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ABSTRACT

This article presents the concepts of an air-sodisag Pump for Simultaneous heating and coolingSHP
designed for hotels and smaller residential, comiakand office buildings in which simultaneous dgeén
heating and cooling are frequent. The main advantdghe HPS is to carry out simultaneously spaaihg
and space cooling with the same energy input. Antla# is used as a balancing source to run argeati a
cooling mode. The second advantage is that, duwvinter, energy recovered by the subcooling of #fégerant
is stored at first in a water tank and used subsetiyuas a cold source at the water evaporatanpodve the
average performance and to carry out defrostirthehir evaporator using a two-phase thermosiptatike
conventional air-source heat pumps, defrostingised out without stopping the heat productiorR407C
HPS prototype was built and tested. The basic quaad the HPS are detailed in partl of this agt[dl]. Its
performance on defined operating conditions cowedp to the data given by the selection softwatbef
compressor manufacturer. In the present part efatticle, the operation of the high pressure cbsiystem, the
transitions between heating, cooling and simultasenodes and the defrosting sequence are analyded a

validated experimentally.
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NOMENCLATURE

AHX air heat exchanger
C-mode cooling mode

E energy (J)

h enthalpy (kJ Kd)

H-mode heating mode

HP high pressure (Pa)

HPS heat pump for simultaneous heating and cooling
k pressure drop factor (kgn® s?)

L latent heat (J k§

LP low pressure (Pa)

m mass (kg)

m mass flow rate (kg9

Q heating or cooling capacity (W)

p pressure (Pa)

S-mode simultaneous mode

T temperature (°C)
t time (s)
Subscripts:

aCd air condenser
akEv air evaporator
CD condensation
cw cold water

df defrosting

f frost

fus fusion

hw hot water

r refrigerant

Sc subcooler

vap vaporisation
wCd water condenser



WEvV water evaporator

1 Context and objectives

Energy efficiency of buildings is continuously inoping thanks to more and more stringent thermalledgpns.
Besides, comfort requirements demand more and em@rgy. The demand for cooling is rising to compéns
internal heat gains caused by more and more holdseleztrical equipment whilst domestic hot wa@H{V)
demands continue to increase. A better thermallepgemplies less energy for heating and more émliag.
Therefore thermal needs of new buildings followtiead of more balanced energy demands betweembeat
and cooling. ECBCS Annex 48 of the Internationatigery Agency deals with this issue [1]. An answeato
simultaneous energy demand in heating and codditigei heat pump, since it has simultaneously arfipat
capacity at the condenser and a cooling capacttyeatvaporator.

This study presents the design of a heat pumptrasatisfy fluctuating needs, simultaneous orindtgating
and cooling. This heat pump with heat recoveryaisied HPS (Heat Pump for Simultaneous heating and
cooling). It is suited to buildings such as hoteleere DHW demands are high, small commercial Uiti¢s
groceries and petrol stations or glass-frontedmsouth oriented office buildings where simultareeaaeds in
space heating and cooling are frequent.

Part 1 of this article [2] presents the basic cpteand the performance verification of a R407C HRotype.
This second article validates the dynamic operaticthe HPS, namely the transitions between themint
modes, the high pressure control and the two-ptiesenosiphon defrosting technique.

The first objective of the HPS is to produce, @emfs possible, heating and cooling energies ukigame
electric energy input at the compressor.

The second objective of the HPS is to reduce th®meance loss that characterizes air-source heaapp
during winter due to low source temperature andtiing [3,4]. Huang et al. [5] compared the most w@n
defrosting methods: reversed-cycle defrosting atebas bypass defrosting. When using the revergelé-c
defrosting technique, reversible air-to-water hmahps record a performance loss because of a brélag heat
production and a drawing of energy from the heatlspreviously produced. The air and water heahamgers
have to carry out alternatively condensation ahligessure and evaporation at low pressure. Wicharge of
mode occurs, the reversing valve switches andrin@qusly high pressure section of the refrigeratiocuit
becomes the low pressure section. The oppositeopi&mon occurs in the previously low pressure secilibe
pressure ratio changes nearly instantaneously &bigh value to a very low value. This leads tchhig
mechanical strains on the compressor that impagsdongevity. The hot-gas bypass defrosting systwoids

the shocks induced by the switch of the reversaidgevand the heat loss in the hot water tank tlwatdvoccur



