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ABSTRACT

Frost accumulation on the outdoor coil of a heat pumpis
one of the basic concernsabout heat pump operation. Defrost-
ing by cycle reversing is energy consuming, compromises
indoor thermal comfort, and causes excessive and unneces-
sary use of electric resistance heating.

By adding a moderate amount of heat to the refrigerant
stream in the accumulator, the evaporator coil temperature
can beraised by several degrees. This concept can be used to
retard frost accumulation on the outdoor coil of the heat pump
and, thus, keep the coil clean. The frequency of defrosting
cyclescanbedrastically reduced by afactor of fiveintheKnox-
ville, Tennesseeg, area. This study describesthe devel opment of
a frost-less heat pump.

Also discussed is a new defrosting technology that does
not rely on heat taken fromthe conditioned space of the house
by adding heat to theliquid refrigerantintheaccumulator. The
accumulator becomes an evaporator, providing heat for coil
defrosting. In this system, the indoor fan is not energized
during the defrosting period. Two-phase refrigerant flowing
through the indoor coil will remain two-phase asit entersthe
accumulator whereit then boils. An obvious advantageisthat
therewill not beacold blow phenomenonduring thedefrosting
period. Energy consumption is modest—around 1 kW—
compared to an average of 10 kW resistant heating coil fully
energized.

Test data on several engineering units showed that the
frost-less concept and the new defrosting scheme worked as
expected. Results are presented in this paper.

Ronald E. Domitrovic

Joe K. Kilpatrick
Member ASHRAE

INTRODUCTION

A heat pump heats a home thermodynamically. It will
absorb heat from |ower temperature ambient air—or any other
heat source—and deliversit to the higher indoor temperature
to maintain indoor thermal comfort. If designed right, a heat
pump can be very energy efficient for both heating and cool -
ing.

However, there are two major concerns about the heat
pump operation during the heating mode operation. Oneisthe
“cold blow” that the heat pump supply air temperature is
generally in the range between 90°F and 100°F, which can
cause a sensation of cold air blowing across the skin. When
frost starts accumulating on the outdoor coil, the supply air
temperature will be even lower. Another concern is the
requirement for periodical defrosting of the outdoor coil,
which results in taking heat out from the house to defrost the
outdoor coil. Not only theresi stance heating will befully ener-
gized—the level of “cold blow” could be more severe, partic-
ularly near the end of the defrosting period where the supply
air temperature could be below the house'sindoor air temper-
ature. Also, each defrosting cycle will subject the heat pump
to thermal and pressure shock twice.

Research and devel opment work on the cold blow prob-
lem has been successfully performed so that air delivery
temperature was above 105°F, except the added manufactur-
ing cost to achieve the goal wastoo high (in the order of $200
to $550)—well over the goal of $100 (TVA 1998). As for
defrosting, much work has been reported on heat pump frost-
ing and defrosting performance (Miller 1989; Kondepudi and
O'Neal 1987, 1989; Nutter and O’ Nea 1996). Work was a so
reported on shortening the defrosting cycle by adding heat to
the accumulator during the defrosting period (Nutter and
O’ Neal 1996). However, thereispractically no reported work
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Figurel Refrigerant-side schematic.

in the public domain discussing the possibility of reducing the
number of defrosting cyclesby frost retardation on the outdoor
coil and the possibility of reducing the severity of cold blow
even during the defrosting cycle.

In thisstudy, anovel way to retard the frost formation and
anew defrosting technology were discussed and the concept
was experimentally proved. These two technologies can be
used together or separately. Laboratory test results showed
that not only wasthefrost buildup on the outdoor coil severely
retarded, but the heat pump supply air was also warmer than
that of the baseline operation by 4°F to 6°F. Better yet, there
will beno cold air blow even during thedefrosting period. The
laboratory experiment was performed with atwo-ton split heat
pump system with arated EER of 10. The tests were over an
outdoor temperature range from 41°F to 32°F and with the
relative humidity set at 75% to 80%, in which thefrost ismost
likely to form, while the indoor conditions were kept at ARI
rated conditions of 70°F dry-bulb and 60°F wet-bulb (maxi-
mum).

