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Abstract

The most performant system for heating in electric and hybrid vehicles is the heat pump. This study proposes a heating
system with a reversible heat pump, which works as a conventional air conditioning system in cooling mode and in heat-
ing mode it uses a secondary circuit with water/glycol to transfer the heat from the condenser to the heater core
located in the air conditioning module. This system was experimentally validated with 61 tests in heating mode and 19
tests in cooling mode. In the heating mode, there is a test which was developed with an ambient temperature of -1°C
with the air circulating through the outdoor unit at a velocity of 3.2m-s~ ', an air flow rate of 388kg-h ™' supplied to the
cabin and the compressor running at 2866 r/min. At these conditions, the air is supplied to the cabin at 41.5°C, the heat-
ing power is 4.2 kW and the COP is 1.9. In the cooling mode, there are tests developed at a condenser supply air tem-
perature of 45.4°C with a velocity of 5.7m-s~'. The air is supplied to the vehicle cabin with a temperature of 14.6°C
with a flow rate of 508 kg-h ', with a cooling capacity of 3.88 kW and a coefficient of performance of |.8.
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Introduction reduce the peaks of energy demand by using a thermal
storage system. The energy consumption of the heat-
ing/cooling system can also be reduced by improving
the insulation of the vehicle and by using more efficient
glazed surfaces.

By considering that the available heating sources in
the electric vehicles are not enough to satisfy the cabin
heating demand, new heating systems and new heating

Heating in automotive applications is mandatory due
to security concerns, because it allows to avoid fogging
on the glasses and to improve the driver concentration
in cold environments. In conventional vehicles, there is
enough waste heat to heat the vehicle cabin through the
engine cooling system, but in the case of electric vehi-
cles, the heating is a little more complicated because
this heat source is not already available due to the high-
est efficiency of the electric motor. Moreover, the waste - - .
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architectures must be investigated and proposed. In the
literature, the heating systems that are normally consid-
ered for electric vehicles are as follows: systems based on
a vapour compression system and alternatives systems,
such as electric resistances, positive temperature coeffi-
cient (PTC) heater and combustion heating systems.

Vapour compression systems are the most investi-
gated ones for heating in electric vehicles, due to the
reliability and to the technological maturity of this kind
of technology in automotive applications. In this case,
there are several possibilities to implement it, for exam-
ple, to use an air source heat pump or to use a double
source heat pump (ambient air and waste heat).
Another alternative to consider is the reversibility of
the heat pump, to use it for heating and cooling, which
requires a specific architecture.

Suzuki and Ishii' presented a reversible air-to-air
heat pump working with R134a which allows cooling,
heating and dehumidifying. It was tested at two ambi-
ent conditions of 40°C and -10°C, by obtaining a cool-
ing and heating demand of 3.1 and 5.4 kW, respectively,
with coefficients of performance (COPs) of 2.9 and 2.3.
In this study, an electric compressor was considered.
Pommé® presented an improved architecture for a
reversible heat pump, which includes two evaporators:
one taking heat from the ambient air and another one
taking heat from some equipment such as batteries,
electric motor and control system. The author used an
electric compressor with refrigerant R134a. With this
system, the author obtained a system COP of 1.74 at an
ambient temperature of -10°C. Scherer et al.® developed
a study of a heat pump working with R134a and
R152a, but this system uses the engine coolant as heat-
ing source, which is not a realistic working condition of
an electric vehicle. According to the experimental
results, both refrigerants give similar results, satisfying
widely the cabin heating requirements up to -10°C.
Jokar et al.* developed an experimental study on a
reversible heat pump working with two-secondary
loops with glycol/water on the outdoor and on the
indoor units and using R134a as refrigerant. This is
maybe a less attractive solution from the efficiency
point of view due to the losses introduced by the sec-
ondary loops. Ahn et al.” presented an experimental
study developed on a dual source heat pump working
with R134a and with an electric twin rotary compres-
sor. The testing campaign is developed for a single (air
and water) and dual source. According to the results,
with a single source, the system is not able to satisfy the
cabin heating demand at -10°C. With a dual source, the
authors do not explain clearly in the article if the system
satisfies the cabin requirements, but the authors con-
clude that the heating power depends strongly on the
waste heat recovered from equipment. Feng and
Hrnjak® developed an experimental study of a reversi-
ble air-to-air heat pump, which is part of two

commercial electric vehicles. The heat pump was tested
in laboratory with refrigerant R134a and in cooling
mode it is able to regulate the air humidity giving the
possibility to cool and to heat the air supplied to the
vehicle cabin. At an ambient temperature of 0°C, this
system is able to supply 3.1 kW of heating at an out-
door air face velocity of 3m-s~' without air recircula-
tion to the cabin, by giving a COP of the order of 2.7.
Wang et al.” present an experimental study of a reversi-
ble air-to-air heat pump working with an electric scroll
compressor, which can work at variable speed. This sys-
tem was tested with two refrigerants: R134a and
R407C. According to the experimental results, the pro-
posed system is able to satisfy the cabin heating demand
down to -10°C.