in a standard reversible heat pump. However a paénce loss remains because of the bypass of pouva
from the compressor discharge. Liang et al. [6aitied another defrosting method: hot gas from feehdirge
line is bypassed, throttled and injected into theperator to provide sensible heat as a defrostirygy.
Attention is especially paid on the fuzzy logic wégion strategy. Electric heating defrosting cksm doe used
indirectly by heating the air flowing throughougtbutdoor coil [7]. Another technique described hyet al.
[8] consists in re-circulating exhaust air in theewvaporator in order to reduce the frost growtit & delay the
defrosting sequence. All conventional defrostinghmods consume energy. The HPS proposes a speciait ci
design that creates a two-phase thermosiphon oselgfrosting. In refrigeration plants, thermosipbare
usually cancelled out by non-return valves bec#usg represent risks of liquid refrigerant trappinghe
circuit. The HPS takes advantage of this phenomémaarry out defrosting. Thermosiphons are knowvbe an
efficient means of heat transfer [9,10]. Dobsor] gtiowed that thermosiphon effects were difficalttodel.
He also observed that the flows were oscillatory.

The aim of this phenomenological study is to vetifgt the high pressure control system is efficithat
transitions between modes are sufficiently smoathta validate the innovative defrosting technigsing a

two-phase thermosiphon.

2 Further in the HPS concepts

The HPS prototype scheme is shown in Fig. 1. Tfierdnt components of the circuit and the operathugles
(heating, cooling and simultaneous modes) are gekgsicribed in the first part of this article [Zhe heating
mode uses the air evaporator and the water cond@®a® and Evr3 are open). The cooling mode uses t
water evaporator and the air condenser (Evrl and & open). The simultaneous mode uses the water
evaporator and the water condenser (Evrl and Ber8@en). The present paragraph explains the dynami
behaviour of the HPS depending on the needs inrtgeand cooling. The operation is based on therateon of
the heating, cooling and simultaneous modes withithrout the two-phase thermosiphon defrosting mépie.
Switching from one mode to another is simply carioeit by simultaneously shutting and opening the
appropriate electronic valves without stoppingdbepressor. A high pressure control system, desgrib

hereafter, is necessary to ensure the proper ope@tthe HPS.

2.1 Summer sequence

During summer, the sequence alternates betweeimganid simultaneous modes. A cooling demand isotied

by a cold water temperature higher than the sepéeature. A summer sequence is then launched, iagiby



the simultaneous mode in case of possible demahéating. When the heating demand is satisfiedHP8
switches to the cooling mode and the air condeisagsed instead of the water condenser. The HRSS stben
the cooling demand is satisfied or switches badkéosimultaneous mode if a heating demand is thetdyy the

measurement of a low hot water temperature.

2.2 Classic winter sequence

During winter, the sequence alternates betweerrgeand simultaneous modes. The cold water tankesl as
a short-time heat storage. If a heating demandtiscted, the sequence begins by the heating magejieg the
water condenser, the air evaporator and the subcadhile producing hot water using the water caorsge, the
cold water tank is heated, usually from 5 to 135¢Cthe refrigerant subcooling energy. When the &nafpre of
15°C is reached, the HPS regulation switches tsitheltaneous mode and uses the energy previotsiydsin
the cold water tank as a cold source for the wataporator. The cold water tank temperature deesgfasm 15
to 5°C.

In the simultaneous mode, the evaporating temperadthigher than in the heating mode from the murtteat
ambient air is colder than the cold water tank.r&fare, using the simultaneous mode for a certaie turing
the winter sequence enables to produce hot watdincously with improved average system performance
compared to standard air-source heat pumps. Besidie® simultaneous mode, the air evaporatooisiaed

for evaporation and can be defrosted using a tvaselthermosiphon detailed hereunder.

2.3 Winter sequence with defrosting

In the heating mode, under cold outside air tentpezg, the fins of the air evaporator get frosiefore frost
thickness becomes critical, the cold tank tempeedtas raised 15°C and the simultaneous mode leas be
engaged. In this mode, the air coil is automatjoadéifrosted by a two-phase thermosiphon formed déetvihe
two evaporators. A supplementary flow of vapour esraut of the water evaporator and migrates towtaels
air evaporator where the temperature, and thuprémsure, is lower. At the outlet of the water evafor, the
refrigerant vapour temperature is between 10°C5addepending on the cold water temperature. The
refrigerant exchanges latent heat with the frofitex) condenses and flows back to the water evamooa to the
suction accumulator by gravity.

The major advantage of this sequence is to catrdefiosting without stopping heat production. Etbickness
can thus be minimized and mean convection heasfeanoefficients at the evaporator can be maxichiZée
average heat pump efficiency under frosting coodgiis improved compared to the performance ofistiah

air-source heat pumps that use hot gas or reveysxtel defrosting methods.



