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simulation of an Automotive Heat Pump

Ronald E. Domitrovic

ABSTRACT

A computer simulation model for steady-state operation of a
mobile heat pump was used to study the effectiveness and perfor-
mance of heat pumps for quiomotive wse, I this stucly, simulations
are performed using an auwomative heat pump modeling program.
The primary concern is the effect on performance of cycle reversing

wring components currensty emplayed in automotive air-conditioning
Mﬁ&mdnmhwwmmbmhﬂ—uwﬂﬁfyam
ander to gauge their relative effectiveness in both cooling and heating
mides. Results are presented to show relanive performance between
INTRODUCTION

While mobile air conditioning (MAC) is still an optional item, its
murket share has reached 90% m passenger cars and 70 in light
wucks in North America. MAC has the highest parasitic power
consumption of all the accessory systems in a car, and yet the basic
MAC system has remained almost unchanged. For efficient MAC
system design, computer models are needed for performing parmerric
study.

For electric vehicles 1o be a commercial success, air conditioning
15 & necessary ttem. In regions that have mild weather, winter heating
with mobile heat pumps is desirable because it will eliminate the need
for supplemental heating equipment. Modeling must be done 10 sssess
the viahility of mobile heat purmp applications; however, no models
wene previously available for mobile application.

“This studly presents an analysis of using a heat pump for providing
heating and cooling 10 the passenger compartment of automobiles,
through simulations using both R-12 and R-134a, with a mobile heat
pummp maodel. This model (Kyle 1993) was derived from a residentinl
heat pump model (Fischer and Rice 1983). Presently the model
supports R-12, R-22, R-114, R-502, and R-134a and is easily adapted
to support others. The matn purpose of the research is to evaluate the
effectiveness of currently available and employed automotive air-
conditioning components as they perform n a heating mode. Addi-
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tionally, comparisons are mude and conclusions are dmwn as o the
relative performances of R-12 and R-134a

The automotive heat pump model (AHPM) was onginally ven-
fied on acomponent-by-component level. To complement the existing
validation, an addinonal validanon run was done with this version of
thi AHPM. It compares data gathered from a laboratory test of an auto-
motive air conditioner to AHPM simulation datn generated for the
modeled sysiem,

OVERVIEW OF MODEL

This heat pump computer simulation was performed using a
slightly maxdified version of the AHPM. The AHPM is designed 1o
simulate many types of automotive air-conditioning and heat pump
armangements. It includes two compressor simulation models, a
map-hased variable-speed model, and an explicit efficiency single-
spead model. The map-based model allows one 10 simulate an armnge-
ment around actual compressor performance, creating a close approx-
imation of an actual system, provided the data contnbuting to the map
are accurate and realistic. The explicit efficiency model simulates
compressor charscteristics based on user-specified values for isen-
tropic and volumetric efficiencies. Both finned-tube and plate-fin
evaportons are supported, as are finned-tube condensers. Flow control
i handled through either an explicitly defined expansion device—
capillary tbe, thermostatic expansion valve, or short tube onifice—or
an explicitly defined level of condenser exit subcooling. Modular
progrumming design facilitates the easy addition of new or modified
component stmulators.

Component modules are grouped together into two main iterative
loops. The high-side loop combines the compressor, condenser, and
expansion modules and uses the current evaporlor exit state as a start-
hg[xﬁmmumwﬂmm»mm;hhmwm
expansion device match. The low-side loop consists of the evaporator,
which, based on current refrigerant inket and outlet states and current
miass flow, iternies through inlet air temperatures until a match s made
with specified and calculated evaporator exit superheal. The hugh- and
Jow-side loops are contained in boxes in Figure 1. The outermost loop
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retums the computed evaporator inlet air temperture—based on the
most recent low-side loop caleulation—and, if necessary, adjusts the
estimate of the evaporator exit atumation temperature. This is repeated
until a match is made between the user-specified evaporator inlet air
temperature and the Iatest computed value for the same from the low-
side: loop.

