unit operates as an air conditioner, consuming power to run the compressor and
indoor blower (the outside fan is idle) while pumping heat from the indoor air to the outside
coil. To overcome this cooling effect and maintain indoor comfort, the auxiliary electric
heaters are energized during defrosting (defrost tempering 12R). The net result is the
consumption of a significant amount of energy with little net heat addition to the indoor air.

The almost universally used method for matching the heat output or cooling rate
(capacity) of a residential heat pump to the building requirements for heating or cooling is
to cycle the heat pump on and off, with the product of fractional on-time and capacity
approximating the building heating or cooling requirement. At the beginning of the on
portion of each on-off cycle, a finite period of time elapses before the heat pump reaches a
steady-state operating condition and produces its full heating or cooling capacity. As a
result, for each on-off cycle, energy is consumed by the compressor and indoor and outdoor
air movers while system equilibrium is being established, and the heating or cooling output
rate is low.

A multiyear test was conducted to permit characterizing performance of a residential
heat pump operating in a real-world setting, the objective was to quantify, insofar as
possible, the magnitudes of its various operating losses. The test unit was installed in a
single-family house, which was dedicated exclusively to the test, and was operated to provide
total comfort conditioning for the house over two winters and two summers. The house
and heat pump were extensively instrumented, and a state-of-the-art data acquisition
system (DAS) logged data for each of the several system operating modes (start-up
transient heating and cooling, normal-mode heating and cooling, and defrost with recovery)
throughout the testing period.

The house and heat pump system were exposed to a wide spectrum of operating
conditions during the test. Unlike laboratory tests, where conditions are imposed and

1
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carefully controlled, the house and system faced the rigors of completely uncontrolled
ambient conditions, including rain, snow, wind, and sunshine, that few laboratories can
effectively simulate. As a result, some of the collected data as reported in the following
sections contain a degree of scatter that may appall the investigator accustomed to dealing
with laboratory-acquired data and that certainly presents a challenge in interpretation.

Our analysis and interpretation of the data admittedly borders on speculation in some
areas. However, we feel that the data are valid and that real performance trends have been
identified and, in many cases, quantified. In this context, the following sections present a
description of the test facilities and the testing procedures, the data derived therefrom, and
our analysis of those data.

Results reported herein are equipment-specific and cannot be generalized for all heat
pumps. Certain dynamic losses are known to be related to specific design features such as
type of defrost control or heat exchanger configuration. The results can be quite useful,
however, for validation of computer codes used to predict annual or seasonal performance of
air-source heat pumps.



2. TEST SITE AND EQUIPMENT

2.1 TEST FACILITIES

TECH House III is located on the Tennessee Energy Conservation in Housing (TECH)
complex (Fig. 2.1), near Knoxville, Tennessee. TECH House III is a 167-m2, well-insulated
structure. It was unoccupied during the tests but had internal loads simulating occupancy
by a family of four. The TECH complex is a joint project of the U.S. Department of
Energy (DOE), the University of Tennessee, the Tennessee Valley Authority, and Oak Ridge
National Laboratory (ORNL) for the purpose of testing various means of conserving energy
in residences. A complete description of the complex may be found in refs. 1 and 2.

ORNL-PHOTO 1797-81R

Fig. 2.1. Tennessee Energy Conservation in Housing (TECH) complex.

2.2 TEST EQUIPMENT

The heat pump system used for these tests was a state-of-the-art heat pump, installed in
November 1979, which has a rated COP of 3.11 at 8.3°C. Figures 2.2 and 2.3 show the indoor
and outdoor units of the heat pump. The Air-Conditioning and Refrigeration Institute (ARI)
heating and cooling ratings are given in Table 2.1. Tests during 1979 and 1980 showed the
heat pump to have heating and cooling seasonal performance factors of 1.99 and 2.27
respectively. 2 The unit employed a time-temperature type of defrost control.

3
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ORNL-PHOTO 6903-80

o' I

Fig. 2.2. Heat pump indoor unit.

In the fall of 1980 the system was modified by addition of a desuperheater water

heater (DSWH), a small heat exchanger that uses hot refrigerant gas leaving the heat
pump compressor to provide domestic hot water. Figures 2.4 and 2.5 show schematics of the

modified system and a picture of the DSWH, respectively. From November 1981 through

September 1982 the system was operated with the desuperheater active in alternate months.
After September 1982 the desuperheater was not used. Reference 3 reports on the

performance of the heat pump/DSWH system.

A schematic of the heat pump control wiring is shown in Fig. 2.6. Two significant
modifications were made to the controls in November 1982. The original thermostat, a

Honeywell Chronotherm, which cycled at a maximum rate of 6 cycles per hour (cph) at 50%

load, was replaced with a standard General Electric (GE) model with a maximum cycling

rate of 5 cph. This was done to test the effect of cycling rate on measured cycling losses. At

the same time, it was noticed that the heat pump compressor sometimes failed to start

immediately when the thermostat signaled a need for heat. A hard-start kit (to provide
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ORNL-PHOTO 6901-80

"""'"'111111 , r- . i,

Fig. 2.3. Heat pump outdoor unit.

Table 2.1. ARI ratings for the test heat pump

Heating ratings Cooling

High temperature Low temperature rating

Temperature, °C 8.3 -8.3 35.0
Capacity, W 9965 5276 9818
Energy input, W 3200 2550 3900
COP 3.11 2.07 2.52
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ORNL-DWG 82-8255R
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Fig. 2.4. Heat pump system schematic.

ORNL-PHOTO 7985-81

Fig. 2.5. Installed desuperheater.
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Fig. 2.6. Control system schematic.

increased torque to the compressor motor on start-up) was added to the control circuit to
alleviate this problem. Addition of this kit raised the off-cycle energy use rate from 53.5 to
80.0 W.
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2.3 DATA ACQUISITION

A DAS located in TECH House II monitors data in all houses of the complex (Fig. 2.7).

For the tests described in this report, the DAS monitored hourly integrated totals of space

heating and sensible cooling heat flows; energy consumption by compressor, indoor and

outdoor fans, and backup electric resistance (I2R) space heating elements; and condensate

collection during the cooling season. In addition, an on-site weather station monitored dry-

bulb and dew-point temperatures, wind speed, rainfall, barometric pressure, wind direction,

and solar radiation. All data were logged hourly.

ORNL-PHOTO 1812-83

Fig. 2.7. Data acquisition system.

Space heating and sensible cooling loads delivered by the heat pump were measured by

means of an air-side heat flow metering system consisting of two averaging resistance

temperature devices (RTDs) and a vane anemometer located in the return air duct. Electric

energy consumption is measured by conventional watt-hour meters fitted with optical disc

revolution counters. Condensate collection in the cooling season is measured by a recording

rain gage. A more detailed description of the instrumentation is given in refs. 4 and 5.

In order to be able to quantify the dynamic losses of the heat pump it was necessary to

store energy consumption and delivery data in different sets of channels according to mode

of operation (start-up transient, normal operation, defrost operation). Figure 2.8 shows heat

pump capacity through a typical heating cycle with a defrost, illustrating the different data

acquisition modes. Instrumentation for this experiment is shown in Fig. 2.9. The DAS

interface [Fig. 2.10(a)] was set up to store data in one set of channels during the first 2 to
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ORNL-DWG 83-7299
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Fig. 2.8. Typical heat pump heating cycle with defrost.

5 min of each cycle (start-up transient), in a second set during defrost and return from
defrost recovery periods (defrost), and a third set at all other times during the cycle
(normal). A logic interface [Fig. 2.10(b)] accepts 24-V AC signals from the heat pump control
system and converts them to 10-V DC logic signals which control the DAS interface. The
logic signals used are

1. indoor fan-initiates a start-up transient delay time period each time the indoor fan
starts,

2. compressor-indicates that the system is delivering heating or cooling and permits data
to be sent to the DAS, and

3. defrost-causes the interface to send data to defrost channels during defrost cycle and
for 1.25 min after defrost.

The logic interface also provides signals to monitor the number of thermostat cycles and
defrost cycles each hour. This interface originally used the 24-V AC control power of the
heat pump as its power source. This caused no problem during the heating season; however,
it was discovered that it induced longer-than-normal cycles in the cooling season. The
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ORNL-PHOTO 3976-84

Fi: 29

Fig. 2.9. TECH House III instrumentation.
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(a) ORNL-PHOTO 7983-81

: .... ' ' i-. ~ " . . . 'x, M, !
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i-7

(b) ORNL-PHOTO 3975-84

2 ( D n inrfa; () data c rol lgic inrfa.

Fig. 2.10. (a) Data acquisition interface; (b) data control logic interface.

interface was replaced in early July 1982 with one that is independently powered
[Fig. 2.10(b)], and the problem was resolved.

A list of the TECH site data variables used for the TECH House III experiments is given
in Table 2.2.
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Table 2.2. TECH House III data variables and descriptions

Variable" Name Description

Measured data

50 IDFt Indoor fan energy use during start-up transient, Wh
51 IDFn Indoor fan energy use during normal mode, Wh
52 IDFd Indoor fan energy use during defrost, Wh
53 ODFt Outdoor fan energy use during start-up transient, Wh
54 ODFn Outdoor fan energy use during normal mode, Wh
55 ODFd Outdoor fan energy use during defrost, Wh
56 COMt Compressor energy use during start-up transient, Wh
57 COMn Compressor energy use during normal mode, Wh
58 COMd Compressor energy use during defrost, Wh
59 I2Rt Backup heat energy use during start-up transient, Wh
60 I2Rn Backup heat energy use during normal mode, Wh
61 I2Rd Backup heat energy use during defrost, Wh
63 ONCY Thermostat cycles
64 DFCY Defrost cycles
65 CONc Cooling mode condensate collection, kg
76 HFLt Sensible heat/cool delivered during start-up transient, Wh
77 HFLn Sensible heat/cool delivered during normal mode, Wh
78 HFLd Sensible heat/cool delivered during defrost, Wh
80 Qsen Total sensible heat/cool delivered, Wh

130 Tdew Outdoor dew point, °C
131 Tdry Outdoor dry-bulb temperature, °C

Values calculated by DAS each hour

15 ODRH Outdoor relative humidity, %
30 CCHE Off-cycle energy use, Wh

219(399)b HTLD Total heating delivered, Wh
220(400) COOL Total cooling delivered, Wh
222(402) Qlat Latent cooling delivered, Wh

aFor 235-variable data sets.
bNumbers in parentheses are variable numbers for 420-variable data sets.



3. HEATING SEASON PERFORMANCE

The results of tests run during eight winter months over the 1981-82 and 1982-83 heating
seasons and analyses of the test data are described in this section. Table 3.1 lists the eight
monthly data sets and the number of hours included in each upon which the subsequent
test results and analyses are based. A detailed tabulation of the compressed raw data set
and test results is given in Appendix A, Tables A.1 and A.2, for 5°C-wide bins for each
month (bin-month). Unless otherwise indicated, data in figures and tables are presented on
a bin-month basis. The following sections will discuss steady-state performance, measured
energy use penalties caused by the various loss mechanisms, the effect of reducing cycling
rate on overall performance, defrost-mode performance, and the results of the data analyses.
About two weeks of additional data were collected in November and December of 1983 to
supplement the data available for 4-min start-up transient time.

Table 3.1. Heating season monthly data sets

Days included DataMonth in data set hours"

December 1981 December 16-30 359
February 1982 February 1-28 666
April 1982 April 2-May 2 743
December 1982 December 3-31 649
January 1983 January 1-5, 11-31 622
February 1983 February 1-7, 16-28 488
March 1983 March 1-8, 15-31 597
April 1983 April 1-30 719

"Total hours minus those hours with missing
or suspect data.

3.1 STEADY-STATE PERFORMANCE BASE

Two sources are available for determining the steady-state performance of the test heat
pump-the ARI ratings and steady-state laboratory tests performed by Miller 6 at ORNL on
an identical unit. Figures 3.1 and 3.2, COP and capacity plots of both the laboratory data
and the ARI ratings, show slight differences between the two. Hourly field measurements
of normal-mode capacity vs temperature for April 1983 and December 1981 are plotted in
Figs. 3.3 and 3.4. It is apparent that the straight line developed from the laboratory data
fits the site-measured capacities better than the line taken from the ARI rating points,

13
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Fig. 3.3. Measured normal-mode capacity vs outdoor air temperature: April 1983.

especially at the higher and lower ends of the temperature scale. A large number of the
hourly measurements do not reach steady-state performance level because of frosting
and/or cycling effects.

Based on the results presented above, it was decided to use the laboratory measurements
as the base steady-state performance for the heating mode.

3.2 TEST RESULTS

Table 3.2 lists energy consumption penalties due to cycling, frosting, and defrosting. The
table gives, for each monthly data set, the following:

1. delivered heating load,

2. supplemental resistance heat (I2R) required if the unit ran at steady-state efficiency
with no dynamic losses,

3. I2R required to make up for loss in capacity due to frosting,

4. off-cycle energy use,
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Fig. 3.4. Measured normal-mode capacity vs outdoor air temperature: December
1981.

5. start-up transient energy use penalty,

6. defrost energy use penalty (including defrost tempering 12 R),

7. non-I2R frosting energy use penalty,

8. steady-state energy use required to meet the load (minus required supplemental 12 R),

and

9. total energy use minus required supplemental 12R.

A sample calculation of energy use penalties is given in Appendix A (Sect. A.2.3).

Examination of the data in the table reveals that, overall, defrosting accounted for 10.1%

of the total energy use, frosting (including 12 R use due to capacity reduction) 3.6%, start-up

transients 8.4%, and off-cycle parasitics 4.3%. "Total energy use" here and subsequently in

all figures and tables is to be understood as total minus required supplemental I2R unless

otherwise specified.
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Table 3.2. Energy consumption penalties due to dynamic losses during heating season

Supplemental I2R
(kWh) Off- Stt-up Defrost Frosting eadytransient state TotalHeating cycle energy energy ee eeenergy energy energy

Month load caused by energy ey use use eey eeu se use useb
(kWh) frosting use penalty penalty

) required capacit penalty penalty penalty required' (kWh)capacity (kWh) (kWh) (kWh) (kWh) (kWh)
loss

December 1981 1,332.4 26.2 9.1 8.4 45.8 103.1 12.0 525.6 704.1
February 1982 1,828.9 4.3 4.6 22.0 81.4 93.3 27.1 689.2 917.6
April 1982 586.1 0.0 0.0 35.6 52.5 7.6 5.6 206.6 308.0

December 1982 1,419.1 0.7 2.6 34.8 48.6 97.3 30.5 536.1 749.8
January 1983 2,102.3 6.9 1.8 24.6 58.4 126.0 54.0 816.0 1,080.8
February 1983 1,331.5 0.0 0.0 23.4 48.3 76.4 25.7 504.3 678.1
March 1983 974.7 0.0 0.0 36.9 54.0 26.8 14.7 355.4 487.9
April 1983 1,039.3 0.0 0.0 46.3 67.6 21.7 11.2 369.6 516.4

Total 10,614.2 38.1 18.1 232.0 456.6 552.2 180.8 4,002.8 5,442.5
Percent" 0.3 4.3 8.4 10.1 3.3 73.6 100.0

aEnergy required to meet heating load minus required supplemental I2R.
bDoes not include required supplemental I2R.
"Percent of total energy use.