2.4  High pressure control

As pressures and temperatures are linked durindestsation, high pressure control can ensure that
condensation occurs in the appropriate heat exelnaMpreover it is able to control the condensation
temperature and thus the heating capacity. A splépigd receiver is placed on the liquid lineidtconnected to
the compressor discharge line and the inlet oathevaporator by copper tubes of smaller diamatewhich
normally closed electronic on-off valves are plagdHP and EvrLP on Fig. 1).

If the chosen mode is the heating mode, condemsatiours in the water condenser. The controllerutales
the set point for high pressure, function of théwater inlet temperature at the water condensgr (B) and a
temperature discrepancy characterized experimgnidie equation is a curve fit of data extractenrfitables
published by the International Institute of Refragtgon [12]. The discrepan®T¢p takes into account the pinch
difference between hot water inlet temperaturetarable temperature of refrigerant, a slight subiogol
because of a possible heterogeneity of phase itubigeat the location where the temperature seagaced
and a security in relation to the control deadb#wd.condensation at the air coil in the coolingdmahe set
point for high pressure is a function of the aleinemperature and another temperature discrepaoper to

the heat exchanger.

HP,,, = 0.000011C(T,,,,, + AT )° +0.0023[(T,,,, +AT.p, )* +0.1833L(T,, ., + AT, )+5.6738 (1)

hw=in hw=in hw-in
The objective of the high pressure control is toycaut a complete condensation in the water coselen
Without this system the thermostatic expansionevabould have “naturally” controlled the system satt
condensation would finish in the subcooler. Sorenigheat from condensation would have not beectiyr
transferred to the hot water.

The high pressure control system indirectly costtbe volume of liquid in the receiver. The voluafdiquid in
the different condensers depends on the modee Ifiitth pressure is below the set point, the elaitrealve
EvrHP is opened. The receiver is filled up with gaming from the compressor discharge line at aqume
higher than the pressure in the receiver untikitepressure is reached. The gas entering theveeakives the
liquid towards the evaporator. The non-return valoses because pressure becomes higher at tle¢ thiath at
the inlet. The subcooling heat exchanger and ti®imopart of the water condenser are filled up wiidre
liquid until the appropriate level of liquid is rezed. If however the chosen mode is the coolingamtte
condenser becomes the air heat exchanger. Theisefqr pressure is then the lowest possible. &lketronic
valve EvrBP is opened. The pressure is reducedibijpng the vapour out of the top part of the reegitowards

the inlet of the air evaporator. The refrigeranailiquid phase is sucked out of the water condemse the

subcooler and enters the receiver.



The proper operation of the control system depepds a special liquid receiver being designed chigé and
quite narrow with the main objective to enhancepgerature stratification and to limit as far as [dssthermal
transfer between the gas and the liquid. When #isegyinjected, part of it condenses. When gagjéxted to the
low pressure, part of the liquid evaporates. Th@snomena reduce the liquid variation induced pyeasure
variation in the receiver. Although it delays tlesponse in terms of high pressure, it ends bylitialgi the

control system. The receiver is also thermally liasd to reduce the heat transfer towards the arobie

3 Experimental study

3.1 Experimental setup

The experimental setup is described in the first githis article [2].

3.2  Dynamic behaviour

The operating sequences were tested, verifyingpleeation of the high pressure control method aed t
transitions between modes. Fig. 2 presents theugonlof temperatures of water and air sourcesnduai 10-
minute sequence engaging first the heating modleyfed by the simultaneous mode. The acceptableatipa
of the high pressure control system is also shawthis figure by the measurement of hot gas tentperat the
top of the liquid receiver. The set pressure ineesdollowing Eq. (1) depending on the hot watergerature at
the entrance of the condenser. The hot gas tenyperatreases when the electronic valve EvrHP opaddets
hot gas enter the receiver and decreases with #hexnhange with the environment. Hot gas injection
frequency is higher during the heating mode thaimdiuthe simultaneous mode because of the positidime
liquid receiver in the system: the receiver wag@thin the air flow. During the heating mode theeaiaporator
and the fan are in function. Thermal exchange betvike liquid receiver and the environment is enbdn
during this mode. During the simultaneous modeatheirculation is stopped. Less thermal lossestaus
observed. Fig. 2 highlights that the prototype todse modified to reduce thermal losses of theidigaceiver
and that the injection frequency is too high (be&tw@5 and 40 seconds) to ensure a satisfactorglitygo the
electronic valve EvrHP.