The diagram in Figure | shows general flow fior all models possi-
ble with the AHPM and in bold lines shows the path this simulation
uses, Following through the steps of Figure 1, this simulation uses
specified condenser subcooling and does not explicitly specify an
expansion device. The model reacts by allowing for an infinitely vari-
able opening that is later translated into an appropiately sized expan-
sion device. Along with the subcooling expansion device module, a
finned-tube condenser and an explicit efficiency compressor are
modeled to complete the high-side group, Low-side calculations use
the fAnned-twbe evaporator model so that continuity can be mamtained
between cooling and beating modes, as the condenser must be
finned-tbe.

OVERVIEW OF SIMULATION

This simulation is done 10 compare the effectivencss of an auto-
muotive heal pump system in both cooling and heating modes using
either R-12 or R-134a. The diagram in Figure 2 is of the simulated
setup, In the cooling mode, the ambient air temperature (air passing
through the condenser) is varied from 80°F (26.7C)to 120°F (48.9°C)
in 5°F (2.8°C) increments, Likewise, in the heating mode, the ambient
air temperature (air passing through the evaporator) is varied between
0F(-11°Cand 65°F (18.3°C) in 5°F(2.8°C) ncremenis. Compar-
ative resuits ane presented graphically showing capacity, coefficient of
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Figure 1 AHPM flow diagram,
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performance (COF), power consumption, and compressor discharge
temperature.

In an actual vapor-compression system employing a reciprocat-
ing compressor, the isentropic and volumetric efficiencies are func-
tionally dependent on the compressor shaft speed and the pressure
ratio, The compressor is not defined 1n this simulation, as would be the
case in a map-based simulation; instead, a range of efficiencies that is
reasonably in hine with actual compressor efficiencies is specified,
creating an approximation of an actual system. To compensate for
made o decrease linearly with the incrense in AT betwieen ambient air
and air entering the indoor coil. The relationships of isentropic and
volumetric efficiency to ambient emperature are noted in Table 1,

The behavior of an automotive heat pump differs slightly from
that of a comparable unitary heat pump, due mostly to the limited size
of, and airflow through, the compartment coil. In particular, the size
and airflow are srrall in relation 1o the outdoor coil. In & nonatomotive
application, the cotls sre more comparably sized. In this simulaton, the
indoor coil has a frontal area of 0.58 fi* (0.0054 m?) and an aiflow of
225 cfm (637 m’/min), compared 1o the outdoor coil, which has an
area of 302 ft* (0.28 m*) and an airflow of 3,000 cfm (85.0 m*/min).
The outdoor coil has maore than 5 times the frontal area of the indoor
coil and mare than |3 omes the airflow. The coil differences are a
consequence of the system having 1o fit in an automobile, The outdoar
coil, placed alongside the radiator, can be relatively broad and at high
speeds has large volumes of air passing over it The opposite is true with
the indoor coil; it is somewhat small and is placed in the dash, with
timited airflow doe (o restrictions imposed by the passenger compart-
ment. Several output parameters, particularty COP and capacity, are
decidedly affected by the nature of the coil sizing, as is reflected in their
respective output graphs.

Input

Intion, except sentropic and volumenc efficiencies (which were
cutlined previously ), ambient tempermture, airtempemture entering the
indoor coil, and evaponator exit superheat. The tempernture of tir enter-
ing the indoor coil is 78°F (25.6°C) in the cooling mode and 70°F
(21.1°C) n the heating mode, while the evaporator exit superheat 15
10°F (5.6°C) and 25°F (13.9°C) in the cooling and heating modes,

Cuardoor Cotl
F.q_-;m doway valve
Dievice
Comparrment |
Coil

Comprawc

Figure 2 Schematic of simulation.
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TABLE 1
Efficiencies vs. Ambient Temperature

Cooling Mode Heating Mode
Ambient Air Temp,| Tvey | Ambient Air Temp. | Nigex | Ty
80°F  (267°C) |0.63 |0.73 | 30°F (-1.1°C)|057 |0.26
85°F (294°C) |062 |072 | 35°F (1.7°C) |058 [0.27
90°F (322°C) |06l |071 40°F (44°C) |059 |028
95°F (35.0°C) |0.60 |070 | 45°F (7.2°C) |060 [0.29
100°F (37.7°C) [0.59 |069 | S0°F (10.0°C) [0.61 |0.30
105°F (40.6°C) [0.58 |068 | S5°F (128°C) |0.62 |01
LI0°F (43.3°C) [0.57 |067 | 60°F (156°C) |063 [0.32
1IS°F (46.1°C) [0.56 |066 | 65°F (183°C) [0.64 [033
120°F (48.9°C) |0.55 |0.65 — - = |=
respectively. Some compressor parameters are specified; thedisplace-  VALIDATION

ment is 9.8 in.” (0,16 L) and the shafi speed is 1,800 rpm.