Table 3.3 shows the effect of these energy consumption penalties on heating seasonal
performance factor (HSPF). Exclusive of supplemental heat requirements, there was an
overall degradation in HSPF of 26.5% (from 2.642 to 1.943). About 52% of this degradation

was due to frosting/defrosting losses with the remainder caused by cycling losses (off-cycle
parasitics and start-up transients). A sample calculation of energy use penalties for a bin-
month is given by Appendix A (Sect. A.2.1).

3.2.1 Effect of Cycling Rate Reduction

As mentioned in Sect. 2, the Honeywell thermostat was replaced in November 1982 with
a GE model having a slightly lower cycling rate. Table 3.4 presents a comparison of heat

pump performance between two months using different thermostats. The data in the table

Table 3.3. Effect of dynamic losses on heating seasonal
performance factor (HSPF)

(1) Measured HSPF 1.937
(2) Measured HSPF without supplemental resistance heat 1.943
(3) HSPF (2) without off-cycle parasitic losses 2.030
(4) HSPF (2) without start-up transient losses 2.121
(5) HSPF (2) without defrost losses 2.163
(6) HSPF (2) without frosting losses 2.017
(7) HSPF (2) with no losses 2.642
(8) HSPF (7) with supplemental resistance heat 2.627
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Table 3.4. Comparison of heat pump performance degradation with
different thermostats

December 1982 February 1982
(GE thermostat; (Honeywell thermostat;

- 5 cph at 50% load) - 6 cph at 50% load)

Ambient operating temperature, °C

Transient 4.3 4.2
Normal 1.7 2.0
Defrost -0.3 -0.6
Overall average 2.3 2.6

Degradation from steady-state capacity, %

Transient 20.3 19.2
Normal 11.0 6.6
Defrost 57.3 55.9
Overall average 14.6 10.2

Total cycles 1627 2549
Average on-time per cycle, min 7.8 6.1
Transient time, % of total 26.7 31.3
Total defrosts 96 110
Defrost energy usage, % of total 15.7 12.0
Supplemental I2R, kWh 3.3 8.9
Off-cycle parasitic, kWh" 35.2 16.0
COP 1.90 1.99

"Off-cycle parasitic power draw increased from 53.5 W to 80 W with installation of the
hard-start kit in November 1982.

reveal several interesting points. Average on-time per cycle increased from 6.1 to 7.8 min.

Capacity degradation in the transient mode was about 6% higher with the 5-cph thermostat

than with the 6-cph thermostat, suggesting that cyclic capacity losses are not directly

proportional to cycling rate. Degradation of normal-mode capacity was about 67% higher

(from 6.6 to 11%) with the lower cycling rate thermostat, indicating that possibly the longer

average on-time was conducive to greater frosting losses.

Figures 3.5 and 3.6 are plots of the energy use penalty, in percentage of total heat pump

energy consumption, due to frosting and defrosting losses vs ambient operating temperature

for the 1981-82 and 1982-83 heating seasons, respectively. Defrost degradations were not

greatly different from one season to the next. Frosting degradation levels were similar for

temperatures above -6°C. At lower temperatures, however, frosting losses were much

higher in the 1982-83 season. These losses correspond to periods when the heat pump was

running almost constantly. As illustrated in Table 3.5, during those periods the heating

capacity became progressively lower and the energy consumption higher from hour to hour,

indicating that perhaps the coil was not being defrosted thoroughly and was, therefore,

becoming ice covered.

Energy use penalty, in percentage of total energy consumption, due to start-up transients

and off-cycle parasitics is plotted vs ambient operating temperature in Figs. 3.7 and 3.8.

Energy consumption caused by start-up transient losses was greater in the 1981-82 season

at all temperatures because of the higher cycling rate prevalent during that time. Off-cycle
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Table 3.5. Heating output and energy consumption
at very cold ambient temperatures

Heat output Energy use Temperature
Date Time (Wh) (Wh) (°C)

December 14, 1982b 2:00-3:00 a.m. 5627 3041 -6.3
5:00-6:00 a.m. 5548 3078 -7.3

January 18, 1983C 5:00-6:00 a.m. 5671 2882 -6.5
8:00-9:00 a.m. 5553 3433 -6.4

"Hourly periods with no defrost occurrence.
bHeat pump on continuously from 1:00 through 6:00 a.m.
cHeat pump on continuously from 3:00 through 9:00 a.m.
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Fig. 3.7. Cycling energy use penalty vs ambient operating temperature: 1981-82
heating season.

parasitic energy consumption was higher in 1982-83 because of the increased off-cycle power

rate caused by the addition of the hard-start kit. Table 3.6 gives an overall performance

comparison between the 1981-82 and 1982-83 seasons. The start-up transient energy use

fraction was lower in 1982-83 because of the lower cycling rate, while the frosting energy

use fraction was higher. The increase in frosting energy use is most likely due to longer run
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Fig. 3.8. Cycling energy use penalty vs ambient operating temperature: 1982-83
heating season.

times per cycle and the fact that a larger percentage of the run hours were spent in the
temperature range most susceptible to frost formation. The overall HSPF was slightly
higher in 1982-83 than in 1981-82, but so was the average operating temperature. Reducing
the nominal cycling rate from 6 to 5 cph did not significantly improve the seasonal
efficiency of the test heat pump. Possibly a greater reduction in maximum cycling rate (for
example, from 6 to 3 cph, as assumed by the DOE test standards) would have had a more
noticeable effect.

3.2.2 Defrost Cycle Characterization

As mentioned in Sect. 2.3, defrost-mode data collection begins with the onset of a defrost
cycle and continues for about 1.25 min after defrost termination. Use of this scheme charges
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Table 3.6. Comparison of dynamic losses and cycling rates for
1981-82 and 1982-83 heating seasons

Delivered Energy consumption Percent heat pump energy Run
heating (kWh) use due to losses Thermostat time
heating ______ _______________ Thermostat

Season -la-d HSPF cys per
(kWh) Supplemental Heat (1)0 (2)0 (3)0 (4)a cycle

(kWh) heat pump (min)

1981-82" 3747.4 30.5 1929.5 3.4 9.3 10.6 3.0 1.908 5067 6.42

1982-83c 6866.8 7.6 3513.0 4.7 7.9 9.9 4.0 1.950 8067 7.41

a(1) Off-cycle parasitic losses.
(2) Start-up transient losses.
(3) Defrosting losses.
(4) Frosting losses.

bHoneywell thermostat-6 cph at 50% load; off-cycle power rate = 53.5 W.
CGE thermostat-5 cph at 50% load; off-cycle power rate = 80.0 W.

the defrost mode with most of the recovery transient period immediately following, as

shown in Fig. 3.9. This figure illustrates the air temperature rise across the indoor unit

during a complete heating cycle with a defrost. The area between the entering and leaving
temperature curves is proportional to the heating energy delivered by the heat pump during
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Fig. 3.9. Heat pump indoor unit inlet and exit air temperature vs time for a
heating cycle with defrost.
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the cycle. By observing the area between the curves for the defrost period, the relative
amounts of heat delivered to the space during the defrost cycle and the recovery period can
be determined. This was done for several cycles; the fraction of total defrost-mode space
heat that was delivered during the recovery period (FQr) is plotted against defrost cycle
time (not including recovery period time) in Fig. 3.10. The equation fitted to the data by

linear regression analysis is

FQr = 0.380 - 0.029 X (defrost time), (r2 = 0.924),

where r2 is the correlation coefficient and defrost time is in minutes.
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Fig. 3.10. Fraction of defrost cycle space heating delivered during recovery from
defrost period vs defrost time.

By subtracting, the fraction of defrost-mode space heat delivered during the defrost cycle
itself (FQd) is

FQd = 1 - FQ, = 0.62 + 0.029 X (defrost time).

Table 3.7 gives average heat pump energy consumption, cooling capacity, and defrost time
per cycle along with total defrost cycles for each month in the data set. Average defrost

cycle cooling capacity is approximated by

Qc = (I2Rd - HTLDd X FQd)/td
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Table 3.7. Average defrost cycle parameters

Average Average Average
Defrost energy consumption coling efro,, „ Defrost /, „,.. cooling defrost

Month cycles (kW) capacity time'

I2Ra Heat pump (kW) (min )

December 1981 111 8.23 2.51 5.28 5.72
February 1982 110 8.70 2.62 5.66 4.87
April 1982 19 8.39 2.52 4.18 2.41
December 1982 96 8.26 2.50 5.27 6.19
January 1983 164 8.07 2.76 4.66 4.68
February 1983 93 9.27 2.84 5.77 4.38
March 1983 41 9.05 2.88 5.38 3.55
April 1983 31 9.44 2.74 5.81 3.74

Total 665 8.53 2.67 5.26 4.88

"Does not include 1.25-min recovery period.

where

Qc = average defrost cycle cooling capacity (kW),

I2 Rd = electric resistance heat used in defrost mode for the month (kWh),

HTLDd = net space heating delivered during defrost mode during the month (kWh),

td = total time spent in defrost mode during the month exclusive

of the recovery period (h).

Details of the calculation methods and a sample calculation are given in Appendix A.

3.3 DYNAMIC LOSS ANALYSIS

3.3.1 Modal Coefficients of Performance

Coefficients of performance as measured for the transient and normal modes of oper-

ation and for overall operation are presented for a range of ambient operating temperatures

in Figs. 3.11 and 3.12. Each point represents performance within a 50C bin-month, with the

plotted temperature of the point being the average outdoor temperature during operation

within the bin-month. Steady-state, dry-coil COPs as measured in the laboratory and

reported by Miller 6 for a heat pump identical (same model) to the field test unit are also

presented. Fig. 3.11 is from operation during December 1981, when transient data

represented the first 4 min of each on period. Figure 3.12 represents operation during

February 1983, when only the first 2-min period of operation in each cycle was assigned to

transient performance.

The variation of normal-mode COP from steady-state, dry-coil COP is due primarily to

frosting losses; other minor variations may be due to slight differences in the two units as

manufactured, field-vs-laboratory differences in installation, and uncontrolled ambient

conditions in the field. In Fig. 3.11 the effect of frosting is clearly evident in the ambient
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Fig. 3.11. Modal COP vs ambient operating temperature for 4-min transient period.

temperature range of -10 to +5°C, with the maximum degradation of COP of approx-
imately 8% occurring at about 0°C.

Transient-mode COP is degraded from normal-mode COP by the reduced heat output
rate at the beginning of each on period and by any increase in power input rate during
start-up. As shown in Fig. 3.11, the cycling degradation is greatest at warmer ambient
temperatures when the total cycling period and the off-time per cycle are long and the on-
time per cycle is short.

Overall COP reflects the composite degradation of performance due to frosting losses,
cycling losses (excluding off-cycle energy use), the very poor heating performance during
defrosting, and the use of supplemental electric resistance heat as required at low ambient
temperatures.

Normal and transient COPs as presented in Fig. 3.12 for 2-min transient measurements
are both lower than those for 4-min measurements as shown in Fig. 3.11, especially at
higher temperatures. A 2-min measurement period is too short to include all of the
transient effects of start-up. The transient data cover only the poorest period of transient
performance and, therefore, provide a lower COP than that resulting from a longer
transient measurement period. Since a portion of the transient performance is included in
the normal data, the resulting normal COP is also lower. Frosting loss effects are not
evident from the 2-min transient measurement data. Overall COPs are similar in Figs. 3.11
and 3.12, indicating that overall heat pump performance was essentially unchanged and the
modal COP differences were due to data allocation techniques.
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Fig. 3.12. Modal COP vs ambient operating temperature for 2-min transient period.

An alternative presentation of the data for 4-min start-up transient time is given in

Fig. 3.13, which more clearly shows the contributions of the various dynamic losses to the
overall COP degradation. The effect of off-cycle energy use is included in this figure (in the
cycling losses) and is very pronounced at high ambient temperatures. Curves 1-4 in Fig. 3.13
are approximate representations of the data taken for 4-min transient time intervals in
December 1981 and November and December 1983.

3.3.2 Degradation of Capacity and COP at Part Load

An indication of the overall degradation of capacity and COP, due to both frosting and
cycling losses (excluding defrosting and off-cycle power), at part load is given in Fig. 3.14.
The ordinate for this figure is the ratio of cyclic to steady-state capacity or COP. The
ordinate value of each data point reflects the average capacity or COP for a bin-month
divided by the steady-state, dry-coil capacity or COP as reported by Miller 6 at the average
operating temperature for the bin-month. The abscissa for the figure is heating load factor,
defined as the total nondefrosting heat delivered in a bin-month divided by the product of
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Fig. 3.13. Effects of dynamic losses on heating COP.

steady-state, dry-coil capacity at the bin average operating temperature and the non-
defrosting bin hours for the month.

Data points shown in Fig. 3.14 are for both 2-min and 4-min transient measurement
operation. The curves were hand fitted to the capacity ratio (CAPRAT) and COP
ratio (COPRAT) points.

Both CAPRAT and COPRAT decrease rather steadily as heating load factor decreases,
with no clear indication of increased frosting degradation in the heavy frost accumulation
temperature range of -10 to +5°C. The greater degradation of COP than that of capacity

indicates an increase in power consumption under frosting-plus-cycling operation, con-
comitant with the lower capacity. The indicated percentage increase in power consumption
is equal to (CAPRAT/COPRAT - 1) X 100, or less than 5% over the range of load factor.

If capacity and COP ratios are redefined as the measured nondefrosting capacity and
COP, respectively, for each temperature bin-month divided by the measured normal-mode
capacity and COP, respectively, for that bin-month, cyclic degradation can be separated
from frosting effects. This assumes that measured normal-mode performance represents

steady-state performance at the frosting condition of that bin-month. Similarly, the heating

load factor is redefined as the total nondefrosting heat delivered in a bin-month divided
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Fig. 3.14. COPRAT and CAPRAT vs heating load factor (rF) based on steady-state,
dry-coil capacity.

by the product of normal-mode capacity and nondefrosting bin hours for the bin-month.
Figure 3.15 presents the redefined capacity and COP ratios, plotted against the redefined
heating load factor, with each data point representing 1 bin-month of field test operation.