In the past few years, the research on electric vehicles
heat pumps have focused on the compressor, by analys-
ing mainly vapour-injected compressors, on dehumidi-
fying systems and defrosting strategies. Some of the
latest researches are summarized below.

The vapour injection in compressor is mainly used
to reduce the compressor exhaust temperature and to
increase the heat pump heating power. Most of the
studies evaluating vapour-injected compressors are
developed using scroll compressors and evaluate the
effect of the shape and position of the injection port-
hole.® 12

With respect to the defrosting process, in an experi-
mental study, Steiner and Rieberer'? analyse the reverse
cycle defrosting process in a reversible air-to-air heat
pump for vehicle application using R744 as refrigerant.
According to the experimental results, the defrosting
process takes less than 2 min. In a second study, Steiner
and Rieberer'* analyse the ideal defrost start time,
which according to their results is between 15 and
20 min. Zhou et al.'” also used the reverse cycle method
for defrosting in a reversible air-to-air heat pump, with
the heat pump working at -20°C. According to their
experimental results, the time for defrosting can be con-
trolled within 100 s. In heating mode, after the conden-
ser, the refrigerant flow is separated into two heat
exchangers, one located outside, used as evaporator,
and other one used as an economizer to inject cold
vapour into the compressor to decrease the high tem-
perature at the compressor discharge.

Other studies have been developed to evaluate the
dehumidifying performance of the heat pumps to
reduce the effect of fogging in the cabin and to reduce
the fresh air incoming into the cabin, which decreases
the vehicle energy demand. In this sense, Ahn et al.'¢
experimentally evaluated a dual source evaporator in
an air-to-air heat pump for vehicle application. In this
case, one evaporator is located outside and the other
one upstream of the condenser to dehumidify the air.
Zhang et al.'” evaluated an antifogging system based
on the air recirculation and on an antifogging air
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curtain in an air-to-air heat pump. The highest COP
obtained with this system was 1.56 for a recirculation
ratio of 0.56. Another numerical study, developed by
Zhang et al..'® proposes to use a desiccant-coated heat
exchanger. According to their results, the cabin heat
load and the compressor electric power are decreased
by 42% and 38%, respectively, at an ambient air tem-
perature of -20°C.

According to the previous researches, most of the
studies are developed by using R134a as refrigerant and
an electric compressor. Due to the high Global
Warming Potential (GWP) of the refrigerant R134a, it
only gives a baseline for the future refrigerants that will
be used in automotive applications. On the other hand,
electric compressors seem to be the best choice to
reduce the transmission losses. Concerning the sources,
the use of an air source heat pump presents some con-
straints at low temperatures due to the frosting and the
lower efficiency of the heat pump. It seems that a tem-
perature of -10°C is the lowest temperature that gives
reasonable COPs, without any auxiliary heating system.

In particular, in this study, a heating system based
on a reversible heat pump is proposed. In cooling mode,
the proposed system works as a conventional cooling
system and in heating mode, it uses a water/glycol
cooled condenser to heat the vehicle cabin through a
conventional heater core. The system evaluated here is
originally proposed for a hybrid vehicle, by offering the
possibility to have a heating source coming from the
combustion engine or a heating source supplied by the
heat pump. In this case, a mechanical compressor is
considered, in order to maintain the system as close as
possible to a conventional automotive air conditioning
(AC) system, and the refrigerant is R134a. The aim of
this study is to validate through an experimental char-
acterization the architecture proposed in this study in
both heating and cooling modes, by identifying some
performance characteristics such as cooling and heating

power and COPs and to evaluate the system perfor-
mance under frosting.