THE FROST-LESS HEAT PUMP CONCEPT

The“frost-less’ heat pump concept wasderived from the
experimental results of the liquid overfeeding (LOF) air-
conditioningwork (Mei et al. 1996). During an L OF air-condi-
tioner laboratory experiment, the suction pressure observed
was higher thanthat during the baselineoperationby 6 to 8 psi,
which was caused by the addition of heat to the accumulator
from the condensed liquid from condenser. In the same way,
if heat were added to the accumulator during the winter heat-
ing mode operation (see Figure 1), the outdoor coil tempera
ture should beincreased, and frost formation on the coil would
then be retarded because of the elevated coil temperature.
However, the mgjority of the heat added to the accumulator
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will bedelivered through more efficient compressor operation
with higher suction pressure and mass flow rate to the house
interms of higher supply air temperature. However, it should
be noted that “frost-less” isnot “frost-free.” If the heat pump
isoperated over along time at low ambient temperature, frost
will accumulate on the outdoor coil even with heat added into
the accumul ator.

Thereisaconcern that the heat transfer between outdoor
coil and ambient air will be reduced because of higher coil
temperaturefor thefrost-less operation. When the outdoor coil
isclean, the heat transfer between theoutdoor coil and ambient
air will be less efficient than that of baseline operation.
However, once the frost accumulation on the outdoor coil
startsto deteriorate the heat transfer process asin the baseline
operation, the outdoor coil for a frost-less heat pump is still
clean and, thus, the heat transfer will be more efficient in this
stage of operation.

Because the heating capacity is higher with the frost-less
system, the heat pump should be cycled off before the defrost-
ing cycle would be initiated. It is estimated that the frost-less
heat pump will reduce the defrosting cycle by afactor of five
in the Knoxville, Tennessee, area.

NEW DEFROSTING METHOD

Cycle reversing is the standard heat pump defrosting
method. The heat pump tested was equipped with a standard
timer, and refrigerant temperature sensor for defrosting. The
time was originally set for 60-minute defrosting. It was reset
for 90-minute defrosting for this study. During the defrosting
period, heat is taken from indoors to defrost the outdoor coil,
which resulted in cold blow even with the indoor resistance
heating coail fully energized.

The frost-less concept retards frost accumulation on the
outdoor coil and increases the heating capacity, thus poten-
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tially reducing the amount of cycle reversing for defrosting.
However, when ambient temperature is below 32°F, the heat-
ersto add heat to the accumulator will be shut off in heat pump
heating mode operation because adding a modest amount of
heat to the accumulator will not retard frost accumulation on
the outdoor coil. Eventually, acycle-reversing defrosting will
be needed.

However, during the cycle-reversing defrosting period,
the indoor blower will be shut off. Liquid refrigerant passing
the indoor expansion device will be two-phase throughout the
indoor coil without absorbing heat from the house. The two-
phase refrigerant will flow to the accumulator. The heater in
the accumulator will be energized during the defrosting
period. In other words, the accumulator is taking over the
function of the evaporator, where refrigerant is evaporated to
provide vapor to the compressor for outdoor coil defrosting.

Thisdesign allowscycle-reversing defrosting but without
indoor cold air draft and without indoor resistance heaters
being energized. The advantages of thisdefrosting schemeare
that (1) the cold blow is eliminated during the defrosting
period because theindoor blower is shut off, (2) the defrosting
is very efficient because the accumulator is close to the
outdoor coil where heat |ossis minimum, and heat input to the
accumulator will be much less than the 10 kW (in the order of
1 kW) requirement of the indoor resistance heating elements,
and (3) the power consumption by the indoor blower motor
can be saved.

TEST SETUP

A two-ton split heat pump was selected for the test
because it was considered the most popular model in the
region. Figure 1 shows the refrigerant-side schematic and
Figure 2 shows the accumulator-heater assembly. Figure 3
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Figure2 Accumulator with heaters.
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showstheair-side schematic. The setup isto measure both the
air-side and refrigerant-side performance. Pressure transduc-
ers and thermocoupleswereused for pressure and temperature
measurements. However, air-side measurements were
adopted because refrigerant-side mass flow rate measure-
ments would not be accurate during the transient operating
period, such asat the beginning and at the end of the defrosting
cycle.