Since a 4-min transient delay time seemed to be more appropriate and the available
4-min transient data included few hours of operation at temperatures greater than 5°C, it
was decided to supplement the available data with data from two weeks in November and
December 1983. Table 3.8 gives average operating temperatures, percent on-times, capacity
and COP ratios, and heating load factors for this period (based on normal-mode capacity).
These data are included in Fig. 3.15.

There is little difference between capacity ratio and COP ratio as determined from data
collected with a 2-min transient measurement interval. A tendency for capacity ratio to
become smaller than COP ratio at very low values of heating load factor is evident,
indicating a decrease in power consumption during transient-mode operation.

The data collected with a 4-min transient measurement interval probably presents a
more accurate portrayal of cyclic performance, as discussed in Sect. 3.3.1. As shown in
Fig. 3.15, there is a marked degradation in performance at lower values for heating load
factor. COP ratio is lower than capacity ratio, indicating an increase in overall power
consumption of up to 6% over that for normal-mode operation.

The National Bureau of Standards developed a test and rating procedure to be used for
estimating the heating seasonal performance of heat pumps.7 In that procedure, cyclic
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Fig. 3.15. COPRAT and CAPRAT vs heating load factor (rh) based on normal-
mode capacity.

Table 3.8. Percent on, CAPRAT, COPRAT, and heating
load factor (rA) vs ambient operating temperature
for November 28, 1983, through December 11, 1983

Average
ambientBin-month ambient Percent

(Cran) operating CAPRAT COPRA rh(°C range) on
temperature

(°C)

T < 0°C -2.1 53.6 1.00 0.99 0.536
0-5°C 2.7 38.5 0.92 0.90 0.355
5-10°C 2.1 26.4 0.85 0.85 0.223
10-15°C 11.8 12.8 0.72 0.74 0.093
T > 15°C 16.3 5.5 0.49 0.69 0.030

aBased on normal-mode capacity and COP.

degradation of heat pump performance is characterized by the cyclic degradation factor, Cd,

defined as follows.

Cd = (1 - COPcc(47)/COPa(47))/(1 - HLF),

where

COPcyc(4 7) cyclic COP for 20% on-time measured at 47°F,

COPwg(4 7) = steady-state COP measured at 47°F,

HLF = heating load factor resulting from a 20% on-time test.
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The Cd thus defined in ref. 7 included the effect of off-cycle power. Interpolating in the field
data in Table 3.8 at 20% on-time, HLF is about 0.162 and the cyclic COP ratio is about 0.8,
yielding a Cd of about 0.24 (for the 4-min transient time). The corresponding value for Cd for
the 2-min transient data is about 0.1.

3.3.3 Analysis of Cycling Loss During Heating

The overall degradation in performance due to cycling during part-load operation was
quantified in the preceding section. That treatment of the subject is useful in predicting the
seasonal performance of a heat pump system but does little toward providing an under-
standing of why the losses occur and what might be done to reduce them.

The overall degradation is a composite result of a loss in output energy and an increase
in input energy for each thermostat-controlled on-off cycle experienced by the heat pump.
Energy consumption for the crankcase heater and the control circuit should be included in a
complete analysis, but are excluded in the following discussion, which attempts to elucidate
the variation of cyclic losses with the various cycle parameters.

From data collected during each temperature bin and month, the average cycle period,
on-time, and off-time were calculated as follows:

P = (BH - DH) X 60/N,

ton = 60 X top/N,

toff = P - to ,

where, for each bin-month,

P = average cycle period (min),
BH = bin hours,
DH = defrost-mode operating hours,

to, = average time on per cycle (min),

top = normal-mode plus transient-mode operating time (h),

toff = average time off per cycle (min),

N = number of cycles.

In addition, the average per-cycle loss in output (the difference in actual measured output
and that which would have resulted from normal operation during the entire run time) and
increase in input (the difference in measured input and that which would have resulted from

delivery of the measured output at normal COP) were estimated as follows:

OLPC = (Qn X Top - Q) X 3600/N,

IIPC = (E - Q) X 3600/N,
COP,
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where

OLPC = output loss per cycle (kJ),
~Q = normal-mode capacity (kW),

Q = total nondefrost delivered energy (kWh),
IIPC = input increase per cycle (kJ),
E = normal-mode plus transient-mode input (kWh),
COP, = normal-mode COP.

3.3.3.1 Cycling rate

Figure 3.16 shows average cycling rate in cycles per hour as a function of ambient
temperature for each temperature bin-month. Although there is considerable scatter in the
data, the effect of changing thermostats is evident. With each thermostat, cycling rate
approaches zero at low temperatures, when the unit essentially operates full-time to meet
the building heating load, and at high temperatures, when no heating is required and the
unit is idle. Peak cycling rates occur when the ambient temperature is in a range of 0 to
5°C. On-time and off-time per cycle are shown in Figs. 3.17 and 3.18, respectively.
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Fig. 3.16. Cycles per hour vs ambient temperature.
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3.3.3.2 Output loss per cycle

Figure 3.19 shows calculated values of per-cycle loss in output as a function of ambient
operating temperature. A least-squares linear-fit line through the plotted points has the

equation

OLPC (kJ) = 69.78 + 16.85 X T (°C)

with a correlation coefficient (r2) of 0.934.
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Fig. 3.18. Off-time per cycle vs ambient temperature.

The calculated loss data also correlate well with percent on (100 X to,/P), as shown in

Fig. 3.20. Here, the least-squares linear-fit line through the data has the equation

OLPC = 359.52 - 5.08 X (percent on)

with a correlation coefficient (r2) of 0.922.

Given that a reasonably good linear relationship was found for loss as a function of
ambient temperature, it is not surprising that a similarly good linear relationship was found
for loss as a function of percent on. To a first approximation, percent on is linearly
(although inversely) related to ambient temperature because building heating load and heat
pump capacity vary approximately linearly with temperature.

The loss in output per cycle is due to the reduced heat production rate immediately
following start-up. At the beginning of the on portion of the cycle, a finite period of time
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Fig. 3.19. Output loss per cycle vs ambient operating temperature.

elapses before the heat pump reaches steady-state operation and produces its full heating
capacity. During this transient period, system operating pressures are being established, the
refrigerant charge is being redistributed within the system, and the masses of the various
system components are being brought to their steady-state temperature levels. No
mechanism is evident that would cause the loss per cycle to increase so significantly with
increasing temperature or decreasing percent on as indicated in Figs. 3.19 and 3.20. Rather,
it is believed that the loss per cycle is primarily a function of one or more cycle parameters
that vary with ambient operating temperature. Cycle period can be ruled out because the
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period becomes large at both extremes of the temperature range; any strong effect of period
is not in consonance with the linearity in Fig. 3.19. On-time should not influence transient
loss per cycle unless on-time is shorter than the period of time required to reach steady-
state operating conditions.

The one remaining cycle parameter, off-time, is believed to be the key to explaining the
variation of output loss per cycle. Figure 3.21 presents output loss per cycle as a function of
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Fig. 3.21. Output loss per cycle vs off-time per cycle.

off-time per cycle. Initially, loss increases rapidly with increasing off-time. Then, for off-
times greater than approximately 20 min, loss increases at a much lower rate. The line on

the figure represents a least-squares fit to the data as follows:

OLPC = 360.5 - 1880/(off-time),

with a correlation coefficient (r 2) of 0.888. However, the line and correlation should not be
allowed to obscure what may be a two-stage phenomenon. The first stage, when loss
increases rapidly with off-time, could reflect the effect of refrigerant migration from the
warm indoor portion of the system to the cold outdoor portion. After the bulk of refrigerant
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migration has occurred, some low-loss-rate mechanism may continue for an extended time
period.

No clear explanation for the apparent negative losses per cycle at low values for off-time
(or low ambient temperatures or high percent on) is offered. The negative losses imply an
increase in output per cycle due to cycling when off-times are short. As was pointed out in
an earlier section, most of the data were collected using a 2-min transient measurement
interval, which was not sufficient to account for the total transient performance period. This
tends to understate the output loss per cycle and could, along with other (but unrecognized)
biases in the data, account for the apparent negative losses.

3.3.3.3 Input increase per cycle

Calculated values of the increase in per-cycle energy input are shown as a function of
ambient operating temperature and as a function of off-time per cycle in Figs. 3.22 and 3.23,
respectively. Although there is considerably greater scatter in the data than in that for
output losses, the same general trends are evident. Increase in input is larger for higher
ambient temperature and longer off-time. A possible cause for these trends is ingestion of
some liquid refrigerant by the compressor at start-up, due to evaporator flooding by the
migration of refrigerant during long off-times.

3.3.4 Analysis of Defrost Time as a Function of Frosting Potential

The defrost control scheme for the field test unit is of the timed-initiation, demand-
termination type. A timer that operates with the compressor initiates a defrost cycle after
approximately 80 min of operation if, at that instant, the outside coil is below approximately
0°C. If the coil is above freezing temperature, defrosting does not occur and another 90-min
timer period starts. When the coil is below freezing at the end of a timer cycle, the unit
operates in the defrosting mode until the outside coil is warmed to approximately 10°C, or
for a timed 10-min period if the coil does not reach 10°C. The unit then returns to heating
mode operation.

During defrosting operation, the unit operates in the air-conditioning mode but with the
outdoor blower idle and the supplemental resistance heaters energized to overcome the
indoor air cooling effect. The net result is that, during defrosting, the energy input rate is
high and the net heat delivery rate to the indoor air is low. Typically, only about one-third
of the energy input is delivered as heat to the indoor air, and two-thirds is used to warm the
outdoor components and melt the accumulated frost.

The duration of each defrosting operation reflects, to a first approximation, the
efficiency-penalizing effect of defrosting since the energy delivery rate to the outdoor
components for metal warming and frost melting, the input energy rate, and the rate of
delivery of heat to indoor air are all relatively constant. It would be expected that defrosting
duration is a function of both the mass of accumulated frost to be melted and outdoor
temperature.

If the mass flow rate of air over the outdoor coil is assumed constant during the
operating period preceding defrost (data from ref. 6 suggest that it is not), the accumulated
frost mass should be approximately proportional to the difference in the humidity ratio
(mass of water vapor per unit mass of air) of the outdoor air entering the coil and the
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Fig. 3.22. Increased input per cycle vs ambient operating temperature.

saturated humidity ratio of air at the coil surface temperature. This difference, referred to
as frosting potential,8 is essentially the mass of water removed from a unit mass of outdoor
air as it is cooled from ambient temperature and relative humidity to the tube surface
temperature.
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To facilitate evaluation of the effect of frosting potential on defrost time, data for six of
the eight heating months (April 1982 and 1983 being excluded) were divided into relative
humidity sub-bins five percentage points wide. For example, a sub-bin might represent all
hours having 70-75% relative humidity in the -5 to 0°C temperature bin-month during
December 1982.
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Plots of defrost time versus frosting potential for 3 temperature bin-months of interest
are shown in Figs. 3.24, 3.25, and 3.26. Defrost time as shown includes a constant 1.25 min
for recovery, as discussed in Sect. 2.3. Ambient relative humidity used to calculate frosting
potential was as measured by the weather station at the Knoxville municipal airport,
located approximately 11 km (7 miles) from the test site. (Relative humidity was regularly
measured and recorded at the test site. However, the on-site measurements are not believed
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Fig. 3.24. Defrost time vs frosting potential (-10°C < T < -5°C).
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Fig. 3.26. Defrost time vs frosting potential (0C < T < 5C).

to be as reliable as the airport measurements.) Depression of tube wall temperature from
ambient temperature used in the calculations was assumed to vary linearly from 4.40C at
4.41C ambient to 1.70C at -17.80C. This relationship is as reported in ref. 8 for an outdoor
coil of "normal" configuration and is in close agreement with measurements made on a heat
pump similar to the test unit at -1.1 and 1.70C by Miller. 6

The lines shown in Figs. 3.24, 3.25, and 3.26 are least-squares linear fits to the data
points, weighted to reflect the number of defrost cycles represented by each sub-bin data
point. Regression equations and correlation coefficients for the lines are included in the
figures. As with much of the field-measured data reported herein, the degree of scatter is
much greater than would be expected from laboratory testing under carefully controlled

conditions, and, as a result, the correlation coefficients are low. However, the trends are

clear. Defrost time increases essentially linearly with frosting potential and is a stronger
function of frosting potential at lower outdoor temperatures.

It should be noted that data from ref. 6 indicate decreasing air flow across the outdoor
coil during the frosting period, especially at high relative humidities (and, thus, frosting
potential). Such a variation in air flow should cause a reduction in required defrost time
from that predicted by a linear relationship with frosting potential. However, examination
of the data portrayed in Figs. 3.24, 3.25, and 3.26 does not suggest a nonlinear relationship
between defrost time and frosting potential.

An approximate relationship of defrost time to frosting potential and outdoor tem-
perature, derived from the regression equations for the three figures and using the average

operating temperature within each of the three bins, is as follows.

DT = 5.39 + 7.15/(T + 11.12) + [24.7 + 60.5/(T + 8.10)] X FP
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Fig. 3.26. Defrost time vs frosting potential (0°C < T < 5°0C).

to be as reliable as the airport measurements.) Depression of tube wall temperature from
ambient temperature used in the calculations was assumed to vary linearly from 4.4°C at
4.4°C ambient to 1.7°C at -17.8°C. This relationship is as reported in ref. 8 for an outdoor
coil of "normal" configuration and is in close agreement with measurements made on a heat
pump similar to the test unit at -1.1 and 1.7°C by Miller. 6

The lines shown in Figs. 3.24, 3.25, and 3.26 are least-squares linear fits to the data
points, weighted to reflect the number of defrost cycles represented by each sub-bin data
point. Regression equations and correlation coefficients for the lines are included in the
figures. As with much of the field-measured data reported herein, the degree of scatter is
much greater than would be expected from laboratory testing under carefully controlled
conditions, and, as a result, the correlation coefficients are low. However, the trends are
clear. Defrost time increases essentially linearly with frosting potential and is a stronger
function of frosting potential at lower outdoor temperatures.

It should be noted that data from ref. 6 indicate decreasing air flow across the outdoor
coil during the frosting period, especially at high relative humidities (and, thus, frosting
potential). Such a variation in air flow should cause a reduction in required defrost time
from that predicted by a linear relationship with frosting potential. However, examination
of the data portrayed in Figs. 3.24, 3.25, and 3.26 does not suggest a nonlinear relationship
between defrost time and frosting potential.

An approximate relationship of defrost time to frosting potential and outdoor tem-
perature, derived from the regression equations for the three figures and using the average

operating temperature within each of the three bins, is as follows.