Heat pump working principle

A heat pump is a thermal machine used to transfer
thermal energy from a source to a sink. It uses a
vapour compression cycle which is implemented using
a compressor, a condenser, an expansion valve and an
evaporator. Each component is connected with the oth-
ers through hermetic pipes and filled with a fluid called
commonly refrigerant. The refrigerant is circulated by
the compressor, by consuming external energy,
mechanical or electrical. Thus, the refrigerant is circu-
lated through the evaporator, where it takes heat from
the source, by releasing it in the condenser to the sink.
Thus, the heat pump is a machine that ‘pumps’ heat
from a source to a sink. The useful energy of this
machine could be the heat taken from the source, in
the case of the refrigeration machine, or the heat
released to the sink, in the case of the heat pump.
When a heat pump can work in both modes heating
and cooling, it is called reversible heat pump.

The working principle of the reversible heat pump
investigated in this study is shown in Figure 1, which
was already presented by Lemort et al.'” In cooling
mode, the heat pump works as a classical automotive
AC system, and in heating mode, it works as an air to
glycol-water heat pump, by transferring the heat flow
to the automotive cabin through a heater core located
in the AC module.

In heating mode, the uniqueness of this system is
that it can be used in hybrid vehicles by changing the
heating source between the combustion engine and the
heat pump through the secondary glycol water circuit.

The heat pump is assembled using conventional AC
automotive components. The compressor is a variable
swept volume wobble plate compressor; the front heat

Glycol-water circuit

| Gl%col—water heat exchan

Refrigerant circuit
(heating mode)

Ambient air [

Refrigerant circuit (cooling mode)

Air to the

Ambient air

Figure I. Reversible heat pump working principle.
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Figure 2. Components of the reversible heat pump: (a) cooling mode and (b) heating mode.

exchanger (outdoor heat exchanger) is a conventional
louvred fin and plate heat exchanger, used normally as
condenser in automotive AC systems; and the heater
core (indoor unit in heating mode) and the evaporator
(indoor unit in cooling mode) are the heat exchangers
located inside a conventional automotive AC module.
To complete the system, a conventional expansion valve
and an aluminium plate heat exchanger are selected for
the heating circuit.

The front heat exchanger works as a condenser in
cooling mode and as an evaporator in heating mode,
the plate heat exchanger is only used in heating mode
as condenser. The AC module is decomposed in an eva-
porator, a heater core, a thermostatic expansion valve
and a fan used to circulate the air into the vehicle cabin.
The main advantage of this configuration is that the
conventional vehicle AC system is slightly modified, by
replacing the heating source given by the internal com-
bustion engine by the plate heat exchanger. One disad-
vantage of this system is that in cooling mode there is
no possibility to reheat the air supplied to the cabin to
better control its relative humidity. To change from
heating to cooling mode, a conventional 4-way valve is
used. Figure 2(a) and (b) show the system with their
corresponding components.

The refrigerant selected for this application is R134a
and for the heating circuit, a mixture of ethylene glycol
with water 50/50 by mass.

Test bench description
General description

The schematic principle of the test bench used to char-
acterize the heat pump is shown in Figure 3. This is
used to validate the proposed configuration and to

characterize experimentally the heat pump to determine
its performance under different working conditions in
both heating and cooling modes.

The test bench can be decomposed in four circuits: a
closed air circuit representing the ambient air, an open
air circuit representing the air supplied to the vehicle
cabin, a glycol/water circuit and a refrigerant circuit.
Each circuit is instrumented with pressure, temperature,
humidity, mass, and volume flow sensors to determine
the energy flows through each component.

Outside air circuit

The ambient air is here represented by a semi-closed
loop, which is conditioned to match the ambient condi-
tions in heating and in cooling modes. In heating mode,
it is coupled to an external refrigeration system that is
used to supply cool air down to -15°C. The humidity in
this circuit is not controlled, but in order to avoid frost-
ing in the evaporator, the closed air loop is connected
to a compressed air circuit, which provide dry air. This
configuration allows carrying out tests in steady state
conditions without frosting formation on the
evaporator.

In cooling mode, the heat rejected by the condenser
is transferred to three cooling coils installed in the air
loop, which are also used to control the air tempera-
ture. The air velocity is adjusted by modifying the dam-
per opening located at the fan exhaust.