The indoor blower motor was wired in away that during
the cycle-reversing defrosting period for the frost-less opera-
tion, the motor would not be energized. Power measurements
for the compressor and condenser fan motor, indoor blower
motor, and resistance heating elements were recorded sepa-
rately by power transducers.

From the measured data, the heat pump heating capacity,
supply air temperature, power consumption, system COR, etc.,
could be calculated. Summarization of the test setup is as
follows:

Air side:

*  Heat pump indoor unit inlet and outlet air dry- and wet-
bulb temperatures with thermocouple piles.

»  Outdoor dry-bulb and wet-bulb temperatures with ther-
mocouples

* Indoor air volumetric flow rate with a micromanometer.

Refrigerant side:

* Pressure measurements with pressure transducers—
compressor inlet and outlet, condenser (indoor coil) out-
let, and suction before accumulator.

*  Temperature measurements with thermocouples—com-
pressor inlet and outlet, condenser (indoor coil) outlet,
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Figure3 Air-side schematic.



(a) 10 minutes

(b) 50 minutes

(¢) 90 minutes

Figure4 Baseline operation at 35°F ambient and 75% RH.

before expansion device (on outdoor coil), after expan-
sion device, before and after accumul ator.

* Refrigerant volumetric flow rate measurement is with a
turbinemeter located just before the expansion device
(on outdoor coil).

Power:

» Compressor and condenser fan power, indoor blower
motor, and resistance heater power inside the accumula
tor were measured.

TEST PROCEDURES

Frost-Less Operation

In this study, atwo-ton cooling heat pump has been tested
extensively for baseline and frost-less operation over an
outdoor temperature range of 33°F to 41°F at 75% relative
humidity.

Baseline tests were performed first. After going through
afrosting and defrosting period at a specified ambient temper-
ature (normally a90-minute cycle), the heatersin the accumu-
lator were turned on for frost-less operation. The heat pump
was operated continuously with the heaters on until frost
finally accumulated on the outdoor coil. Testswere performed
at simulated outdoor temperatures of 41°F, 39°%F, 37°F, 35°F,
and 33°F.

Test of New Defrosting Method

The heat pump was operated with simulated outdoor
ambient temperaturesbel ow 30°F to allow frost to accumul ate
on the outdoor coil without energizing the heaters. Once the
heat pump called for defrosting after a 90-minute operation,
the heat pump cycle was reversed and the heatersin the accu-
mulator were energized and the indoor blower motor was
turned off. The two-phase refrigerant flowed past the indoor
coil without been evaporated. The accumulator served as the
evaporator during the defrosting period. The amount of power

input to the accumulator was recorded and the outdoor coil
temperatures were measured. The test data were then
compared with the baseline defrosting test data.

TEST RESULTS AND DISCUSSION

Comparing the test data for the two operations, it is clear
that the frost-less concept provides higher average supply air
temperature of 4°F to 6°F over that of baseline. The supply air
temperatures by the frost-less concept are also very stable,
while the supply air temperature for baseline operation varies
over the operating cycle. The indoor thermal comfort is, thus,
greatly improved.

Figures 4a through 4c show the coil frost accumulation
over a90-minute operation at 35°F ambient and 75% RH. It is
evident that the coil was almost covered with frost at the end
of the 90-minute operation. However, when the heatersin the
accumulator were energized in the same heat pump (as shown
in Figures 5a through 5c¢), there was little or no frost on the
outdoor coil. Figures 6 and 7 show the heat pump supply air
temperature and heating capacity comparisons between the
baseline and frost-less operations. It is clear that the frost-less
operation provided higher and more stable air supply air
temperature and heating capacity. The test data proved the
validity of the frost-less concept.

As for low ambient temperature defrosting tests, cycle-
reversing coil defrosting was performed with the indoor fan
off and accumulator heaters energized (1.0 kW). It was found
that the coil defrost was just as fast as the conventional cycle
reversing defrosting. The new defrosting technology actually
saves energy for defrosting.