DT = 5.39 + 7.15/(T + 11.12) + [24.7 + 60.5/(T + 8.10)] X FP ,
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where

DT = defrost time (min),
T = outdoor air temperature (°C),

FP = frosting potential kg H2 0r
kg dry air

This relationship is plotted for the range of applicability of the data in Fig. 3.27. For
positive values of frosting potential, where frost accumulation would be expected, defrost
time decreases as outdoor temperature increases. This is as would be expected because the
fraction of the energy pumped to the outdoor coil that is utilized for frost melting (rather
than being lost to the outdoor air) increases with temperature. However, two paradoxical
features appear in the region of negative frosting potential. First, the linear relationship
of defrost time with frosting potential appears to persist even though there should be no
frost accumulation to be melted in this region. Second, defrost time at a given negative
value of frosting potential is essentially constant over the warmer temperatures but
decreases rather sharply at the colder temperatures. No explanation is available for either
of these paradoxes.
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3.4 EFFECT OF DESUPERHEATER OPERATION ON CYCLING,
FROSTING, AND DEFROSTING LOSSES

As indicated in Sect. 2, the desuperheater was operated during alternate months in the
1981-82 test year, including January and March. This section discusses the effect of the
desuperheater operation on heating mode dynamic losses.

Figure 3.28 is a plot of modal COP versus ambient operating temperature for March 1982
(2-min transient delay time), superimposed on the data from Fig. 3.12 for nondesuperheater
operation. As the figure shows, transient, normal, and overall COPs for desuperheater
operation agree reasonably well with those without the desuperheater. A similar plot for
4-min transient delay times, Fig. 3.29, shows almost the same level of agreement. Figure 3.29
shows that the effect of supplemental resistance heat on the space heating COP of the unit
is greater with the desuperheater, as is to be expected.

Normal-mode space heating capacity vs ambient operating temperature is plotted in
Fig. 3.30, showing that desuperheater operation reduces space heating capacity by 5-20%.
This reduction results in greater use of supplemental I2R for space heating. For example, for
temperatures between -10 and -5°C the heat pump used an average of 0.4 kWh/h of
supplemental space heat without the desuperheater. With the desuperheater, average
supplemental space heat use was 1.0 kWh/h. The difference of 0.6 kWh/h is approximately
equal to the capacity reduction shown in Fig. 3.30.
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It would be expected that this capacity reduction should be manifested by increased
percentage run time at a given temperature for desuperheater operation. However, percent
on-time plotted against outdoor air temperature in Fig. 3.31 shows no clear difference
between that for desuperheater and nondesuperheater operation.

Capacity and COP ratios based on normal-mode space heating capacity for desuperheater
operation are superimposed on those for nondesuperheater operation (from Fig. 3.15) in
Fig. 3.32. Here again, no real difference is discernible. Thus, there is no reason to suspect
that the Cd for desuperheater operation is any different from that previously determined for
nondesuperheater operation.

Space heating output loss per cycle (as defined in Sect. 3.3.3) for desuperheater operation
is plotted against off-time per cycle in Fig. 3.33 superimposed on nondesuperheater
operation results. As before, no clear effect of the desuperheater can be seen. Similar results
are seen in Fig. 3.34 for the input energy increase per cycle.

Defrost time per cycle versus frosting potential for desuperheater operation is super-
imposed on similar data for nondesuperheater operation in Figs. 3.35-3.37. For low outdoor
air temperature ranges (Figs. 3.35 and 3.36) there seems to be a slight tendency for defrost
times to be longer when the desuperheater is operating. This is reasonable in light of the
fact that, in defrost, the desuperheater is competing with the outdoor coil for the available
heat output, leaving less available for frost melting. For the temperature range above 0°C,
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Fig. 3.30. Normal-mode space heating capacity vs ambient operating temperature
with and without desuperheater.

there appears to be no significant difference in defrost times whether or not the desuper-
heater is operating.

Overall energy consumption penalty including frosting, defrosting, and cycling as a
percentage of total energy consumption (exclusive of 12R supplemental heat) is plotted
against ambient operating temperature in Fig. 3.38 for the 1981-82 heating season. For
operation both with and without the desuperheater, the overall penalty ranges from about
20 to about 30%, rising sharply for temperatures above 13°C. There seems to be essentially
no difference in degradation with or without the desuperheater.

From the foregoing data and analyses, it appears that having the desuperheater
operating with the heat pump had no detectable effect on space heating dynamic losses.
Supplemental space heating requirements were significantly higher, however.
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Fig. 3.32. COPRAT and CAPRAT vs heating load factor (rh) with and without
desuperheater.
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4. COOLING SEASON PERFORMANCE

Cooling season test results covering seven summer months during 1982 and 1983 and
analyses of those results are discussed in this section. Table 4.1 provides a description of the
seven monthly data sets on which the test results and analyses are based. Detailed
tabulations of data and results are included in Appendix A, Tables A.3 and A.4, in 5°C-wide
bin-months. Steady-state performance, energy use penalties due to cycling, and the effect of
cycling rate on seasonal performance are discussed in the following sections.

Table 4.1. Cooling season monthly data sets

Month Days included Data Hours with no heat
in data set hours" pump operation

June 1982 June 1-30 714 329
July 1982b July 12-28 383 68
August 1982 August 18-September 2 381 168
September 1982b September 1-October 14c 991 700
June 1983 June 13-July 10 641 309
July 1983 July 11-20, 25-31 361 129
August 1983 August 1-4, 9-26 502 174

"Total hours minus those hours with missing or suspect data.
bDesuperheater active.
'There is a 2-d overlap in the August and September 1982 data sets.

4.1 MANUFACTURER'S RATINGS AND ON-SITE STEADY-STATE TESTS

There is no ORNL laboratory measurement of steady-state cooling performance anal-
ogous to that used in the heating performance analysis. Manufacturer's product data and
on-site measurements were available, however. Table 4.2 summarizes the results of several
on-site tests over the 1980, 1982, and 1983 summers. Data from the manufacturer are listed
in Table 4.3. The data from the tables are plotted against outdoor air temperature in
Figs. 4.1 and 4.2.

As noted in Table 4.3, the manufacturer's data used are for a 16.1°C indoor wet-bulb
temperature in order to match the average wet-bulb temperature for the on-site tests. These
data were then adjusted, as noted, to account for the differences between site-measured fan
power draw and that used by the manufacturer for rating purposes. Linear regression of the
adjusted data gives the following equations for capacity and COP:

Capacity = 12.57 - 0.089 X T (4.1)
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and

COP = 4.46 - 0.052 X T, (4.2)

with capacity in kilowatts and T in degrees Celsius.

Obviously, the steady-state performance in 1982 and 1983 has been degraded from both

the 1980 measured performance and the manufacturer's claimed performance, especially at
higher temperatures. The reason for this degradation is not known. Installation of the

Table 4.2. Results of on-site steady-state cooling tests

Energy consumption Indoor temperaturea
C oin (W) Outdoor (°C)

Date Coola g COP temperature
Wca y Compressor + Indoor (°C) wet dry

outdoor fan fan bulb bulb

June 20, 1980 10,424 3,037 404 3.03 26.5 15.8 22.2
July 9, 1980 9,379 3,411 405 2.46 35.2 17.2 23.3
May 13, 1982 9,704 3,006 408 2.84 27.0 17.8 24.4
May 28, 1982 9,823 2,861 415 3.00 25.6 16.1 22.8
July 1, 1982 9,589 2,880 411 2.91 27.8 15.6 22.8
August 19, 1982 8,869 3,003 405 2.60 29.8 16.7 23.3
June 29, 1983 8,907 2,935 410 2.66 29.1 16.1 23.3
August 29, 1983 8,173 3,104 407 2.33 31.3 16.1 24.4
October 5, 1983 9,710 2,903 410 2.93 24.5 16.1 24.4

"Measured at return air grill.

Table 4.3. Manufacturer's rated steady-state
cooling performance data

Outdoor Compressor Total Adjusted Ad t
temperature powera capacity"b COPb capacity' COpc

(°C) (kW) (kW) (kW)

29.4 2.75 9.74 2.71 9.93 2.92
32.2 2.85 9.54 2.58 9.73 2.78
35.0 2.95 9.29 2.45 9.48 2.63
37.8 3.05 9.00 2.31 9.19 2.48

"Based on 16.1°C indoor wet-bulb temperature.
bBased on specified 600-W indoor fan and 250-W outdoor fan.
CAdjusted for site-measured 410-W indoor fan and 240-W outdoor fan.
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Fig. 4.1. Steady-state cooling COP vs outdoor air temperature.
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desuperheater (during November 1980) may have had some effect. Whatever the reason, it
apparently did not similarly affect heating performance, as illustrated in Figs. 3.3 and 3.4.

Plotting fractional on-time (Fr) vs outdoor air temperature, as is done in Fig. 4.3 for the
1980, 1982, and 1983 cooling seasons, shows that the heat pump had to run longer to meet
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Fig. 4.3. Percent on-time vs outdoor air temperature.
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the load at high temperatures in 1982 and 1983 than it did in 1980, mirroring the trend
shown in Figs. 4.1 and 4.2. At low temperatures, Fr tended to be about the same or slightly
less than in 1980. Linear regressions of the data in Fig. 4.3 gave the following equations:

For 1980

Fr(%) = 3.63 X T - 57.46 (r 2 = 0.99) ,

and for 1982 and 1983

Fr(%) = 4.42 X T - 74.94 (r 2 = 0.96)

Plotting cyclic to steady-state capacity and COP ratios (CAPRAT and COPRAT) vs
cooling load factor (Fc), using both manufacturer's data and 1980 on-site tests as the
steady-state base (Figs 4.4 and 4.5, respectively), yielded poor correlations. Correlations
obtained using the 1980 tests as the base were somewhat better than those obtained using
the manufacturer's data. In neither case do the CAPRATs or COPRATs appear to approach
1.0 as r, approaches 1.0.

Linear regression analyses of the 1982 and 1983 on-site steady-state test results yielded
the following equations for steady-state capacity and COP.

Capacity (kW) = 15.86 - 0.237 X T (r 2 = 0.92),

COP = 5.277 - 0.0906 X T (r 2 = 0.92) .

CAPRAT and COPRAT vs cr using the above equations for steady-state performance are
plotted in Fig. 4.6. The data correlate much better than before, but CAPRAT and COPRAT
significantly exceed 1.0 at Fc = 1.0.
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0:8 0.9 1.0
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Fig. 4.4. COPRAT and CAPRAT vs cooling load factor (cr) based on man-
ufacturer's steady-state rating.
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4.2 DERIVED STEADY-STATE PERFORMANCE

Reasoning that the cyclic-to-steady-state ratios of capacity and COP should approach 1.0
as Pr approaches 1.0, we decided to derive equations for steady-state performance that
would force such a result and compare them with the site-measured performance. The
approach taken was to determine relationships for steady-state capacity and COP such that
the following relationships held.

For CAPRAT,

CAPRAT = Cap,/Cap. = A + (1 - A) X r,

Similarly, for COPRAT,

COPRAT = COPc/COPU = B + (1 - B) X r,

In Fig. 4.6, where CAPRAT, COPRAT, and rc are determined using the 1982 and 1983 on-
site tests as the steady-state basis, both CAPRAT and COPRAT are approximately equal to
0.75 at r, = 0.0. It was decided, therefore, to let both A and B be 0.75. The CAPRAT and
COPRAT curve desired is illustrated in Fig. 4.7.
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Fig. 4.7. COPRAT and CAPRAT vs cooling load factor (rc), idealized.

4.2.1 Determination of Steady-State Capacity Curve

Data for point 1 in Fig. 4.7 are taken from the June 1982 bin containing all hours where
outdoor air temperature is less than 20°C. Point 2 data come from the August 1983 bin
containing all hours where outdoor air temperature is greater than 35°C. The data are listed
in Table 4.4.
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Table 4.4. Data for points 1 and 2 in Fig. 4.7

Cyclic Average Total
Point y Cyclic operating Bin cooling

Bin-month capacity
no. (kW) COP temperature hours delivered

(°C) (kWh)

1 June 1982 8.50 2.77 18.6 235 87.43
T < 20°C

2 August 1983 7.83 2.14 36.3 19 125.12
T > 35°C

For point 1:

CAPRAT 1 = (Capc/Cap)l, = 0.75 + 0.25 X r,

where cr = [(actual cooling load)/(Capss X bin hours)] .

Substituting the data from Table 4.4,

8.50/(Cap),- = 0.75 + 0.25 X 87.43/[(Caps) l X 235]

Solving for (Capss)l:

(Cap,)l = 11.209 kW

Similarly, for point 2:

(Cap.) 2 = 8.245 kW

Using an equation for steady-state capacity, Cap,, of the form

Caps, = a + b X T

we have for point 1

11.209 = a + b X 18.6

and for point 2

8.245 = a + b X 36.3

The equation for Cap, thus becomes

Cap, = 14.324 - 0.168 X T . (4.3)
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4.2.2 Determination of Steady-State COP Curve

The steady-state COP curve was derived from Eq. 4.3 and the average site-measured
full-hour power draw of the heat pump as a function of ambient temperature.

Average full-hour power draws for each month along with the average temperature at
which they were measured are given in Table 4.5. Linear regression gives the following

equation for the power draw as a function of outdoor temperature.

Power, = 2.515 + 0.0327 X T, kW (r 2 = 0.92) (4.4)

Now, since

COPg = Cap,/Power ,

we can obtain from Eqs. 4.3 and 4.4:

at T = 20°C, COPU = 3.46;
at T = 25°C, COP, = 3.04;

at T = 300 C, COP-, = 2.66;

at T = 35°C, COP, = 2.31.

For these points, the equation for COP, from linear regression is

COP, = 4.974 - 0.0766 X T (r2 = 0.998) . (4.5)

Table 4.5. Measured average full-hour
cooling mode power draw

Average

Month operating drawtemperature (kW
(C)Q (kW)(°C)

June 1982 25.9 3.373
July 1982 29.4 3.466
August 1982 27.7 3.455
September 1982 27.4 3.356
June 1983 28.0 3.431
July 1983 29.7 3.509
August 1983 31.6 3.541

4.2.3 Discussion of Derived Steady-State Performance

Figure 4.8 is a plot of CAPRAT and COPRAT vs rc using Eqs. 4.3 and 4.5 as the base
steady-state performance. As the figure shows, the correlations are reasonably good. The
obvious question to be raised, however, is, Are Eqs. 4.3 and 4.5 reasonable representations of
the heat pump steady-state cooling performance? Figures 4.9 and 4.10 are plots of Eqs. 4.5
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Fig. 4.8. COPRAT and CAPRAT vs cooling load factor (r1) based on derived
steady-state performance (Eqs. 4.3 and 4.5).
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Fig. 4.10. Derived steady-state capacity (Eq. 4.3) vs outdoor air temperature, with
on-site test results.

and 4.3, respectively, along with data from the 1982 and 1983 on-site tests. The figures show
that both the capacity and COP equations yield values that, for any given temperature, are
generally higher than those measured on-site. Repeating the derivations for an intercept

point of 0.8 yielded the following equations:

Cap, = 13.236 - 0.138 X T, (4.6)

COP,, = 4.628 - 0.0672 X T . (4.7)

These are plotted in Fig. 4.11 for comparison with site-measured performance and are seen
to approximate the measured performance more closely than Eqs. 4.3 and 4.5. Plotting
CAPRAT and COPRAT vs cr (using Eqs. 4.6 and 4.7 for steady-state performance) as in
Fig. 4.12 shows, however, that the correlations thus obtained are not as good as those from
using Eqs. 4.3 and 4.5.