When the electronic valve EvrLP opens and driveggas from the receiver towards the entrance oaihe
evaporator, the high pressure decreases. Fig. 2rdiieshow this operation that is actually usedndur
transitions between modes having different hot cesr

In order to present each transition fully, figaar®l 4 show the temperatures of refrigerant andcesuwturing

transitions between heating and simultaneous madédetween cooling and simultaneous modes. Gigball



temperature variations are smooth for both watdrrafrigerant at the inlets and the outlets ofwlager
condenser and the water evaporator. Stronger tetypervariations appear on the air source andefogerant
at the air condenser. The latter temperature Vwanigs due to condensation of refrigerant in threcandenser
even when it is unused in the simultaneous modepeEeature and thus pressure decreases while refinigis
condensing. In this situation, a mechanical sh@rkaccur in the circuit if the electronic valve Ewpens. The
strategy adopted to avoid this risk is to use thr@rol system to decrease the high pressure teteé of the air
heat exchanger side before opening Evr4.

The dynamic behaviour of the HPS is validated bsedhe objectives of an efficient high pressurdrobn
system and smooth transitions are satisfied. @ifnehas also been checked using the oil lighhef t

compressor: no low level was noticed.

3.3 Defrosting technique

3.3.1 Two-phase thermosiphon observation

The two-phase thermosiphon circulates in tubeshthag large diameters (represented in green in FEigad 5).
Vapour migrates from the water evaporator towahndsair evaporators. Condensed refrigerant retuank by
gravity to the water evaporator and the suctiouamdator.

Thermographic pictures (Fig. 6) have been takearbednd during the defrosting phase at the positfdhe
white square in Fig. 5. Before the defrosting segeetemperature is homogenous. The tube contajsu
flowing from the air evaporator towards the compogsWhen the two-phase thermosiphon defrostingessee
is launched, the thermostatic expansion valve THY®s not supply refrigerant to the air evaporatynsore
because the electronic valve Evr2 is closed. In&igcan be seen that heterogeneity of tempexatppears in
the tube. The hotter vapour phase flows up the itulige top part of the section and the colderitiqphase

flows down in the bottom part.

3.3.2 Defrosting technique validation
The validation is based on the observation of thstflayer disappearance during a defrosting sexguesing
the two-phase thermosiphon. The defrosting tinmmpared to a frost layer disappearance time byridle

exchange with the ambient air surrounding theliesth. In this second case compressor and farsscgmeed.

Frosting: The first phase consists in running the heat pimgpheating mode under frosting conditions.
Ambient air temperature is controlled around 0°f@sEprogressively appears on the LP sectionseoéithcoils

of the prototype. The frost layer thickness incesasver a period of 30 minutes.



Defrosting (Fig. 7): After running the heating mode during 30 minuths, frost layer is assumed to be
sufficient to run the defrosting sequence. FighGves heterogeneity of the frost layer due to aprirect tubing
of the three-fluid AHX. The electronic valve Eviswitched off and the electronic valve Evrl istsh&d on.
The water evaporator is used instead of the ajpa@edor. The simultaneous mode is engaged andviilhase
thermosiphon defrosting starts. The frost layeapii@ars within 2 minutes. As a comparison, af@éd-aninute
frosting phase, the prototype was stopped. Thesifig energy was then brought by thermal convectiv
exchange with the ambient air surrounding theliesth. The time of frost disappearance reachedigotes.

This comparison confirms that the thermosiphonattiing technique works very efficiently.

3.3.3 Two-phase thermosiphon characterization
The frost mass is evaluated by the mass of watkrcted after defrosting. The defrosting enekgyis

calculated by Eqg. (4) using the frost massnd the specific latent heat of fusiog,

Eq =m; gy (4)

The average defrosting capacity is calculated hy(Equsing the defrosting energy; and the defrosting time

tdf.

— E

Qu = - ®)
tdf

The mean refrigerant mass flow rate is given by(BEjpjusing the enthalpy difference between satdratgour

and saturated liquid at 0°C.

— Qy (6)

m
' Ah,,, (0°C)

During the defrosting sequence, refrigerant tentpeea have been monitored at the outlets of the air

evaporatorg .z, and the water evaporat®ye, (Fig. 1) Corresponding pressures are approximasety the

vapour saturation P-T curve. The vapour mass fete at time depends on the pressure difference using Eq.