Tables 1 and 2 show the spreadsheet analysis of the heat-
ing seasonal performance in the Knoxville, Tennessee, area.
The calculation was based on the temperature bin method
(ASHRAE 1983). The temperature binswerefrom ASHRAE
(1989). Thetablesshow that oncethe energy consumed during
the defrosting period is counted, FLHP is actually 9% more
efficient to operate than the baseline line system.
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TABLE 1
Baseline Heat Pump

A B C D E F G H | J K L M N o
ODT |Seasonal| Btu/h OoDT Heat HP HP HP | Partial | Run HP, Resist | Res. | Btu/h |Defrost
BIN | Heating| Losy |Diff (65-| Loss, | Cap, | Input,| Load | Load | Time | kWh | Heat, Ht, | Loss/ | kWh/

Hours Deg ODT) | Btu/h | Btu/h | KW | Factor | Factor KW | kWh | Year | Year

62 746 642 3 1925 | 28305 | 2.250 | 0.068 | 0.767 | 9% | 148.83 | 0.00 | 0.00 | 1436

57 675 642 8 5133 | 26500 | 2199 | 0.194 | 0.798 | 24% | 360.12 | 0.00 | 0.00 | 3465

52 672 642 13 8342 | 24752 | 2.148 | 0.337 | 0.834 | 40% | 583.11| 0.00 | 0.00 | 5606

47 689 342 18 11550 | 23060 | 2098 | 0501 | 0.875 | 57% | 827.24 | 0.00 | 0.00 | 7958

42 648 642 23 14758 | 21432 | 2.050 | 0.689 | 0.922 | 75% | 991.97 | 0.00 | 0.00 | 9563

37 590 642 28 17967 | 18546 | 1.887 | 0.969 | 0.992 | 98% |1087.04| 0.00 | 0.00 | 10600 | 655.56

32 456 642 33 21175 | 18343 | 1.954 | 1.000 | 1.000 | 100% | 891.02 | 0.83 |378.37| 9656 | 506.67

27 217 642 38 24383 | 16885 | 1.908 | 1.000 | 1.000 | 100% | 414.04 | 2.20 |476.75| 5291 | 241.11

22 101 642 43 27592 | 15486 | 1.862 | 1.000 | 1.000 | 100% | 188.06 | 3.55 |358.24| 2787 | 112.22

17 41 642 43 30800 | 14144 | 1.817 | 1.000 | 1.000 | 100% | 74.50 | 4.88 |200.09| 1263 | 45.56

12 21 642 53 34008 | 12874 | 1.773 | 1.000 | 1.000 | 100% | 37.23 6.19 |130.04| 714 | 2333

7 7 642 58 37217 | 11635 | 1.729 | 1.000 | 1.000 | 100% | 12.10 750 | 5247 | 261 7.78

2 2 642 63 40425 | 10467 | 1.687 | 1.000 | 1.000 | 100% | 3.37 8.78 | 17.56 81 2.22

Totals= 5619 1614 | 58680 | 1594

Outdoor Design Temperature = 17°F
Design Heating Load Requirement = 30800 Btu/h
Balance Point Outdoor Temperature = 35°%F

HSPF=Sum N/ ((SumK + Sum M + Sum O))

HSPF = 6.65

* Notes:

1) Baseline HP defrost is assumed a 10 KW resistance heating coil on for 10 minutes. Every 90 minutes, defrost once.

2) Knoxville weather data.
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TABLE 2

Frostless Heat Pump

A B C D E F G H

| J K L M N o

ODT | Seasonal | Btu/h | ODT Heat HP HP HP

BIN | Heating | Losy | Diff Loss, | Cap, | Input, | Load
Hours Deg (65- | Btu/h | Btu/h | KW | Factor
ODT)

Partial | Run HP, Resist | Res. Btu/h | Defrost
Load | Time | kWh | Heat, Ht, Loss/ | kWh/
Factor KW KWH Year Year