It is not clear which of the previously described sets of equations best represents the
1982 and 1983 steady-state performance of the test unit. Analysis of the data indicates,
however, that CAPRAT and COPRAT decrease essentially linearly with cr from 1.0 at cr =
1.0 to between 0.75 and 0.8 at cr = 0.0, exclusive of off-cycle energy use effects. This
indicates a Cd for cooling of between 0.20 and 0.25.
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4.3 OVERALL SUMMER CYCLING TEST RESULTS

Given in Table 4.6 are overall energy consumption penalties for each month due to off-

cycle energy use and start-up transients. Also included in the table are cooling load

delivered, steady-state energy use required to meet the load, measured energy use, COP

(overall and neglecting off-cycle energy), average ambient temperature (overall and
operating*), and average run time per cycle. Steady-state energy use and start-up transient

energy use penalty are based on steady-state performance as described by Eqs. 4.6 and 4.7.

Hereinafter, COP and energy use (unless otherwise specified) are to be understood as
neglecting off-cycle energy use effects in order to compare all months on an equal basis.

Table 4.6. Cooling season monthly dynamic losses, loads,
and average temperatures

Start-up Average temperature
Cooling Off-cycle transint Steady-state Total COP ( C)
Cooling erg transient COP (°C)Monh la energy energy use energy use energyMonth load energy use
(kWh) (use penalt required use (1)b (2) During

)(kWh) p (kWh) (kWh) ( Overall erin
(kWh) operation

June 1982 1516.6 28.6 91.1 517.3 637.0 2.38 2.49 22.18 25.07
July 1982 1287.0 12.5 37.5 460.0 510.0 2.52 2.59 25.05 26.98
August 1982 769.8 15.5 34.9 264.3 314.8 2.45 2.57 22.82 25.34
September 1982 970.5 46.8 47.9 327.3 422.0 2.30 2.59 19.70 24.50

June 1983 1408.2 37.4 81.4 501.3 620.1 2.27 2.42 23.10 26.90
July 1983 1007.1 18.9 54.6 370.0 443.5 2.27 2.37 25.05 28.05
August 1983 1508.3 25.3 74.9 566.0 666.2 2.26 2.35 25.52 28.80

Total 8467.5 185.0 422.3 3006.2 3613.6 2.34 2.47
Percentd 5.1 11.7 83.2 100.0

"Based on Eqs. 4.6 and 4.7.
'Overall.
CNeglecting off-cycle energy use.
dPercent of total energy use.

Monthly COPs for July through September of 1982 are seen to be significantly greater

than for the other months. Figures 4.13 and 4.14 are plots of average ambient operating

temperature and COP (transient and normal), respectively, vs average outdoor air

temperature for time periods ranging from 3 to 7 d. Average operating temperature is

generally higher and COP is generally lower for 1983 and June 1982 than for July through

September of 1982. At least some of this COP vs operating temperature variation can be

explained by weather pattern differences.

Table 4.7 contains average minimum, maximum, and mean outdoor temperatures for
each month, the number of days when the temperature exceeded 32.2°C, and average indoor
temperature and latent-to-total cooling ratios. As the table shows, the much warmer

weather in the summer of 1983 forced the heat pump to deliver its load at higher operating

*Average ambient temperature observed during heat pump operation.
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Fig. 4.13. Average ambient operating temperature vs average outdoor air
temperature.

temperatures. Also of interest is the fact that July-September 1982 had higher latent-to-
total cooling ratios and average relative humidity than did the other months, while the
average indoor temperature was about the same for all months. For a given indoor
temperature, higher latent-to-total cooling ratios result in increased COP and capacity. This

trend is mirrored in Figs. 4.15 and 4.16, which plot average COP vs latent-to-total cooling
ratio for the 25-30 and 30-35°C temperature bin-months, respectively.

It is interesting to compare July 1982 with July 1983. Though both months had the same
average outdoor air temperature, July 1983 had a wider temperature swing. The average
operating temperature in July 1983 was higher than that of July 1982, at least in part
because of this wider swing. June 1982 and August 1982 both had similar outdoor

temperature conditions, as indicated in Table 4.7. Despite this, June 1982 had a lower COP
than did August 1982. The much lower latent-to-total cooling ratio in June probably
contributed to this.

Weather effects do not seem to explain all of the differences, however. The COPs for

August and September of 1982 are no better than that for July of the same year, though
both months enjoyed milder outdoor temperatures and higher latent-to-total cooling ratios.
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In addition, June 1983 had a lower COP than July 1982 despite milder outdoor temperature
conditions and similar latent-to-total cooling ratios.

Other possible factors affecting cooling efficiency include differences in cycling rate and
effects of the desuperheater on the heat pump's cooling performance.
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Fig. 4.14. Average COP vs average outdoor air temperature.
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Table 4.7. Average ambient conditions, indoor temperatures,
and latent-to-total cooling ratios

Average Average temperature Days Avrage Latent-
outdoor (°C) temperature indoor

temperature indoorMonth relative totalMoh r e exceeded temperature tolt a

humiditya Mean' Maximum" Minimum o D raing 32.2°C (°C) ratio
(%) opetionratio

June 1982 58 22.18 27.72 17.33 25.07 0 25.8 0.185
July 1982 69 25.05 30.72 20.61 26.98 3 26.3 0.201
August 1982 82 22.82 29.61 19.39 25.34 0 26.6 0.219
September 78 19.70 25.83 15.67 24.50 0 26.0 0.225

1982
June 1983 64 23.10 30.17 17.72 26.90 4 26.3 0.196
July 1983 65 25.05 32.50 19.94 28.05 12 26.6 0.186
August 1983 68 25.52 32.78 19.83 28.80 14 26.3 0.191

"From Knoxville airport weather data summary.
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Fig. 4.16. Average COP vs average latent-to-total cooling ratio (30°C < T < 35°C).

4.3.1 Effect of Cycling Rate

Table 4.8 gives a listing of average cycling rate, on-time per cycle, and off-time per cycle
along with the percentage of energy use due to start-up transient effects. An inspection of
Tables 4.6 and 4.8 reveals that, with the exception of September 1982 (which had a large
number of low-temperature, no-load hours), the months with lower average cycling rates
had lower COPs and higher transient energy use penalties. This is counter to what one
would intuitively expect. The thermostat change in November 1982 resulted in a lower
cycling rate during the summer of 1983, while the effect of the data logic interface on the
heat pump control system caused the cycling rate to be lower in June 1982 than during the
rest of that summer.

Table 4.8. Average monthly thermostat cycle parameters and
energy use penalties due to start-up transients

Run time Off-time Percentage of Average
Month Cycles per cycle per cycle energy use due to cycles

(min) (min) start-up transienta per hour

June 1982 141.5 78.25 224.51 15.0 0.20
July 1982 137.5 65.32 101.81 7.5 0.36
August 1982 96.0 56.90 181.23 11.6 0.25
September 1982 117.5 59.76 446.28 12.8 0.12
June 1983 108.0 95.68 260.43 14.0 0.17
July 1983 79.0 94.01 180.17 12.9 0.22
August 1983 99.0 112.96 191.28 11.7 0.20

"Exclusive of off-cycle energy use.
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Start-up transient energy use penalty as a percentage of total energy use for each 5°C
bin-month is plotted against ambient operating temperature in Fig. 4.17. For June 1982 and
all of 1983, this percentage is greater than that for July-September 1982 at temperatures
higher than 22°C. The data for 1983 and June 1982 cluster reasonably tightly at various
temperatures. However, there is a large degree of scatter in the rest of the 1982 data. Since
cycling losses seemed to correlate well with off-time for heating, the possibility of a similar
correlation for cooling was investigated. The result is plotted in Fig. 4.18.

Figure 4.18 shows a strong dependence of start-up energy use penalty for about the first

200 min with a lessening dependence at longer times. Data for July-September 1982 line up
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Fig. 4.17. Energy use penalty due to start-up transients vs ambient operating
temperature.
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much better when plotted against off-time per cycle than when plotted against temperature.

Start-up transient penalties for June 1982 and the summer of 1983 appear higher than those

for the rest of 1982 for off-times between about 100 and 300 m82. At shorter and longer
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Fig. 4.18. Energy use penalty due to start-up transients vs off-time per cycle.

much better when plotted against off-time per cycle than when plotted against temperature.

Start-up transient penalties for June 1982 and the summer of 1983 appear higher than those

for the rest of 1982 for off-times between about 100 and 300 min. At shorter and longer

times the start-up penalties are roughly the same for all months.

The off-times discussed above represent average off-times per cycle. Included in these

averages are the long nighttime and other no-load periods when the heat pump does not run

at all. These periods are a significant fraction of the total number of hours in each month,

as shown in Table 4.1, and result in extremely long average off-times per cycle for the lower

temperature bins. Replotting the start-up transient penalty vs off-time neglecting these no-

load hours gives Fig. 4.19. The general shape of this curve is the same as that for Fig. 4.18,

though the off-times do not exceed 150 min per cycle. In this case, however, there is no

distinguishable difference in start-up penalty between months with different cycling rates.
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Fig. 4.19. Energy use penalty due to start-up transients vs off-time per cycle
(neglecting no-load hours).

Start-up transient penalty is replotted in Fig. 4.20 against percent on (again neglecting no-
load hours). The penalty decreases essentially linearly with increasing percent on, as would
be expected. Additionally, the penalties for July-September of 1982 (the months with the
highest cycling rates) appear to be somewhat lower than those for the other months for
about 30% on-time or greater.

More research into the effect of cycling rates on cooling performance is needed. The data
taken in this experiment seem to indicate that more frequent cycling than was experienced
in 1983 may be beneficial for overall efficiency. Average cooling cycling rates experienced
were very low (less than 0.5 cph) throughout the tests. It is not clear from these tests what
effect much higher cycling rates (1-2 cph, i.e., those considered more typical) would have on
performance.
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4.3.2 Effect of Desuperheater Operation

The desuperheater water heater was active during July and September 1982 and idle

during June and August 1982 and throughout 1983. It was questioned whether the

desuperheater may have had some effect on heat pump cooling performance since the COPs

for July and September 1982 were slightly greater than that of August 1982.
Figure 4.21 is a plot of normal-mode COP vs ambient operating temperature for the

months in question. The normal-mode COPs for August are generally the same as those for

July and September. From these data it appears that there is little or no measurable effect

on steady-state cooling operation when the desuperheater is active. The reason that the COP

in August is not somewhat better than that of July probably has more to do with the fact
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that the cycling rate was lower in August, leading to greater off-times and therefore to
greater start-up energy use penalty. Higher latent-to-total cooling ratio and lower average
operating temperature in September as opposed to August can explain the higher COP in
September.



5. ANNUAL PERFORMANCE SUMMARY

An annual performance summary for the 1982-83 heating season and the 1983 cooling
season is given in Table 5.1. The data in column 1 are taken from Table 3.2 and Table 4.6. As
noted earlier, the data from those tables represent only a portion of the year because of
DAS outages and data irregularities that made analysis of the dynamic losses impossible.
Overall energy consumption and loads were measured for the full year, and column 2
contains estimated totals for the various energy use penalties based on the total measured

Table 5.1. Annual performance summary: 1982-1983

(1)" (2)b

(kWh) (kWh)

Heating season

Steady-state energy use required to 2581.4 3615.3c
meet the load

Supplemental heat required 7.6 7.6
Supplemental heat use due to 4.4 4.4

frosting
Heat pump energy use due to 136.1 184.2c

frosting
Heat pump energy use due to 348.2 471.8c

defrosting
Heat pump energy use due to 276.9 445.5 c

start-up transients
Off-cycle parasitic energy use 166.0 311.5

Total heating season energy use 3520.6 5040.3

Cooling season

Steady-state energy use required to 1437.3 2518.4C

meet the load
Heat pump energy use due to 210.9 350.0"

start-up transients
Off-cycle parasitic energy use 81.6 182.9

Total cooling season energy use 1729.8 3051.3
Total annual energy use 5250.4 8091.6

'Extracted from Tables 3.2 and 4.6 (represents an
incomplete year).

bSynthesized totals for September 28, 1982, through
September 30, 1983.

"Estimated.
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energy use. Table 5.2 gives the percentage of total annual energy consumption due to the
various dynamic losses and the steady-state energy use needed to meet the loads.

Table 5.3 gives the total measured heating and cooling loads and seasonal performance

factors (SPFs) for 1982-83 along with rated SPFs from the ARI directory. 9 The ARI ratings

are not for the same heat pump model as tested since the manufacturer has discontinued

that line and the rating guide in effect at the time the test unit was purchased did not

include seasonal ratings.10 Rather, they are for models from the same manufacturer that

have steady-state COP and capacity ratings similar to those of the test unit. The rated

heating SPF is nearly identical to that measured for the test unit, while the rated cooling

SPF is about 34% higher than measured. It is likely that the apparent degradation in

steady-state performance discussed in Sect. 4 had much to do with this difference. If the

unit had performed up to the manufacturer's steady-state ratings (Eqs. 4.1 and 4.2), energy

consumption for June-August 1983, as listed in Table 4.6, would have been lower by about

125 kWh. The cooling SPF for those months would then have been about 2.44 or about 18%

lower than the rated value.

Table 5.2. Annual energy
consumption fractions

Percent of total annual
Energy use consumption

due to
(1)a (2)b

Steady-state 76.6 75.8
Frosting' 2.7 2.3
Defrosting 6.6 5.8
Start-up transients 9.3 9.8
Off-cycle parasitics 4.7 6.1
Supplemental heat 0.1 0.1

aFrom column 1, Table 5.1 (represents an
incomplete year).

bFrom column 2, Table 5.1 (represents a
synthesized complete year).

"Includes supplemental heat use due to
frosting.