The indoor heat exchanger serves as the evaporator in the cooling
miode and as the condenser in the heating mode. It is simulnted a5 a
small fin-tube-style heat exchanger, approximately 0.58 fi* (0,054 m%)
in frontal area, typical of what is used in automotive air-condiboning
systerns. Airflow through the indoor coil is held constant at 225 cfm
(6.37 nv'/min). The outdoor heat exchanger serves as the condenser in
the cooling mode and as the evaporator in the heating mode. It is simu-
lated as a fin-tube heat exchanger approximately 3.02 ft* (0.28 m®) in
frontal area, with airflow held constant at 3,000 cfm (85.0m’/min). An
explicit expansion device is not specified for the simulation; instead,
constant condenser exit subcooling is specified at 16°F (8.9°C), from
which an appropriately sized expansion device is cilculated by the
AHPM.
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A cooling mode validation comparison was made between a
1993 |aboratory test of a mobile air conditioner and its comesponding
model using the AHPM. The test ng is a system typical of what is used
in light tucks. Simulatons were run and compartsons were made at
four compressor speeds: 1,210 rp. 1,395 rpm, 1.585 rpm, and 1,770
tpen. The results for the 1.210-epm test run are shown in Figure 3.
Resiilts are shown with test data on the left and simulation data on the
right, with the percentage difference between tested and simiulated
output shown in parentheses. The top part of the figure is a pres-
sure-enthalpy chart showing the refrigerant state at the low-pressure
site exiting the evaporator and at two high-pressure siles—enxiting the
compressor and exiting the condenser. Agreement of refrigerant states
is genenally good. The lower part of the figuns shows comparisons of
four cutput parameters: mass flow mie, cooling capacity, coefficient of
performance, and compressor power consumption. They again are in
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reasonable agreement of less than 5% deviation. Results from the other
three speeds are given in Domitrovic et al. { 1996),

RESULTS OF SIMULATION

Cooling Capacity

Figure 4 graphically shows the relationship between cooling
capacity and ambient tempersture. Cooling capacities for R-12 and
R-134a are neardy the same, diverging slightly at lower ambient
temnperatures, although differing no more than 1% at any emperature.
Cooling capacity mnges from approximately 16,900 Buwh (4952 W)
at 80°F (26.7°C) 10 14,400 Buvh (4,219 W) ar 120°F (48.9°C).

Heating Capacity

Figure 5 shows the heating capacity of R-12 and R-134a as func-
tions of ambient lemperature. Agnin. the capacities are nearly the same
across the ambient lemperature range, devisting no more than 5%. For
R-12, heating capacity mnges from 8,018 Buwh (2,349 W) at 30°F (-
1.1°C) to 14,977 Buvh (8,320 W) at 65°F (183°C), R-134a ranges
from 7,663 Buvh (2,245 W) at 30°F (= 1.1°C) 1o 14,807 Brwh (4,338
Wiat 65°F(18.3°C).

Cooling Mode COP

The coefficients of perfiormance for R-12 and R- 1340 are nearly
the same across the entire cooling mode emperature range from 80°F
(26, 7°C)io 120°F (48.97C), as shown in Figure 6 The COP decreases,
for bath refrigerants, as the ambient tempernmure increnses, mnging
from approximately 2.23 at 80°F (26.7°C) down o 134 & 120°F
(48.97C), The maximum divergence between COPs of R-12 and
R-134u ocours o the extreme temperatures but is never greater than
1%.