Cabin air circuit

In heating mode, the cabin air circuit is coupled to the
outside air circuit in order to have almost the same con-
ditions at the AC module supply than the conditions at
the evaporator supply, which corresponds to a case
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Figure 3. Schematic of the refrigerant circuit.

without air recirculation from the vehicle cabin. The
same configuration is adopted in heating mode, by cou-
pling both air circuits to have the same air conditions
at the AC module supply and at the condenser supply,
which corresponds to a condition without air recircula-
tion from the vehicle cabin. In a first measuring cam-
paign, the air flow rate was measured with a hot wire
anemometer and in a second campaign with an orifice
plate with a diameter of 77.7mm inserted in a 106 mm
tube diameter. In this circuit, the humidity is not con-
trolled, but it is measured at the inlet and outlet of the
AC module to perform a good energy balance in cool-
ing mode.

Glycol water circuit

The glycol/water circuit is used to connect the conden-
ser to the AC module when the heat pump is working
in heating mode. This circuit is equipped with a volume

flow meter to determine the glycol/water mass flow
rate. In cooling mode, this circuit is not used.

Refrigerant circuit

The refrigerant circuit interconnects the different com-
ponents of the heat pump. In this circuit, a Coriolis
mass flow meter is used to measure the refrigerant mass
flow rate. The main components of this circuit are
described below: compressor, outdoor heat exchanger,
AC module and four-way valve.

Compressor. The compressor is a variable displacement
wobble plate compressor with seven pistons and a
swept volume of 161.3 cm>. This compressor is charged
by the manufacturer with 135cm?® of polyalkylene
glycol oil. Despite the fact that the compressor has a
variable displacement, during the entire measuring
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Figure 4. Outdoor heat exchanger.

campaign, the compressor was tested at its maximum
displacement while working at variable speeds.

The compressor is installed inside a calorimeter to
determine its ambient loss by using the same principle
described by Cuevas et al.?® A set of three thermocou-
ples are installed on the compressor crankcase to deter-
mine a weighted average surface temperature, which is
then used to determine the compressor ambient loss
coefficient.

The compressor shaft power is measured by instal-
ling it in a pivoting system, similar to the system
described by Cuevas et al.** The compressor torque is
then measured by a load cell, which is used with the
compressor speed measurement to determine its shaft
power.

Outdoor heat exchanger. The outdoor heat exchanger is a
louvered fin and flat tubes heat exchanger. It is located
in the front part of the vehicle and it works as evapora-
tor in heating mode and as condenser in cooling mode.

On the air side, nine thermocouples are installed
upstream and downstream the heat exchanger to deter-
mine its energy flow, as shown in Figure 4. The air flow
rate is measured with two nozzles of 190 mm and two
nozzles of 80 mm, which are combined to give a reason-
able pressure drop.

Glycollwater heat exchanger. The glycol/water heat
exchanger, shown in Figure 5, is an aluminium brazed
plate heat exchanger having the dimensions of 175 mm
X 100mm X 75mm (high X width X depth).

This heat exchanger only works in heating mode.
The heating fluid is here a mixture of ethylene glycol
and water in a proportion of 50/50 by mass, and it is
circulated in the test bench by a circulator pump.

AC module. The AC module is a typical car AC module
composed of a fan, a heater core, an evaporator and its

Glycol/water
suppl

Refrigerant
exhaust

Glycol/wate
r exhaust

Refrigerant
supply

Figure 5. Plate heat exchanger.

thermostatic expansion valve, which are integrated
inside the module as shown in Figure 6.

The expansion valve is a block type thermostatic
valve, which has neither external thermostat nor exter-
nal pressure equalizer. The heater core is here con-
nected to the glycol/water heat exchanger, which works
only in heating mode.

Four-way valve. A four-way valve is used to change from
heating to cooling mode. This valve was slightly over-
sized to reduce the circuit pressure losses.

Measuring devices

Compressor calorimeter. The compressor is installed
inside a calorimeter to determine its ambient loss. To
control the calorimeter ambient temperature, it is
equipped with a fan-coil and a lamp. The ambient tem-
perature is controlled by modulating manually the
water flow rate circulating through the fan-coil.
Figure 7 shows a view of the calorimeter indicating its
main components.

To determine its ambient loss, the calorimeter was
calibrated by introducing known internal loads and by
performing its steady-state energy balance. The calori-
meter conductance identified in this study is equal to
3.58W-K™'

Torquemeter system. As explained in Cuevas et al.,”* the
compressor is installed on one extremity of an out-of-
use electric motor used to transmit the compressor
shaft torque. The compressor power is then determined
by measuring the resultant force produced by the tor-
que arm system and the compressor rotational speed.
Due to the parasitic torque introduced by the pipes
connected to the compressor, this system must be cali-
brated beforehand to perform each testing campaign.
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Figure 6. AC module.