Table 5.3. Rated vs measured
seasonal performance factors

Seasonal performance
Load factorSeason
(GJ)------

Measured Rateda

Heating 35.53 1.96 1.99
Cooling 24.26 2.21 2.96

aFor models with steady-state ratings
similar to those of the test heat pump.



6. CONCLUSIONS AND RECOMMENDATIONS

This section contains a summary of the major conclusions drawn from the tests and
analyses discussed in this report. Several recommendations regarding future research
efforts are also included.

6.1 HEATING SEASON CONCLUSIONS

Over the eight winter months covered during the tests

1. defrosting was responsible for 10.1% of the heating season energy consumption,

2. frosting for 3.7%,

3. start-up transients for 8.4%, and

4. off-cycle parasitics for 4.3%.

Overall heating SPF degradation due to these causes was 26.5%. Approximately 52% of
this degradation was due to frosting and defrosting with the remainder due to cycling
losses.

Reducing the maximum cycling rate from 6 cph (1981-82) to 5 cph (1982-83) resulted in
reduced start-up transient energy use penalties, though per-cycle losses changed little.
Frosting energy use penalties tended to increase, possibly because of increased on-time per
cycle. Neglecting supplemental heat and adjusting for differences in off-cycle parasitic
energy use and defrost energy use penalties, the heating SPFs for 1981-82 and 1982-83 were
1.96 and 1.99, respectively. It therefore appears that the slight reduction in cycling rate had
no significant impact on heating performance.

A transient time of 4 min rather than 2 min seems to more clearly approximate the time
required for the unit to reach steady-state operation, especially at higher temperatures.
Based on 4-min transient time data, the field-measured heating Cd (neglecting the effects of
off-cycle energy use) is approximately 0.24.

Heating output loss per cycle and input energy increase per cycle are directly related to
off-time per cycle. For off-times up to about 20 min, both output loss and increase in energy
input depend strongly on off-time. For longer off-times, the dependence is very weak.

Defrost time varies directly with frosting potential and with ambient temperature for
high frosting potentials. At low values of frosting potential, the effect of ambient
temperature on defrost time is not clearly understood.

Use of a desuperheater water heater reduced the space heating capacity of the unit but
had no measurable effect on dynamic loss levels.

6.2 COOLING SEASON CONCLUSIONS

The steady-state cooling capacity and COP of the unit were degraded from the
manufacturer's ratings and the 1980 performance levels, especially at high ambient
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temperatures. Because of this degradation, analysis of cooling mode cycling losses for this

experiment is speculative at best. However, based on best estimates of the actual steady-

state performance, the cooling Cd appears to be between 0.20 and 0.25. The percentage of

the cooling season energy consumption (neglecting off-cycle energy use) due to start-up

transients tends to increase with increasing off-time per cycle.

From the data for these tests, it appears that the reduced cycling rates in June 1982 and
summer 1983 led to increased start-up transient energy use penalties. However, cycling rates

during these tests were extremely low. It is not clear what the effect of much higher cycling

rates would be.

6.3 ANNUAL PERFORMANCE

Based on annual performance estimates for September 28, 1982, through September 30,

1983,

1. defrosting losses accounted for 5.8% of the total energy use,

2. frosting losses for 2.3%,

3. start-up transient losses for 9.8%, and

4. off-cycle parasitic losses for 6.1%.

ARI-rated heating SPFs for units with steady-state performance ratings similar to those

of the field test unit closely match the measured value. Rated cooling performance is much

higher than the measured SPF; however, the performance degradation makes it difficult to

assess by how much the measured and rated SPFs differ.

The results from this study can be particularly useful for validating annual performance

factor (APF) estimation computer codes. Once validated, a code could then be used to predict

the APFs of similar air-source heat pumps in different locations with a higher degree of

confidence.

6.4 RECOMMENDATIONS

Four major recommendations for further research emerge from these tests.

1. Analyze existing data from other investigations and perform further laboratory in-

vestigations to study the effect of off-time per cycle on cyclic capacity reduction and

increased energy input.

2. Perform further laboratory and field investigations of the effect of defrost degradation

on different heat pump systems and the extent to which the degradation is reduced by

demand-type defrost controls.

3. Investigate the basic mechanisms involved in frost formation on finned tubes (both

spine- and plate-type) as a means to minimize the impact on energy use of frosting and

defrosting.

4. Conduct further study (field and laboratory tests and analyses) of the effect of cycling

on cooling performance of heat pumps.
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Appendix A

TEST DATA AND SAMPLE CALCULATIONS

A.1 TABLES A.1-A.4

Data from the heating season hourly data sets, condensed into 5°C temperature bins, are
listed in Table A.1. Included are heating delivered, energy consumed, COPs, and operating
times for transient, normal, and defrost modes; average operating temperatures; bin
temperatures; and total bin hours. Similar data for the cooling season are given in
Table A.3.

Tables A.2 and A.4 give selected results based on the bin data for heating and cooling
modes, respectively.

A.2 SAMPLE CALCULATIONS

A.2.1 Procedure Used to Calculate Steady-State Energy Input and
Energy Use Penalties

For each hour in a given bin, the following calculations are performed.

1. Steady-state COP and capacity:

CAP, = 7346 + 217 X T, W,

COP, = 2.53 + 0.0465 X T,

where T = ambient temperature;

2. Heat delivered if heat pump operated at steady-state capacity (QHs):

QHT
Tim = HT

CAP, '

QHT = total actual heat required,

Tim, = run time necessary to deliver QHT while operating at steady-state capacity,

_I QHT if Tim. < 1.0
QHs - iCAP,, if Tim, > 1.0 |

3. Steady-state energy input (ECss):

EC, = QH./COP ;
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Table A.I. Heating season condensed data

Bin Av Av Operating time Input energy' Output energy
'

Suppl. COP, Capacity
temp ,in opcr. R. (k\h,(kWh) heat-lcmp 1,in sper RH. Bin Cyl (kWh (kWh) heat 6

2
R (kW)rangH, (1

2
R) (I2R) Total

°
range temp temp hours Thermostat D ( ) T N D T ot a

T'
C (% ) hur Thermostat D (kWh' '

J ) c / ) ( cl
____ ND lCY T N D' Off-cycle Total T N D Total (kWh) T N

December 1981
<-10 -12.2 -12.3 76 13 0.18 11.12 1.16 14 9 0.52 28.07 12.07 0.03 40.69 0.87 53.97 4.30 59.14 12.34 9.01 1.67 1.92 0.36 1.45 4.83 4.85

-10:-5 -7.4 -7,5 61 38 1.89 31.11 1.95 46 23 5.54 82.38 17.82 0.16 105.90 10.88 172.89 7.8.3 191.60 15.28 12.70 1.96 2.10 0.44 1.81 5.76 5.56
-5:0 -2.0 -2.1 67 100 22.77 37.90 5.36 394.5 44 69.44 106.63 47.10 1.82 224.99 146.21 238.24 15.39 399.84 7.60 .13.89 2.11 2.23 0.33 1.78 6.42 6.29
0:5 2.7 2.5 70 152 45.41 21.46 4.41 710 35 116.84 61.90 42.99 1.32 259.05 327.22 160.80 12.18 500.20 0 31.46 2.23 2.48 0.28 1.93 7.21 7.49

5:10 6.7 6.7 69 417 12.70 2.68 0 195 0 412.30 8.46 0 1.69 52.45 92.71 23.8.3 0 116.4 0 0 2.19 2.82 2.22 7.30 8.89
>10 12.9 13.3 69 10 2.71 0.55 0 43.5 0 9.78 1.85 0 0.36 11.99 24.04 5.79 0 29.8.3 0 0 2.46 3.13 2.49 8.87 10.53

February 1982
<-5 -6.9 -7.0 66 26 2.34 17.22 1.86 71.5 14 6.73 46.87 19.13 0.25 73.28 14.17 100.70 6.38 121.25 7.65 14.47 2.11 2.15 0.33 1.65 6.06 5.85
-5:0 -1.6 -1.7 61 108 15.45 42.84 4.45 486.5 45 48.76 126.38 44.08 2.42 221.64 98.62 288.29 13.43 400.34 1.34 29.82 2.02 2.28 0.30 1.81 6.38 6.73
0:5 2.7 2.6 61 208 30.10 62.38 4.29 949 46 98.08 195.27 40.74 5.95 340.04 199.85 471.96 13.46 685.27 0 29.51 2.04 2.42 0.33 2.16 6.64 7.57

5:10 7.4 7.2 65 174 22.40 33.20 0.53 706.5 8 74.35 110.71 4.89 6.31 196.26 151.60 283.86 2.04 437.50 0 3.36 2.04 2.56 0.42 2.23 6.77 8.55
10:15 12.0 11.6 57 111 9.00 9.21 0.09 285.5 0 30.29 32.39 0.77 4.96 68.41 63.82 86.93 0.32 151.07 0 0.54 2.11 2.68 0.42 2.21 7.09 9.44
>15 18.5 17.4 39 42 1.65 1.57 0 53.5 0 5.71 5.55 0 2.07 13.33 11.84 15.24 0 27.08 0 0 2.07 2.75 2.03 7.18 9.71

April 1982
<0 -1.7 -1.9 63 17 2.17 5.43 0.43 79.5 6 7.95 16.49 3.41 0.46 28.31 15.43 37.22 1.59 54.24 0 2.32 1.94 2.26 0.47 1.92 6.25 6.85
0:5 2.9 2.7 57 69 8.58 12.74 0.36 273.5 7 28.20 41.18 2.89 2.53 74.80 51.17 97.62 1.54 150.33 0 1.91 1.81 2.37 0.53 2.01 5.96 7.66 0

5:10 7.5 7.0 53 143 11.69 15.00 0.23 375.5 5 39.2.1 50.48 1.92 6.21 9785 74.60 126.36 1.08 202.04 0 1.27 1.90 2.50 0.56 2.06 6.38 8.42
10:15 12.7 12.6 53 238 8.09 7.42 0.11 261.5 1 27.41 26.28 1.10 11.90 66.69 52.2.5 68.60 0.32 121.17 0 0.80 1.91 2.61 0.29 1.82 6.46 9.2.5
15:20 17.2 16.9 39 181 3.08 2.60 0 101.5 0 10.75 9.50 0 9.38 29.63 21.17 25.87 0 47.04 0 0 1.97 2.72 1.59 6.87 9.95
>20 22.3 21.6 35 98 0.87 0.63 0 28 0 3.14 2.39 0 5.16 10.69 6.47 6.80 0 13.27 0 0 2.06 2.85 1.24 7.44 10.79

December 1982
<-5 -6.5 -6.6 94 10 0.21 8.48 0.95 6 6 0.58 24.82 9.67 0.03 35.10 1.29 47.04 3.00 51.33 3.25 7.33 2.22 1.90 0.31 1.46 6.14 5.55
-5:0 -2.0 -2.3 84 82 8.27 40.31 5.11 239 38 24.26 113.34 47.78 2.26 187.64 51.00 251.01 15.66 317.67 0 34.72 2.10 2.21 0.33 1.69) 6.17 6.23
0:5 2.4 2.3 77 185 23.83 60.41 5.05 687 43 72.79 179.89 47.20 7.66 307.54 155.42 428.51 15.55 599.48 0 34.29 2.14 2.38 0.33 1.95 6.52 7.09
5:10 7.3 7.2 72 161 19.70 30.24 0.65 567 8 62.04 95.95 6.32 8.83 173.14 135.62 247.27 2.35 385.24 0 4.69 2.191 2.58 0.37 2.22 6.88 8.18
10:15 12.6 11.9 70 98 3.66 3.20 0.14 107 1 11.90 10.88 1.06 7.28 31.12 23.88 28.70 0.42 53.00 0 0.74 2.01 2.64 0.40 1.70 6.52 8.97
15:20 17.0 17.3 63 78 0.56 0.38 0 17 0 1.92 1.36 0 6.16 9.44 3.85 3.71 0 7.56 0 0 2.01 2.73 0.80 6.88 9.76
>20 22.0 20.9 51 33 0.13 0.06 0 4 0 0.44 0.24 0 2.62 3.30 0.88 0.68 0 1.56 0 0 2.00 2.83 0.47 6.77 11..33

January 1983
<-5 -6.9 -7.0 54 24 0.56 20.95 1.17 16 15 1.63 64.35 8.16 011 74.1.25 3..50 120.43 4.96 128.89 7.72 5.23 2.15 1.87 0.61 1.74 6.25 5.75
-5:0 -2.3 -2.5 65 170 17.59 92.71 8.07 505 80 52.79 266.80 73.83 4.13 397.55 111.05 589.84 27.99 728.88 1.03 51.13 2.10 2.21 0.38 1.83 6.31 6.36
0:5 2.4 2.3 68 224 29.14 77.57 6.25 850 61 90(.99 234.82 60.20 8.88 394.89 194.28 560.67 22.45 777.40 0 42.19 2.14 2.39 0.37 1.97 6.67 7.23
5:10 6.8 6.6 70 161 20.81 30.74 0.73 599 8 66.76 99.64 7.18 8.70 182.28 141.87 252.44 2.63 396.94 0 5.03 2.13 2.53 0.37 2.18 6.82 8.21
>10 11.9 11.9 58 43 4.18 3.70 0 121 1 13.67 12.56 1.06 2.81 30.10 28.05 33.36 0.42 61.8.3 0 0.74 2.05 2.66 0.40 2.05 6.71 9.02



Table A.I (continued)

Bin Av Av BOperating time Cyc Input energy
d

Output energy Suppl. COP Capacity
temp bin oper. RH. Bin (h) (kWh) (kWh) heat (2 R (kW)
range temp temp hours Th tat D (12) h N D Totalg
(IC) (IC) (IC) Tr Nb D' T N D' Off-cycle Total T NW D Total (kWh) T N

February 1983
<-5 -5.6 -5.6 75 5 0.24 3.86 0.39 7 3 0.70 10.66 3.66 0.04 15.06 1.52 22.90 1.34 25.76 0 258 2.17 2.15 0.37 1.71 6.33 5.93
-5:0 -1.6 -1.7 68 97 10.77 50.94 3.73 310 41 32.22 145.79 36.05 2.52 216.58 67.16 331.92 13.80 412.88 0 25.44 2.08 2.28 0.38 1.91 6.24 6.52
0:5 2.2 2.0 68 164 21.61 54.41 4.19 623 44 66.56 163.33 43.90 6.70 280.49 139.37 388.78 15.05 543.20 0 31.54 2.09 2.38 0.34 1.94 6.45 7.15
5:10 7.4 7.3 63 101 10.91 14.53 0.42 308 5 34.74 46.84 4.43 6.01 92.02 71.17 119.94 1.50 192.61 0 3.28 2.05 2.56 0.34 2.09 652 8.25
10:15 12.2 12.1 59 86 8.06 7.77 0 238 1 26.48 26.69 1.06 5.61 59.84 55.65 72.80 0.42 128.87 0 0.74 2.11 2.73 0.40 2.15 6.90 9.37
>15 16.9 16.9 41 35 1.84 1.60 0 53 0 6.18 5.53 0 2.52 14.23 13.21 15.37 0 28.58 0 0 2.14 2.78 2.01 7.18 9.61