(7).

i = | (P . Pac) 7
This equation depends on the pressure drop fictBhis factor is assumed to be constant duringléfeosting
sequence because the section of the tube is ndgligiduced by the flow of liquid that returns bdakm the air
evaporator by gravity. Moreover thermal exchanggvben the two phases, flowing up (vapour phase) and
down (liquid phase), has not been studied. Follgwiese assumptions, the refrigerant mass flowcaatebe
estimated using Eq. (8). Defrosting capacity igiby Eq. (9). These two equations bring into pleeyaverage

pressure difference between the outlets of thernveat@porator and the air evaporator.



m :mi (pwEv B paEv)i (8)
(pwEv - paEv)
(pwEv B paEv)i (9)

R I

Table 1 presents the results for frost mass, difiggenergy and mean values of mass flow rate afrdbsting,
cooling and heating capacities. Mean cooling aratihg capacities are measured on water. Theses/aheev
that there is no break in the heat production hatlthe heat source has switched from ambient @iofd water.
Fig. 8 shows the evolutions of the refrigerant nflms rate and the defrosting capacity during thmidute
thermosiphon defrosting sequence. The defrostipgaty curve decreases from 2.32 to 0.26 kW. Thesma
flow rate curve decreases from 6.28 to 2.08.glfie important variations between 50 s and 10@ slae to the
internal pressure control, activated after switghfitom the heating mode to the simultaneous modter A20 s,
the temperature difference between the refriggeamperatures at the outlets of air and water eps
(respectivelyT gy andT,g, in Fig. 1) is around 1°C, which is within the linof uncertainty of the metrology.
The operating conditions at the beginning of thieadting sequence are calculated using the softofitee
compressor manufacturer. They are reported in fabfecording to these values, the supplementdrigezant
mass flow rate to be generated at the water evapdm the thermosiphon represents 6% of the flaig at the

compressor. Therefore the water evaporator has & east oversized in this proportion. The ihdiefrosting

capacity corresponds to more than 12% of the ndrbwling capacity.

4 Conclusions

This article is the second part of an experimestiadly of an air-source heat pump for simultaneaagihg and
cooling (HPS). The first part detailed the basinaapts and the performance validation of the HRf®. @resent
article goes further and deals with the operateguences alternating between heating, cooling and
simultaneous modes. Apart from producing simultaisgohot and cold water, this machine proposesawer
to reduce the performance loss of air-to-water paaips under low ambient temperatures by the use of
operating sequences alternating between an aioeaimp and a water evaporator. Moreover, whiledzaah air-
source reversible heat pumps are penalized by stafgp(break in the heat production, decrease iRC@e
HPS carries out defrosting using a two-phase thsiphon with increased heat pump performance arttbwit
stopping the heat production. Thanks to the specialagement of produced energies, simulations shawe
annual performance increase of 16.6% when comp#nm¢iPS to a standard reversible heat pump [13].
The phenomenology of the HPS operation has fishistudied on two points: high pressure control and
transitions between modes. The high pressure dastoperational but needs more development. Ttiansi

between modes are smooth, thus acceptable.
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Then the two-phase thermosiphon has been obsewtitbmographic pictures of a section of the tuesvieen
the two evaporators and validated by a favourabfeodting time in comparison with a situation inigrthe
heat pump was stopped. The characterization ahéfrenosiphon showed a phenomenon of high capacity.
Nevertheless these encouraging results still ne®e& tomforted by in situ tests. Further reseaeshtt be
conducted on the two-thermosiphon defrosting teqmi More metrology has to be implemented to imertine
characterization. The validation has to be conauuateder higher levels of frosting using other ekpental
means such as a climatic room. Finally, R407C tsaargood choice for the HPS because the two-phase
thermosiphon will provoke a separation of the défé components of the refrigerant mixture [14]e&wually,

the performance and even the proper operationedfithS can be altered.
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Fig. 5. Photograph of the thermosiphon setup
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Before defrosting During defrosting

Fig. 6. Thermographic pictures of the tube betweerhie two evaporators
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time=120s

Fig. 7. Photographs of the air coil during the twophase thermosiphon defrosting phase
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Fig. 8. Evolution of the thermosiphon defrosting caacity and refrigerant mass flow rate
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Designatior Value
Frost mas: 397.6 (
Defrosting energ’ 133 k.
Mean derosting capacit 1.11 kW
Mean cooling capaci 15.31 kW
Mean heating capac 17.72 kW
Mean refrigerant mass flow ra 5.309."

Table 1: Defrosting thermosiphon mean characteristis
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Designatior Value
Condensing temperatt (dew point 33.5°C
Evaporating temperatu (dew point 11°C
Suction superhe 4°C
Nominal ooling capacit 19.00 kW
Nominal iefrigerant mass flow ra 108 g.7*

Table 2: Operating conditions at the beginning of te defrosting sequence