Table I. Uncertainty of the sensors used in the test bench.

Variable

Device Uncertainty

Refrigerant pressures

Refrigerant flow rate

Air pressure drops (used to measure outdoor heat exchanger
and cabin heat exchanger flow rates)

Forces (used to measure compressor torque, compressor
calorimeter water flow rate)

Glycol-water flow rate

Compressor rotational speed

Temperatures

Humidity

0.5% full scale
0.1% reading
0.5% full scale

Piezoresistive pressure transducers
Coriolis mass flow meter

LVDT displacement sensor
Welded bending load cell 0.02% reading
Multi-jet flow meter
Inductive sensor

Type T thermocouple
Capacitive type

3% reading
| r/min
0.3°C

2% reading

LVDT: linear variable differential transformer.

The resistant torque is determined by the following
equation

T,=(a+x) (Fs+Fyp) tB (1)

where « and B are constants determined from calibra-
tion, x, = 0.152m is the torque arm, Fy is the applied
force on the torque arm and Fy, is the parasitic force
introduced by the compressor connections.

Finally, the compressor shaft power is determined as

I/Vsh,cp = Tr c Wep (2)

w,, is the compressor angular speed.

Measuring devices. Table 1 summarizes the uncertainty
of the different sensors used during the experimental
characterization of the system.

Several testing campaigns were developed to deter-
mine the database presented in this study. In the last
testing campaign, several improvements were made to
the test bench in the measuring chain.

Test pre-processing

The tests are developed in steady-state conditions. The
data acquisition system is programmed to develop one
acquisition per second. Once the steady-state is reached,
the system is maintained in those conditions at least for
30 min. Then, for the pre-processing, a period of 30 min
in steady-state is taken to determine the average values
that are then used to perform the energy balances on
each component and on the overall system.

Experimental results

The heat pump was characterized in steady state with
61 tests in heating mode and 19 tests in cooling mode.

Compressor isentropic and volumetric effectivenesses

According to the experience of the authors, the first
variables to be determined in this kind of systems are
the isentropic and volumetric effectivenesses, which are
here shown in Figures 8 and 9 against the compressor
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Figure 8. Compressor isentropic effectiveness against
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pressure ratio and classified according to the compres-
sor speed. Both effectivenesses are determined with the
following equations

e _ Ws,cp _ Mr,cp . (hr,ex,s, w T hr,su, cp) (3)
S,Cp - - _ -
Wsh,cp Wsh, cp
c _ Mr,cp * Vi, su,cp (4)
v,ep T At 1
? Ncp : Vs, cp

Where WS, o 1s the isentropic compression power,
Wsh, «p 1s the compressor shaft power, M,, op 18 the refrig-
erant mass flow rate, /i, g ¢ i the refrigerant exhaust
enthalpy for the isentropic process, 7, g, c 1S the

Figure 9. Compressor volumetric effectiveness against
compressor pressure ratio.

refrigerant supply enthalpy, v, g, o, is the refrigerant
supply specific volume, N, is the compressor speed
and Vj, ., is the compressor swept volume.

For the isentropic effectiveness, a typical decreasing
trend with the pressure ratio is observed. The results
have a high scattering and by comparing them to previ-
ous results, obtained by Cuevas et al.,”° no correlation
with the compressor speed is observed. Thus, according
to these results, the pressure drop through the compres-
sor valves are negligible and do not penalize enor-
mously the isentropic effectiveness in the range of
compressor speeds covered in this study. The high scat-
tering observed here is mainly attributed to the way
used to measure the compressor torque.
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Table 2. Performance of the vehicle heat pump in heating mode.
Test Ncp L, suev Ca, suev APr ev Ma, hc tq, suhc Lo, exhc th Ccop