March 1983
<0 -1.8 -1.9 70 35 3.90 16.92 1.03 111 12 11.87 49.57 9.99 1.05 72.48 24.19 112.25 3.92 140.36 0 6.41 2.04 2.26 0.39 1.94 6.20 6.63
0:5 2.6 2.4 63 122 14.70 36.87 2.10 422 26 45.87 113.47 20.30 5.47 185.11 93.43 269.67 7.64 370.74 0 14.14 2.04 2.38 0.38 2.00 6.36 7.31

5:10 7.4 7.1 61 162 16.10 23.95 0.15 463 3 52.11 78.32 1.92 9.74 142.09 107.24 198.38 0.76 306.38 0 1.43 2.06 2.53 0.40 2.16 6.66 8.28
10:15 12.1 11.9 55 141 7.55 6.70 0 217 0 24.84 23.12 0 10.14 58.10 49.11 61.50 0 110.61 0 0 1.98 2.66 1.90 6,50 9.18
15:20 17.2 16.9 43 77 2.64 2.07 0 74 0 8.89 7.33 0 5.78 22.00 18.25 20.27 0 38.52 0 0 2.05 2.77 1.75 6.91 9.79
>20 22.5 21.5 37 60 0.56 0.42 0 19 0 1.85 1.54 0 4.72 8.11 3.77 4.33 0 8.10 0 0 2.04 2.81 1.00 6,73 10.31

April 1983
<0 -1.8 -2.0 76 37 4.49 15.94 1.08 128 14 13.62 46.38 10.58 1.24 71.82 27.14 103.81 4.24 135.18 0 7.46 1.99 2.20 0.41 1.88 6.05 6.51
0:5 2.9 2.8 74 95 11.91 23.94 1.13 346 14 37.56 74.78 11.73 4.64 128.71 74.53 179.07 4.37 257.96 0 8.49 1.98 2.33 0.37 2.00 6.26 7.48

5:10 7.7 7.3 69 185 18.83 28.62 0.34 541 3 61.42 94.60 3.12 10.98 170.11 126.54 243.07 1.03 370.64 0 227 2.06 2.48 0.33 2.18 6.72 '8.49
10:15 12.4 12.0 64 187 12.82 13.91 0 377 0 42.90 47.83 0 12.82 103.55 88.00 127.08 0 215.08 0 0 2.05 2.52 2.08 6.86 9.14
15:20 17.4 16.7 59 148 3.64 3.10 0 104 0 12.39 10.94 0 11.30 34.63 25.47 29.92 0 55.40 0 0 2.06 2.56 1.60 7.00 9.65
>20 22.6 21.3 39 67 0.36 0.24 0 11 0 1.24 0.88 0 5.31 7.43 2.50 2.52 0 5.02 0 0 2.01 2.61 0.68 6.94 10.50

wT denotes transient mode.
bN denotes normal mode.
'D denotes defrost mode.
dExclusive of supplemental IZR.
'Includes 1

2
R during defrost.

/Includes heat delivered during fan slowdown.
Includes off-cycle energy input.



Table A.2. Dynamic loss characterization of heating operation

Bin Cycle parameters Total Steady-state dry-coil Energy use penalties Output Input
temp --------- inputHeating loss increaserange On Off Period energy Capacity CAPRAT COPRAT load Frosting Startup Off- per perrae On Off Period % energy' Capacity Cop InputfbacCAPRAT CPRA loa s transient cycle cycled cyclroste("C) (min) (min) (min) on (kWh) (kW) (kWh transent cycle cycle' cycle

December 1981
<-10 48.4 2.3 50.7 95.4 53.03 4.68 1.96 30.18 1.04 0.98 0.99 0 0.55 9.85 0.08 0.03 0 17.4-10:-5 43.0 4.0 47.0 91.5 121.18 5.73 2.18 88.99 0.97 0.96 0.89 2.66 1.97 14.20 0.62 0.16 -29.5 27.8-5:0 9.2 5.2 14.4 64.1 232.59 6.88 2.43 167.41 0.92 0.90 0.59 6.47 5.53 40.71 9.63 1.82 -28.1 36.50:5 5.7 6.8 12.5 45.3 259.05 7.90 2.65 188.92 0.92 0.87 0.42 0 3.83 38.30 23.68 4.32 66.1 74.95:10 4.7 9.7 14.4 32.7 52.45 8.79 2.84 41.03 0.86 0.81 0.28 0 0.06 0 9.67 1.69 373.2 173.3>10 4.5 9.3 13.8 32.6 11.99 10.23 3.15 9.47 0.89 0.81 0.29 0 0.04 0 2.12 0.36 371.5 173.7

February 1982
<-5 16.4 3.8 20.2 81.0 80.93 5.82 2.20 54.89 1.01 0.97 0.82 3.32 1.09 16.67 0.38 0.25 -24.5 6.8-5:0 7.2 5.6 12.8 56.3 222.98 6.98 2.45 165.59 0.95 0.90 0.54 1.34 8.78 36.23 8.62 2.42 39.8 40.90:5 5.8 7.0 12.8 45.4 340.04 7.92 2.65 258.58 0.92 0.86 0.42 0 17.19 35.60 22.72 5.95 105.8 58.45:10 4.7 10.0 14.7 32.0 196.26 8.90 2.86 152.85 0.88 0.82 0.28 0 0 4.17 32.93 6.31 203.4 77.610:15 3.8 19.5 23.3 16.4 68.41 9.86 3.07 49.24 0.84 0.78 0.14 0 0 0.66 13.55 4.96 266.4 82.1>15 3.6 43.5 47.1 7.7 13.33 11.12 3.34 8.10 0.76 0.72 0.06 0 0 0 3.16 2.07 281.0 94.1

April 1982
<0 6.0 6.5 12.5 47.7 28.31 6.93 2.44 22.21 0.96 0.88 0.46 0 1.23 2.76 1.65 0.46 68.0 50.40:5 4.7 10.4 15.1 31.1 74.80 7.94 2.66 56.63 0.88 0.81 0.27 0 4.40 2.30 8.94 2.53 191.8 87.15:10 4.3 18.5 22.8 18.7 97.85 8.87 2.86 70.71 0.85 0.78 0.16 0 0 1.54 19.39 6.21 228.9 90.510:15 3.6 51.0 54.6 6.5 66.69 10.09 3.12 39.12 0.77 0.72 0.05 0 0 0.99 14.68 11.90 310.4 101.815:20 3.4 103.6 107.0 3.1 29.63 11.01 3.32 14.19 0.75 0.70 0.02 0 0 0 6.06 9.38 336.1 105.6>20 3.2 206.8 210.0 1.5 10.69 12.03 3.53 3.75 0.74 0.68 0.02 0 0 0 1.78 5.16 375.5 111.3

December 1982
<-5 86.9 3.6 90.5 96.0 38.35 5.92 2.22 23.07 0.94 0.86 0.90 2.59 3.68 8.31 0.01 0.03 -75.1 -60.4-5:0 12.2 7.1 19.3 63.2 187.64 6.85 2.42 131.02 0.91 0.91 0.57 0 9.67 41.29 3.40 2.26 7.5 18.60:5 7.4 8.4 15.8 46.8 307.54 7.84 2.63 227.54 0.88 0.88 0.41 0 17.15 41.25 13.94 7.66 71.3 39.55:10 5.3 11.7 17.0 31.1 173.14 8.90 2.86 1.34.55 0.86 0.85 0.27 0 0 5.49 24.27 8.83 161.7 59.810:15 3.8 51.0 54.8 7.0 31.12 9.93 3.08 17.20 0.77 0.75 0.05 0 0 0.92 5.72 7.28 301.0 95.815:20 3.3 272.0 275.3 1.2 9.44 11.09 3.33 2.26 0.73 0.69 0.01 0 0 0 1.02 6.16 342.5 107.7>20 2.9 492.2 495.1 0.5 3.30 11.89 3.50 0.44 0.69 0.65 0.004 0 0 0 0.24 2.62 531.0 116.5

January 1983
<-5 80.7 5.0 85.7 94.2 81.97 5.83 2.21 58.38 0.99 0.85 0.93 0.80 9.76 5.91 0.09 0.11 -63.2 -54-5:0 13.1 6.1 19.2 68.1 397.55 6.80 2.41 301.80 0.93 0.91 0.64 1.03 22.22 62.23 7.17 4.13 6.1 18.20:5 7.5 7.8 15.3 49.0 394.89 7.84 2.63 294.86 0.90 0.88 0.44 0 22.00 51.66 17.49 8.88 69.2 40.85:10 5.2 10.9 16.1 32.2 182.28 8.79 2.84 139.95 0.87 0.83 0.28 0 0 6.24 27.39 8.70 174.4 64.7>10 3.9 17.4 21.3 18.3 30.10 9.92 3.08 21.01 0.79 0.76 0.14 0 0 0 6.28 2.81 286.7 92.5



Table A.2 (continued)

Energy use penalties Output Input
Bin Cycle parameters Total Steady-state dry-coil Energy use pn loss increase

temp inputt ge n Of P d % eney C y t CAPRAT COPRAT load Frosting Frsting Defrost artup Off- per per
7."rT / On . Otf . er l0? % ene V COP nput f1 o r transient cyclec
(°C) (min) (min) (min) on (kWh) (kW) (kWh) (kWh) ( tai ((kWh) (kWh) (kJ) (kJ)(kWh) (kWh) (kWh) (kJ) (kJ)

February 1983
<-5 35.1 4.4 39.5 88.9 15.06 6.13 2.27 11.36 0.97 0.95 0.86 0 0.56 3.07 0.03 0.04 -49.5 -3.9
-5:0 11.9 6.1 18.0 66.2 216.58 6.97 2.45 168.45 0.93 0.92 0.61 0 10.26 30.41 4.94 2.52 35.0 31.6
0:5 7.3 8.1 15.4 47.6 280.49 7.78 2.62 207.16 0.89 0.88 0.42 0 14.92 38.14 13.57 6.70 86.9 46.3
5:10 5.0 14.6 19.6 25.3 92.02 8.94 2.87 67.08 0.84 0.82 0.21 0 0 3.91 15.02 6.01 220.8 81.2

10:15 4.0 17.7 21.7 18.4 59.84 9.98 3.09 41.64 0.81 0.78 0.15 0 0 0.92 11.67 5.61 300.5 91.9
>15 3.9 35.7 39.6 9.8 14.23 11.01 3.32 8.62 0.75 0.74 0.07 0 0 0 3.09 2.52 303.3 96.9

March 1983

<0 11.3 7.1 18.4 61.3 72.48 6.92 2.44 58.14 0.95 0.91 0.58 0 3.54 7.76 1.99 1.05 54.6 38.5
0:5 7.3 9.7 17.0 43.0 185.11 7.86 2.64 140.43 0.90 0.86 0.39 0 11.21 17.37 10.63 5.47 120.2 55.9
5:10 5.2 15.8 21.0 24.7 142.09 8.89 2.86 107.10 0.86 0.82 0.21 0 0 1.66 23.59 9.74 203.1 76.0

10:15 3.9 35.0 38.9 10.1 58.10 9.93 3.08 35.87 0.78 0.75 0.08 0 0 0 12.09 10.14 335.0 105.8
15:20 3.8 58.6 62.4 6.1 22.00 11.02 3.32 11.61 0.74 0.72 0.05 0 0 0 4.61 5.78 369.8 111.4
>20 3.1 186.4 189.5 1.6 8.11 12.02 3.53 2.29 0.69 0.68 0.01 0 0 0 1.10 4.72 379.6 96.5

April 1983

<0 10.1 7.2 17.3 58.1 71.82 6.95 2.44 55.44 0.92 0.89 0.53 0 3.78 8.83 2.53 1.24 57.9 42.0
0:5 6.4 10.1 16.5 38.9 128.71 7.98 2.67 97.06 0.88 0.84 0.34 0 7.37 10.08 9.56 4.64 151.6 67.0
5:10 5.3 15.2 20.5 25.8 170.11 9.01 2.89 129.18 0.85 0.80 0.22 0 0 2.76 27.19 10.98 221.2 81.0

10:15 8.6 21.2 29.8 14.3 103.55 10.04 3.11 69.70 0.80 0.75 0.12 0 0 0 21.03 12.82 279.1 93.4
15:20 3.9 81.5 85.4 4.6 34.63 11.12 3.34 16.75 0.75 0.71 0.03 0 0 0 6.58 11.30 333.7 106.5
>20 3.3 362.2 365.5 0.9 7.43 12.26 3.58 1.42 0.70 0.66 0.01 0 0 0 0.70 5.31 418.9 120.1

'Includes supplemental I2R.
bInput to meet heating requirement at SSDC COP (calculated and summed from hourly data within bin).
1I2R required due to frosting capacity loss.

dHeat pump input required due to frosting capacity and COP loss.
'Based on normal capacity.