Heating Mode COP

In the heating mode, the graphs of the COPs of R- 12 and R-134a
(shown in Figure 7) are nearly parallel but tend o diverge as the
termperature increases. Also notice that the COP of R-12 is always
greater than that of R- 1 34aat any given temperaiure in the ange, unlfike
the behavior of the COP in the cooling mode. For R-12, the COP

AHPM - Cooling Moda
Capecity as & funcion of ambient lempersiure
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Figure 4 Cooling capaciry.
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ranges from |88 0t 30°F (1.1 Chup o 2.14 at 65°F (18.3°C), and for
R-134a it nses from 18T st W F(-L1C) 0200 a65F (1830,

Cooling Mode Power Consumption

Values of compressor power consumption for both R-12 and
R-134a follow similar trends, as shown graphically in Figure 8. The
respective values for overall power consurnption are nearly identical
scross all ambient temperatures, differing no more than 15%. OF the
wial power represented, a fraction is s constant draw by the fan motors,
equal 10 258 watis. With fan power accounted for, the difference in
power consumption between R-12 and R- 1 34a acrossall iemperatures
remains kess than 1%. Power consumption increases from approxi-
mately 2,250 watts at B0F (26.7°C) o 3,125 watts ot 1207F (48.9°C),

Heating Mode Power Consumption

Figure 9 shows the heating mode relationship between power
consumption and ambient temperature. The curves for R-12 and
R-134a are similur, with larger differences at lower temperatures, the
ereatest being approximately 4% at 30°F (—1.1°C)ambient. For R-12,
power consumption increases with ambient lemperature from 1,251
walts at 30F (—-1.1°C) w 2,054 watts at 65°F (18.3°C). Similarly, that
of R-1344 increases from 1,203 waitts at 30°F (-1.1°C) to 2077 wans
al B5F(183°C).

Cooling Mode Compressor Discharge Temperature

In the conling mode, compressor discharge lemperatures incremse
with increasing ambient temperature, as shown in Figure 100 R-12
discharge temperatures are higher than those of R-134a across all input
temperatures, ranging from 166°F (74.4°C) at 80°F (26,7 °C) ambienit
o 227°F (108.3°C) m 120°F (48.8°C) ambient. R-134a discharge

temperatures increase along a parallel path from 155°F (68.3°C) m
BOF (26,7°C) ambient to 209°F (98.3°C) at 120°F (48.8°C) ambient.

Heating Mode Discharge Temperature

The heating mode graphs of compressor discharge lemperature
vs. ambient emperature are shown in Figure 11. As in the cooling

AHPM - Hesting Moda
Capacity 28 8 juncion of ambkent iampanature

Figure § Heating capacity.
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Figure 6 Cooling COP.
made, discharge temperatures for R-12 are higher than these of R-134a
at all input temperntures in the ambient range. The graphs ane some-
what parallel, tending to converge as ambient temperature increases.

CONCLUSIONS

This simulation was performed (o gauge the effectiveness of an
automative heat pump arangement comparing the results of both
R-12 and R-134a in cooling and heating modes. Additionally, the
AHPM simulator was companed with test data 1o provide a level of

There are two basic conclusions to draw from the results of this
simulation: first, that the wo refngerants—HR-12 and R-13a—
produce  compamble results, particularly in the more external
measured values such as capacity, power consumption, and COP,
provided the compressor efficiencies are equal at given ambient
temperatures; and second, that under current heat exchanger configu-
rations, an automotive heat purmip would operate poorly in the heating
miode. The following is a summary of results for heating and cooling
mode simulations.
The cocling capacity for given ambient temperatures is nearly

AHPM - Cooling Moda
Powsr consumption sa 8 funcion of ambioent smpersturs
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Figure 8 Healing power consumption.
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Figure 7 Heating COP.

the same across refrigerants, mnging from 16,900 Buvh at 80°F
(26.7°C) 10 14,400 Bowvh mt | 20°F (48.9°C). Heating capacity
also shares the cross-refriperant similanties and mnges from
approximately 7,600 Buvh at 30°F (=1.1°C) to 15,000 Buvh at
B5°F (18370,

Cooling mode COPs closely match across tempermtures for both
refrigerants, ranging from 2.23 at 80°F (26,7°C) down 1o 134
120°F (48.9°C). In the heating mode, COPs are also nearly the
same across refrigerants, although these is a slight divergence at
higher ambient temperanmes. At 65°F (183°0), R-12 has a
COF of 2.14, about 2.3% higher than the 2.09 value for R-134a
At 30F (=1.1°C) aminent, both refrigerants show a COF of
about 1.88.