(r/min) Q) (ms) (bar) (keh ™) Q) Q) (kW) ()
| 889 4.2 53 1.06 291 0.8 27.9 1.80 2.6
2 867 -1.3 29 0.41 261 2.4 385 2.30 2.6
3 878 -7.0 29 0.31 220 -0.5 36.5 201 25
4 882 -9.8 29 0.27 221 -2.1 335 1.91 25
5 1261 -0.9 3.2 0.70 295 2.0 39.0 298 24
6 804 -11.2 3.2 0.23 490 -6.8 12.6 222 42
7 800 -11.3 3.2 0.21 307 -54 20.8 2.06 3.6
8 803 -11.3 32 0.22 385 -5.9 17.3 2.12 3.8
9 802 -12.4 2.0 0.19 289 -55 21.0 1.95 34
10 804 -12.5 2.0 0.18 360 -6.2 17.7 2.03 38
Il 805 —12.5 2.0 0.19 401 —6.6 14.7 2.07 4.0
12 1290 -12.8 2.1 0.36 297 -5.9 24.5 2.34 2.8
13 792 -0.6 2.0 0.38 360 0.8 311 2.56 34
14 801 -1.0 2.0 0.37 386 0.1 27.6 2.63 35
15 1594 -0.5 2.0 0.78 365 0.6 36.3 342 2.4
16 2400 -0.8 3.2 1.07 388 0.1 40.6 4.07 2.1
17 2866 -1 32 1.07 384 -0.2 41.5 4.22 1.9

For the volumetric effectiveness, the typical decreas- 0.25 T et
ing trend with the pressure ratio due to the re-expansion epams=0.060 + 0.0044 bty ool
of the clearance volume is also observed. Here, the scat- 0.20
tering is lower, but no correlation with the compressor —
speed is observed again, which confirms the conclusion i 0.15
derived from the isentropic effectiveness concerning the 2
low effect of the compressor valves pressure drop on (._;30-10
the compressor performance.
0.05

Calorimetric energy balance of the compressor 0.00

. _ ) 25 30 35 40 45 50 55
The calorimetric energy balance of the compressor is AT = (tyaicp - tacal,cp)

used to determine the compressor ambient loss, which
can be used in the modelling of this component.
According to the results, shown in Figure 10, the com-
pressor ambient loss coefficient is 4.4 W-K .

Heating mode

In the following analysis, and by considering that the
compressor used here is a mechanical compressor, a
global efficiency of 90% will be considered to convert
the compressor shaft power to an equivalent electric
power to obtain more realistic results.

Table 2 shows 17 of the 61 tests developed for the
heat pump in heating mode. This table only considers
the results for low air temperatures at the evaporator
supply (Zzsuev). Due to the configuration of the test
bench, it was difficult to fix the same air temperature at
the evaporator (#,,.,) and heater core (#,.,4.) supply
due to the ambient parasitic heat transfer, but the con-
ditions obtained are similar to the conditions with cabin
air recirculation. According to the results, the heater
core power, the cabin supply temperature (Z, .. ,.) and

Figure 10. Compressor ambient loss.

the heat pump COP are very sensitive to the compres-
sor speed. Tests 16 and 17 are more representative of a
realistic working condition, with a cabin supply tem-
perature close to 45°C (design condition) by giving a
reasonable COP of 1.9 to 2.1, with a heating power of
the order of 4.1kW at -1°C ambient temperature, a
cabin supply temperature of the order of 41°C and a
compressor speed of 2400-2860 r/min. According to the
results, the evaporator presents too large pressure drops
on the refrigerant side. These pressure drops are close
to 1bar at high capacity, which can be reduced by
improving the design of this component.

Cooling mode

Table 3 presents 14 of the 19 tests developed in cooling
mode. Only the testing conditions with condenser air sup-
ply temperature higher than 35°C are considered in this
table. In this case, it was also complicated to regulate
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Table 3. Performance of the vehicle heat pump in cooling mode.

Test Ncp ta, su,cd Ca, su,cc|1 Ma, ev | RHa, suev ta, su,ev ta, ex,ev Qev cop
(r/min) (°C) (ms) (kgh ™) (%) (°C) (°C) (kW) =)
| 802 35.6 3.1 333 17.5 373 4.6 3.10 2.7
2 795 36.3 38 471 16.9 379 9.6 351 29
3 1410 40.4 38 465 14.1 42.1 8.5 424 1.9
4 1420 394 24 477 22.6 31.5 44 3.69 1.8
5 1429 38.0 2.4 262 15.2 40.3 -1.2 3.38 1.7
6 805 40.9 6.5 513 17.4 38.2 16.5 3.16 2.6
7 813 40.1 7.1 420 18.3 37.1 10.7 3.00 2.5
8 812 40.9 6.0 318 18.4 37.2 4.8 2.87 2.4
9 809 42.1 5.1 270 17.9 377 2.2 2.73 2.3
10 1422 454 5.7 508 15.5 40.8 14.6 3.88 1.8
Il 1973 47.2 35 414 52 44.0 6.6 4.20 1.5
12 2026 46.0 35 409 5.3 42.8 5.1 4.15 1.5
13 2031 48.1 2.8 307 34 44.3 0.3 3.58 1.3
14 2366 47.6 4.0 335 5.0 435 1.1 3.69 1.2
500
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450 7« Pt | /14 Pl =t =] :(
400 / " ﬁ
/ / /
350 / / 3
= 300 \ / f
A& // “\ / \ J'( \
5 250 / / S I
s . \ [
< 200 b
150 / “‘\ /
g N /
100¢
50+ Strategy 1 Strategy 2
B < i i e >
0 1000 2000 3000 4000 5000 6000
7 [s]
Figure I 1. Air side pressure drop during the frosting-defrosting cycling.