Table A.3 Cooling season condensed data

Bin Av Av Bin Operating time No. Input energy Output energy Latent-
temp bin oper. RH. Bin (h) of (kWh) (kWh) to-total COP,
range temp temp (%) hours Thermostat cooling
(°C) (°C) (°C) Trans. Norm. cycles Trans. Norm. Off-cycle Total Trans.' Norm."' Latent Total ratio Trans.' Norm.' Total

June 1982
<20 17.6 18.6 64 235 0.52 9.76 14.5 1.66 29.85 12.02 43.54 2.24 67.53 17.45 87.43 0.200 1.69 2.83 2.77

20:25 22.3 22.8 57 270 2.93 66.60 64.5 9.70 215.38 10.73 235.80 13.04 456.17 110.16 580.18 0.190 1.66 2.62 2.58
25:30 26.9 26.9 48 195 3.19 91.96 57 11.12 309.71 5.34 326.17 14.43 620.34 139.66 775.03 0.180 1.58 2.44 2.42
>30 30.7 30.7 46 14 0.19 8.22 5 0.69 28.29 0.30 29.28 0.78 55.57 12.04 68.44 0.176 1.38 2.38 2.36

July 1982
<20 18.7 19.0 78 20 0.29 2.49 4.5 0.90 7.53 0.92 9.35 1.53 17.78 4.90 24.05 0.204 2.14 2.96 2.88

20:25 22.4 22.9 76 190 4.32 39.91 66 14.22 126.84 7.80 148.85 22.80 278.94 79.57 378.18 0.210 2.03 2.78 2.71
25:30 27.7 27.9 62 120 3.01 65.44 44.5 10.53 221.56 2.76 234.85 16.33 456.85 117.94 585.69 0.201 1.94 2.58 2.55
>30 31.1 31.1 56 53 1.55 32.24 22.5 5.57 110.35 1.03 116.95 8.46 223.63 56.47 285.88 0.198 1.89 2.52 2.49

August 1982
<20 17.7 18.7 88 83 0.54 4.41 8 1.92 13.37 4.18 19.47 2.70 30.12 9.50 42.42 0.224 1.81 2.90 2.77

20:25 22.1 22.7 87 179 2.38 28.69 39.5 8.94 92.18 7.91 109.04 11.80 195.54 61.09 268.98 0.227 1.71 2.75 2.66
>25 27.5 27.5 68 119 3.39 50.25 48.5 13.25 169.63 3.50 186.38 16.79 343.41 97.66 458.44 0.213 1.61 2.57 2.51

September 1982 00
<20 16.1 18.7 83 525 0.98 10.59 18 3.35 31.54 27.47 62.35 4.41 69.45 23.87 98.00 0.244 1.74 2.91 2.81

20:25 22.1 22.7 79 315 3.66 45.71 55.5 13.51 143.13 14.21 170.85 16.81 296.06 94.05 407.60 0.231 1.62 2.69 2.60
>25 27.1 27.3 60 151 3.15 52.57 44 12.02 171.75 5.10 188.86 14.91 349.32 100.12 468.87 0.214 1.58 2.59 2.53

June 1983
<20 17.8 19.0 74 201 0.21 6.17 9 0.67 19.34 15.57 35.58 0.79 41.10 11.85 53.84 0.220 1.51 2.73 2.69

20:25 22.2 22.8 69 205 1.17 39.62 39 3.90 129.09 13.14 146.12 4.07 267.24 72.21 344.01 0.210 1.32 2.62 2.59
25:30 27.7 27.8 52 186 2.02 95.49 48 6.95 326.12 7.08 340.15 6.76 627.68 147.38 782.43 0.188 1.20 2.37 2.35
>30 31.2 31.1 49 49 0.46 27.57 13 1.63 96.48 1.68 99.79 1.57 184.34 45.66 231.73 0.197 1.20 2.38 2.36

July 1983
<20 18.9 19.6 78 43 0.09 1.48 2 0.28 4.65 3.31 8.25 0.47 10.30 2.79 13.59 0.205 2.07 2.79 2.75

20:25 22.2 22.8 73 165 2.64 30.83 34 8.83 100.54 10.52 119.89 13.95 209.72 55.94 280.04 0.200 1.97 2.61 2.56
25:30 27.7 28.1 57 70 1.59 36.90 22 5.61 126.82 2.52 134.95 8.52 245.09 56.19 310.08 0.181 1.86 2.36 2.34
>30 31.7 31.8 47 83 2.32 47.95 22 8.42 169.44 2.62 180.48 12.53 317.91 72.68 403.41 0.180 1.82 2.29 2.27

August 1983
<20 18.2 19.2 77 49 0.09 1.82 3 0.28 5.71 3.77 9.76 0.47 12.62 3.59 16.72 0.215 2.14 2.82 2.79

20:25 22.4 22.9 77 215 2.95 38.32 39 9.80 124.17 13.90 147.88 15.45 258.07 68.05 342.06 0.199 1.97 2.60 2.55
25:30 27.4 27.7 61 129 3.42 60.54 40 11.93 206.10 5.20 223.24 18.11 401.53 97.83 517.95 0.189 1.87 2.40 2.38
30:35 32.1 32.2 53 90 1.83 61.49 15 6.61 217.73 2.13 226.47 9.61 400.92 95.63 506.35 0.189 1.79 2.27 2.26
>35 36.3 36.3 44 19 0.35 15.62 2 1.27 57.21 0.24 58.73 1.84 100.19 23.06 125.12 0.184 1.78 2.15 2.14

'Does not include off-cycle energy use.
'Sensible cooling only.
cIncludes cooling delivered during fan slowdown.
'Assumes the same latent-to-total cooling ratio for both transient and normal modes.
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Table A.4 Cooling mode cycling parameters and losses

Energy use
Bin Cycle parameters Total Steady-state (1)° Steady-state (2)b penalties

temp input
range On Off Period % energy Capacity COP Inputc Capacity COP Inputc Startup Off-
(°C) (min) (min) (min) on (kWh) (kW) (kWh) (kW) (kWh) transients cycle

(kWh) (kWh)

June 1982

<20 42.5 929.9 972.4 4.4 43.54 10.66 3.38 25.92 10.91 3.49 25.11 5.60 12.02
20:25 64.7 186.5 251.2 25.8 235.80 10.08 3.10 189.22 10.54 3.27 179.21 37.83 10.73
25:30 100.2 105.1 205.3 48.8 326.17 9.51 2.82 275.42 10.18 3.05 254.18 45.41 5.34
>30 101.2' 66.8 168.0 60.2 29.28 8.98 2.56 26.71 9.84 2.85 23.99 2.26 0.30

July 1982
<20 37.1 229.6 266.7 13.9 9.35 10.60 3.35 7.25 10.88 3.47 7.01 1.17 0.92

20:25 40.2 132.5 172.7 23.3 148.85 10.06 3.09 123.78 10.53 3.26 117.16 17.27 7.80
25:30 92.3 69.5 161.8 57.0 234.85 9.37 2.75 215.30 10.09 3.00 197.36 16.78 2.76
>30 90.1 51.2 141.3 63.8 116.95 8.93 2.54 113.70 9.80 2.83 101.85 2.22 1.03

August 1982

<20 37.1 585.4 622.5 6.0 19.47 10.65 3.37 12.58 10.90 3.48 12.18 2.71 4.18
20:25 47.2 224.7 271.9 17.4 109.04 10.09 3.10 86.76 10.55 3.27 82.21 14.34 7.91
>25 66.4 88.8 147.2 45.1 186.38 9.43 2.78 164.99 10.12 3.02 151.72 17.88 3.50

September 1982

<20 38.6 1711.4 1750.0 2.2 62.35 10.65 3.37 29.06 10.90 3.48 28.13 5.82 27.47
20:25 53.4 287.2 340.6 15.7 170.85 10.09 3.10 131.56 10.55 3.27 124.64 25.07 14.21
>25 75.9 130.0 205.9 36.9 188.86 9.45 2.79 166.71 10.14 3.03 153.45 17.04 5.10

June 1983

<20 42.5 1297.5 1340.0 3.2 35.58 10.60 3.35 16.08 10.88 3.47 15.54 3.92 15.57
20:25 62.8 252.6 315.4 19.9 146.12 10.08 3.10 111.21 10.54 3.27 105.31 21.78 13.14
25:30 121.9 110.6 232.5 52.4 340.15 9.39 2.76 282.54 10.10 3.01 259.22 48.99 7.08
>30 129.4 96.8 226.2 57.2 99.79 8.91 2.53 91.44 9.79 2.83 81.85 6.67 1.68

July 1983

<20 47.1 1242.9 1290.0 3.7 8.25 10.52 3.31 4.10 10.82 3.44 3.95 0.83 3.31
20:25 59.1 232.1 291.2 20.3 119.89 10.08 3.10 90.44 10.54 3.27 85.67 18.93 10.52
25:30 105.0 85.9 190.9 55.0 134.95 9.34 2.74 113.29 10.07 2.99 103.73 19.14 2.52
>30 137.1 89.3 226.4 60.6 180.48 8.83 2.49 162.13 9.74 2.80 144.30 15.72 2.62

August 1983

<20 38.2 941.8 980.0 3.9 9.76 10.58 3.34 5.01 10.86 3.46 4.84 0.98 3.77
20:25 63.5 267.3 330.8 19.2 147.88 10.06 3.09 110.83 10.53 3.26 104.89 23.15 13.90
25:30 95.9 97.6 193.5 49.6 223.24 9.40 2.77 187.33 10.10 3.01 172.02 30.71 5.20
30:35 253.3 106.7 360.0 70.4 226.47 8.78 2.46 205.64 9.70 2.78 182.42 18.69 2.13
>35 479.1 90.9 570.0 84.1 58.73 8.21 2.19 57.16 9.34 2.56 48.83 1.32 0.24

'Based on derived steady-state performance: Eqs. 4.6 and 4.7.
bBased on manufacturer's ratings: Eqs. 4.1 and 4.2.
CInput energy required to meet cooling load at steady-state COP (calculated and summed from

hourly data within bin).
dBased on steady-state COP (1) (calculated and summed from hourly data within bin).

4'S
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4. Defrost energy penalty (PECd):

QHd
PECd = ECd - C

COP.

where

ECd = measured defrost energy use,
QHd = measured net heat input to space in defrost mode;

5. Supplemental heat use caused by capacity loss due to frosting (I2Rf):

I2Rf = I2Rm - I2Rh ,

where

I2Rm = measured supplemental heat use,

I2Rsh = required supplemental heat,

I2Rsh = QHT - QH. ;

6. Frosting energy use penalty (PECf):

EC n - COP if T < 5.0°C

PECF =
0 if T > 5.0°C

where

ECN = measured normal-mode energy use,

QHn = measured heat delivery in normal mode;

7. Start-up transient energy use penalty (PECt):

EC t - QH if T S 5.00C

P E ~ECt + EC Q(Q H ) if T > 5.0pCPEC + C- (QHt + QH,) if T > 5.0°C
(EQt + ECN) co

where

ECT = measured transient-mode energy use,

QHT = measured heat delivery in transient mode.
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A.2.2 Average Defrost Cycle Energy Consumption Rates, Cooling Capacity,
and Time for December 1981 (Table 3.7)

1. Defrost time per cycle td:

1.25 X Dy
DT = Hd60 60

where

DT = hours spent defrosting,

Hd = hours spent in defrost mode including recovery period,

DCyC = number of defrost cycles.

1.25 X 111
DT = 12.89 - 25 = 10.58 h .

60

td = T X 60 = 1058 X 60 = 5.72 min

2. Average heat pump power draw during defrost mode (PHP):

IDFd + COMd _ 5.28 + 27.03 51 kW
PHP ~ ---- 2.51 kW ,

PHP Hd 12.89

where

IDFd = defrost mode indoor fan energy use,

COMd = defrost mode compressor energy use,

Hd = defrost mode hours.

3. Average resistance heater energy consumption during defrost (Ph):

I2Rd 87.06
Prh - DT 10 = 8.23 kW .

'h- DT 10.58

4. Average defrost mode cooling capacity (QCd):

QHd = (1 - FQr) X HFLD,

where

QHd = net heat to house during defrost cycles,

HFLD = net heat to house in defrost mode,

FQr = fraction of heat delivered in recovery period = 0.38 - 0.029 X td.

QHd = (1 - 0.214) X 39.70 = 31.22 kWh .
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QCd = I2Rd - QHd

where

QCd = net cooling of indoor air stream,

QCd = 87.06 - 31.22 = 55.84 kWh;

QCd = _ 5 5. 5.28 kW.
DT 10.58

A.2.3 CAPRAT, COPRAT, and heating load factor (rh) for February 1982,
-5 < T < 0°C

CAP
CAPRAT = CAPC

CAP,

CAP~p = heating delivered (transient + normal)
operating hours (transient + normal)

98.62 + 288.29
15.45 + 42.84

= 6.64 kW;

CAPS, = 6.98 kW;

CAPRAT = 66 0.95
6.98

COPRAT = COPcyC
COP,

COPp heating delivered (transient + normal)
energy used (transient + normal)

98.62 + 288.29
48.76 + 126.38

= 2.21;

COP,, = 2.45;
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2.21
COPRAT = -45 = 0.90.

2.45

heating delivered (transient + normal)
(bin hours - defrost hours) X CAP.

98.62 + 288.29
(108 - 4.45) X 6.98

= 0.54 .

A.2.4 Output Loss per Cycle (OLPC) and Input Increase per Cycle (IIPC)
for February 1982, -5 < T < 0°C

OLPC = (Qn X Tp - Q) X 3600/N :

n = normal-mode output energy
normal-mode operating time

288.292882 = 6.73 kW .
42.84

Tp = Ttan + Tnrm = 15.45 + 42.84 = 58.29 h ;

Q = transient output + normal output

= 98.62 + 288.29 = 386.91 kWh;

N = number of thermostat cycles in bin-month = 486.5;

OLPC = (6.73 X 58.29 - 386.91) X 3600/486.5

= 39.8 kJ/cycle .

IIPC = (E - Q/COPn) X 3600/N :

E = transient input + normal input

= 48.76 + 126.38 = 175.14 kWh;

Q = 386.91 kWh;



Appendix B

AIR-SIDE HEAT FLOW INSTRUMENTATION

This appendix gives a brief description of the system used to measure the heat pump
heating and sensible cooling output in TECH House III.

The system basically consists of two 3-m-long averaging RTDs (Fig. B.1), a vane
anemometer (Fig. B.2), and associated electronics for conditioning the signal to be
compatible with the DAS. One RTD is located in the return air duct and the other in the
supply air duct to measure the air temperature difference across the heat pump indoor unit.
The anemometer, located in the return air duct, measures the air speed. Figure B.3 shows
the relative locations of the RTDs and anemometer. Signals from the anemometer and RTDs
are integrated electronically to produce a stream of discrete pulses, proportional to the heat
flow, which are stored in a counter by the DAS.

ORNL-PHOTO 0762-84

Fig. B.1. Averaging RTD used in air-side heat flow measurement.

The DAS counter is interrogated once each hour, and the heat flow for the hour is
calculated by

Q = K X N,
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ORNL-PHOTO 3166-81

Fig. B.2. Vane anemometer used in air-side heat flow measurement.

ORNL-DWG 84-7232

RTD (OUTLET
AIR TEMPERATURE)

- --- AUXILIARY HEATER

HEAT PUMPBLOWER
INDOOR

UNIT

-- INDOOR COIL

-RTD (INLET
AIR TEMPERATURE)

ANEMOMETER

Fig. B.3. Schematic of heat pump indoor unit showing location of air-side heat
flow instrumentation.
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where

K = a calibration constant,

N, = number of counts per hour; obtained by electronically multiplying the
frequency signal from the anemometer and the temperature difference
from the RTDs (converted to a frequency).

Calibration of the heat flowmeter is done by imposing a known heat flow on the airstream.
The calibration constant K is evaluated by

K = Q'/N,

where Q' = known heat flow. Complete details of air-side heat flow measurement tech-
niques used at the TECH complex are available in ref. 5.
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