62 746 642 3 1925 | 28305 | 2.250 | 0.068

0.767 9% | 148.83 | 0.00 0.00 1436

57 675 642 8 5133 | 26500 | 2199 | 0.194

0.798 | 24% | 360.12 | 0.00 0.00 | 3465

52 672 642 13 8342 | 24752 | 2.148 | 0.337

0.834 | 40% | 58311 | 0.00 0.00 | 5606

47 689 642 18 11550 | 23060 | 2.098 | 0.501

0875 | 57% | 827.24 | 0.00 0.00 7958

42 648 642 23 14758 | 21432 | 2.050 | 0.689

0.922 | 75% | 991.97 | 0.00 0.00 | 9563

37 590 642 28 17967 | 22742 | 3.024 | 0.790

0.948 | 83% |1487.62| 0.00 0.00 | 10600

32 456 642 33 21175 | 16261 | 1.815 | 1.000

1.000 | 100% | 827.64| 144 |656.54| 9656 | 50.67

27 217 642 38 24383 | 13976 | 1.742 | 1.000

1.000 | 100% | 378.01| 3.05 |661.70 | 5291 | 24.11

22 101 642 43 27592 | 15486 | 1.862 | 1.000

1.000 | 100% | 188.06 | 3.55 |358.24 | 2787 | 11.22

17 41 642 48 30800 | 14144 | 1.817 | 1.000 | 1.000 | 100% | 74.50 | 4.88 | 200.09 | 1263 4.56
12 21 642 53 34008 | 12874 | 1.773 | 1.000 | 1.000 | 100% | 37.23 | 6.19 |130.04| 714 2.33
7 7 642 58 37217 | 11635 | 1.729 | 1.000 | 1.000 | 100% | 12.10 | 7.50 | 52.47 261 0.78
2 2 642 63 40425 | 10467 | 1.687 | 1.000 | 1.000 | 100% | 3.37 8.78 | 17.56 81 0.22

Outdoor Design Temperature = 17°F
Design Heating Load Requirement = 30800 Btuh
Balance Point Outdoor Temperature = 35°%F

Totals= 5920 2077 | 58680 94

HSPF=Sum N / ((Sum K + Sum M + Sum O))
HSPF = 7.25

* Notes:

1) Frostless HP defrost is assumed a 1 KW resistance heating coil inside the accumulator on for 10 minutes. Every 90 minutes, defrost once.

2) Knoxville weather data.

CONCLUSIONS

A two-ton heat pump was modified for both baseline and
frost-less operation. The new defrosting method was also
tested. The test data showed that both concepts worked as
expected. The following conclusions can be summarized
from the tests:

1. Adding heat to the accumulator during the winter heating
season will retard frost accumulation on the outdoor coil.
Thefrogt-less concept worked as expected. However, when
the ambient temperature drops below 32°F adding a
moderate amount of heat will not prevent frost accumula-
tion onthe outdoor coil and, thus, the heat input to theaccu-
mulator should be stopped. Heat should be added to the
accumulator only when theambient temperatureisbetween

41%F and 32°F, where frost ismost likely to accumulateon 4.

the cail..

2. The mgjority of heat added to the accumulator to retard
frost accumulation would be ddivered indoors via higher

suction pressurewasincreased. Theindoor thermal comfort
would be improved because the heat pump supply ar
temperature was el evated by 4°F to 6°F. Becausefrost accu-
mulation on the outdoor coil was severely retarded, the
supply air temperature was aso very stable for frost-less
operation, while the basdline operation showed abig swing
of supply air temperature.

The new defrosting method for low-ambient temperature
operation worked as expected. The moderate amount of
heat supplied tothe accumulator during the cycle-reversing
defrogting period, making the accumulator the de facto
evaporator, was enough for outdoor coil defrosting. No heat
would be taken from indoors because the indoor blower
was off during the defrosting period.

If the amount of heat used for defrosting was considered,
frogt-less operation out performed baseline operation by
providing better indoor thermal comfort and higher HSPF.

The frost-less concept is simple, efficient, and can poten-

heat pump supply air temperature because compressor  tially be low-cost. It improves indoor thermal comfort even
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during the defrosting period. It can potentialy eliminate the
need for cycle-reversing defrosting by a factor of five in the
Knoxville, Tennessee, region and, thus, can potentially
increase thereliability of the heat pump. Because indoor ther-
mal comfort and efficiency have always been the concerns of
the heat pump manufacturers, this technology addresses both
concernsin avery simple but effective way.
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CONVERSION TABLE

1kJ=1Btu/1.055
°C = (°F-32)/1.8
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