Power consumption comesponds well across refrigerants in both
the heating and the cooling mode. In the cooling mode both
refrigerants show a gradunl increase from about 2,250 wans
80°F (26.7°C) to 3,125 watts at 120°F (48.9°C). In the heating
mode there is also a gradual increase from approximately 1,250
waitls it 30°F (=1.1%C) 10 2,050 wats at 65 °F (18.3°C) for R-12,
with R-134a about 3.55% lower at 30F (-1.1°C).

Dhscharge temperatures are higher for R-12 in both cooling and

AHPM - Heating Mode
Power consumption ra a function of amblent tsmporaturs

Figure 9 Cooling power consumption,
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Figure 10 Cooling discharge temperatures.

heating modes across all ambient temperatures. In the cooling
mode, lemperatures follow parallel paths, incressing approxi-
mutely 60°F (15.6%C) across the input range, with R-12 temper-
atures averuging slightly  higher. Heating mode discharge
temperatures also increase across the input range but only by
approximately 157 (83°C), with R-12 iemperatures averaging
about 20°F (11°C) higher.

‘The first conclusion, that the two refrigerants produce compara-
ble results, is rather stmightforwand, as indicated by the graphs of
capacity, power consumption, and COP. Although the behavior of
each refrigerant is different when observed via internal measures such
as discharge temperature, the net effect of each system is nearly the
same, with R-12 exhibiting a slight edge. Recall, however, that the
compressor efficiencies were specified and do not represent a single
compressor across the refigerants. If the simulation was based on the
performance of asingle compressor, there would be differences in effi-
ciencies between R-12 and B-134a at corresponding ambient iemper-
atures. For example, if a compressor was designed for use with R-12
and it was switched for duty with R-134a, its efficiencies and, hence,
the overall system performance would be reduced.

The second conclusion, like the first, is also drawn in a straight-
forward manner fram the presenied data, though its causes and conse-
quences are more compelling. In a typical heat pump, perhaps a
residential unit of several 1ons, one normally sees a mtio of heating
capacity 1o cooling capacity on the order of 1.0, when capacibes are
measured at standard rating ambient temperatures (95°F [35°C) for
cooling and 47°F [8.3°C] for heating). Given comparable conditions,
the heating mode COP of a heat pump can be slightly greater than the
cooling mode COP because the heat added 1o the refngerant by the
compressor 18 beneficial in the heating mode, whereas it must be
rejected in the cooling mode. In the simulated automotive systerm, little
is comparable from the cooling mode 10 the heating mode because of
the disparity between indoor (compartment) and outdoor coil sizes.
Indeed, the ratio of heating capacity (o cooling capacity ot lemperniures
similar to those above (cooling mode at 95 F [35°C) and heating mode
al 47°F [8.3°CT) is on the order of 0.66, well off the usual mark of 1.0.
Approached from the standpoint of energy balance, it is apparent that
the ratio of evaporator heat gain to compressor heat input is low in the
heaung mode simulation, meanng that although the evapormator
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Figure 11 Heating discharge temperatures.

{outdoor coil) is reasonably large, it 15 not permitted to work at full
capacity due to the limits of the heat-rejecting abilities of the condenser
{compartment coil)

For a heat pump to operate in the heating mode in an automobile
with an appreciable effiect, some adjustments must be made 1o the size
of the heat exchanger and the airflow through the heat exchanger in the
passenger compartment. Such adjustments could also have beneficial
effects on the cooling mode.
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DISCUSSION

John Fitzgerald, Professor, Massasoit Community College, Can-
ton, Mass.: Have any of the auto manufacturers considered using
heat pumps for defrosting windshields or first stage heating until the
engine comes up 1o temperature?

Vinee C. Mei: The suthors appreciate this very interesting question.
Mwhmﬂkwmm&rhﬁmﬁmﬂmm
vehicles only, because they do not have waste heat available for heat-
ing purpose. The authors are not aware of using heat pump for the
first stage heating by any of the auto manufacturers. This concept,
while workable, will incresse the cost of the vehicles, such as the
addition of a four-way valve and exim piping, eic., that makes this
concept not practical. However, it is possible that when the futare
engines’ energy efficiency become so high that not enough waste
heat is available for heating, this concept will probably be revisited.
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