independently the condenser and the evaporator supply
conditions, because both are connected to the same air
stream. As in heating mode, the heat pump performance
is very sensitive to the compressor speed. In order to eval-
uate the experimental results, the test 10 is considered,
which is developed at a condenser supply temperature
(tasuca) Of 45.4°C, a condenser air velocity (C,z,cq) Of
5.7m-s" ', an evaporator air supply temperature of 40.8°C
and an evaporator air mass flow rate of 508kg-h~'. At
these conditions, the air is supplied to the vehicle cabin at
14.6°C and the evaporator cooling capacity is of the order
of 3.88 kW, by giving a COP of 1.8.

Frosting—defrosting cycling

Two cycles of frosting and defrosting are considered to
evaluate two defrosting strategies. The test is developed

at an average ambient temperature of -4°C, an average
ambient relative humidity of 84%, an average air velo-
city at the outdoor unit inlet of 2.4m/s and an average
compressor speed of 1630 r/min.

The two defrosting strategies analysed in this study
are the following:

Strategy 1: Defrosting by reversing the heat pump

cycle,
Strategy 2: Defrosting by turning off the
compressor.

These two strategies are shown through the air side
pressure drop at the outdoor unit in Figure 11. In this
figure, the frosting is observed when the pressure drop
through the outdoor unit increases up to the point when
defrosting cycle starts.
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Table 4. Performance of the defrosting strategies.

Strategy | Strategy 2

Phase |

Comepressor energy 362 176
consumption (W-h)

Heating energy (W-h) 919 442

COP 2.53 251

Length of time (s) 1248 596
Phase 2

Comepressor energy 73 29
consumption (W-h)

Heating energy (W-h) 0 0

Length of time (s) 447 1251
Phase 3

Compressor energy 23 19
consumption (W-h)

Heating energy (W-h) 57 38

Length of time (s) 665 635
Global

Compressor energy 458 224
consumption (W-h)

Heating energy (W-h) 976 480

COP 2.13 2.14

Ratio defrosting time 89% 316%

(phases 2+3)/working time
(Phase 1)

COP: coefficient of performance.

The performance of every strategy is evaluated
through the compressor energy consumption, heating
energy and system COP for every phase and globally.
The three phases considered are phase 1: frosting;
phase 2: defrosting; and phase 3: starting heating mode.
In both cases, the system COP is higher than 2.1. In
this case, the heating energy is equal to zero during
phase 2, because the glycol water circulator is turned
off.

Table 4 summarizes the results of the defrosting stra-
tegies analysed in this study. In this case, the COP is
determined as

Z: th,i : ATi
cop=-—~——— (5)
Z Wm, cp,i* ATi

i=1

where th,,- is the heat pump heating power, Wmﬁcp is the
compressor electric power and Ar; is the period of time
when the heat pump is working (ON mode).

In this case, the defrosting time for the reverse cycle
defrosting strategy was 447s (7.45 min).

Analysis of the results and discussion

According to the results presented in Table 2, at an
ambient air temperature of -1°C, the system analysed in
this study presents a COP of the order of 1.9 to 2.1.

This result is obtained without air recirculation from
the vehicle cabin, with a heating power of the order of
4.1kW and with air supplied at 41°C to the vehicle
cabin. This result is not easily comparable to the other
research studies due to the operating conditions are not
always similar. The system COP depends on the air
temperature, compressor speed, heating capacity and
cabin supplied temperature. In spite of that, the results
obtained in this study seems to be very promising con-
sidering the improvements that can still be introduced
to the system evaluated here. Some improvements are
discussed below.

The system proposed in this study presents several
alternatives of improvements, which could be analysed
in further researches. In spite of that, the system evalu-
ated here does not present any technical problem by
allowing to work at ambient conditions down to -10°C.

Concerning the improvements of the system there
are several recommendations. In this study, a mechani-
cal compressor was used, which is more recommend-
able for conventional vehicles with combustion engines
or in the case of hybrid vehicles, but in the case of
purely electric vehicles is more recommendable to use
an electric scroll compressor, which allow to reduce the
transmission loss and to profit of the comparative
advantages of the scroll compressor compared to the
piston compressor.

Another improvement is related to the outdoor heat
exchanger. In this study, an automotive condenser was
used as outdoor heat exchanger. In condenser mode,
the refrigerant is supplied on the top of the heat exchan-
ger and in evaporator mode on the bottom. The circula-
tion in this heat exchanger is optimized to work as
condenser, with the refrigerant circulating in four steps.
In the first step, there are more channels for the refrig-
erant, to reduce the pressure drops, by maintaining a
good heat transfer coefficient. In the last step, where
the refrigerant is in liquid phase, there are less channels
due to the lower pressure drop of the liquid and to
maintain good heat transfer coefficients. When this heat
exchanger is used as evaporator, the pressure drops
increase up to 1 bar. This can be improved by designing
an outdoor heat exchanger more optimized to work in
both heating and cooling modes.

As mentioned previously, the system tested in this
study is more recommendable for hybrid vehicles, since
it uses a mechanical compressor and the heating source
in heating mode can be easily changed between the heat
pump and the combustion engine. This configuration
can be improved in the case of purely electric vehicles,
by suppressing the secondary circuit and by using an
air cooled condenser installed directly in the airstream
supplied to the vehicle cabin. In this case, some manu-
facturer'®'® recommends to use two evaporators, one
installed in front of the vehicle and other one installed
upstream the condenser to dehumidify the ambient air.
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This improvement allows to reduce the fogging and the
heat pump energy consumption.

Finally, the refrigerant must be changed due to high
value of the GWP of the R134a. Thus, a refrigerant
with a GWP lower than 150 should be considered for
this application and evaluated numerically and/or
experimentally.

Conclusion

This study presents a reversible heat pump principle for
automotive application, which was assembled and char-
acterized experimentally for validation in both modes:
heating and cooling. During the testing campaign, the
components and the system do not present any techni-
cal constraint.

In heating mode, the system was validated with 61
tests and in cooling mode with 19 tests. These tests
allowed to determine the compressor characteristics,
such as its ambient loss with an overall heat transfer
coefficient of 4.4 W-K~' and its isentropic and volu-
metric effectivenesses. The isentropic effectiveness pre-
sents a high scattering, which is attributed to the
random uncertainty in the compressor shaft power
measurement. Any dependence of the effectivenesses
on the compressor speed as in previous studies was not
observed, thus apparently the compressor valves do not
significantly penalize the compressor performance.

In heating mode, the heat pump was characterized
by using dry air at the outdoor unit in order to avoid
moisture condensation and frosting, and to develop
more stabilized tests. In this mode, the design cabin
supply temperature was 45°C, but in the tests, it was
closer to 41.5°C for an ambient temperature of -1°C, by
giving a heating power of 4.2kW and a COP of 1.9,
which is considered as an acceptable value.

In cooling mode, the design ambient temperature is
45°C. For the analysis, a test with a condenser supply
air temperature of 45.4°C with a velocity of 5.7m-s™ ' is
considered. In this case, the air is supplied to the vehi-
cle cabin with a temperature of 14.6°C with a flow rate
of 508 kg-h~', by giving a cooling capacity of 3.88 kW
and a COP of 1.8.

In general, the heating system proposed in this study
was validated technically by using a heat pump for elec-
tric and hybrid vehicles, and in terms of performance,
it showed an acceptable efficiency, which can still be
improved by changing some components, such as the
compressor, which can be replaced by an electric scroll
compressor, and improving the outdoor unit which can
be adapted to be efficient in both heating and cooling
modes with acceptable pressure losses.

The system was also characterized to evaluate the
frosting—defrosting cycling through two strategies. The
best COP is obtained by turning off the compressor,

but the frequency of frosting is higher in this case,
because the outdoor unit is partially defrosted.
Reversing the cycle seems to be a good alternative for
the defrosting phase with an acceptable COP and
defrosting time.
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