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ABSTRACT

An experimental investigation on the optimum operatparameters for the small-scale R744 heat pump
equipped with a triple-passage motive nozzle ejegts performed. Different supply configurationstioé
motive nozzle channels were examined, for a giveontetry of the mixing section and the diffuser. The
tests were performed for two independent stagesinduished according to the conditions at theisaoct
nozzle inlet: floating quality/superheat stage aodstant superheat stage.

The tests proved that both the ejector efficiencg the overall system performance (COP) were ngtabl
dependent on the motive nozzle supply strategys,Ttar the proposed design of the ejector, the vaoti
nozzle feeding management may be considered opetehtial control parameters for the optimizatidn o
the system operation.

1. INTRODUCTION

Applying a transcritical R744 ejector in the reérgtion system is one of the most promising methods
increase the system efficiency and reduce thetlimgptloss, Elbel and Hrnjak (2008), Elbel (201I).
addition, the ejector’s simplicity (no moving partsf construction compared to expanders, low cost a
reasonable efficiency make it closer to practice.

In order to investigate the possibility of ejecaémplication in domestic R744 heat pumps the prp®mtg744
ejector test facility was devised and manufactuseBINTEF Energi. Former investigations proved the
preliminary research results were promising, Zhal.e2007), Drescher et al. (2007), Drescher .28I08)

and Banasiak et al. (2011) - a very good COP imgmr@nt potential for the R-744 transcritical process
deploying the two-phase ejector was determinethepressure ratio for the compressor could becestiu
However, further work still has to be done to irtigete the influence of the geometry parameters and
assembly combinations to study the behavior andackexistics of the ejector. Additional improvement
seems to be unquestionably possible, by the matiific of geometry for different ejector passages.

Therefore, the main aim of the present paper wasxparimental analysis of the R744 heat pump eguipp
with a novel geometry ejector with a three-passaggive nozzle, regarding the thermodynamic and
hydraulic performance of the system. The influeoiche motive nozzle feed strategy on the over@POf
the heat pump as well as the ejector efficiencyMar alternative control strategies were examined.

2. TEST FACILITY

All of the performed experiments were carried auth@ multifunctional R744 ejector test facilitywvileed
and assembled at SINTEF Energy Research. A traiestiR744 cycle consisted of the following proeess
(Figure 1):
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Figure 1. Scheme of a R744 transcritical cycle aitivo-phase ejector for expansion work recovery:- M
Coriolis-type mass flow meters, P — absolute pmessensors, DP — differential pressure sensorsT-Type
thermocouples.

e 1-2: vapor phase compression in a piston-type cessor (variable displaceme@BRIST
Engineering GmbH C99-5 compressor with frequency controller, maassncapacity 400 kg/h),

» 2-3: transcritical fluid cooling in a gas coolerdptype brazed plate heat exchanger f&NEP ),

» 3-4: expansion of the transcritical fluid in a nvetinozzle (prototype three-passage manufactured by
OBRIST Engineering GmbH, see Figure 2),

* 6-7: condensate expansion in a metering vat@KE 2300 bar stock valve with 8 ° stem point and
0.125" orifice),

» 7-8: flashing liquid evaporation in an evaporat§AQRI brazed plate heat exchanger model no.
K040C-20C),

e 8-9: pressure drop of the vapor phase in a suctmmzle (prototype manufactured QBRIST
Engineering GmbH, see Figure 2),

* 4-10 and 9-10: mixing of the primary and secondsiigam in a mixing chamber (prototype
manufactured b¥)BRIST Engineering GmbH, see Figure 2),

» 5-10: pressure growth in a diffuser (prototype niacwred byOBRIST Engineering GmbH, see
Figure 2),

 5-6 and 5-1: separation of the vapor-liquid mixtimea separator (prototype design OBRIST
Engineering GmbH)

The measurement system was based on temperatusersgpalibrated T-type thermocouples, average
uncertainty equal to £0.3 K), absolute and difféis@rpressure sensors (calibrated piezoelectrimets,
average uncertainty equal to £0.15 bar), and megsrheters (calibrated Coriolis type, average utaiety
equal to £0.0005 kg/s).

The R744 two-phase ejector consisted of the matbazle, suction nozzle, mixing section and diffusee
Figure 2). For the purpose of the paper analysiastant geometry of each the constituting segmexst w
maintained for all the experiments performed.

2.1 Triple-passage motive nozzle

The examined motive nozzle geometry consisted i@etlidentical converging-diverging conical channels
bored in the head of the main body, with symmeitmgd pointed to the entry of the mixing sectioneTh
main construction parameters for each passageasdilows:
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 Diameters: 3.5 mm for the inlet cross-section, @i for the throttle cross-section and the outlet
cross-section,

» Angles of tapering: 30° (half-angle) for the corgiag section and 0° for the diverging section,

» Wall surface roughness: ca. 1 pm according to theufacturer data.

Figure 2. The ejector assembly (upper cross-seatioinphotographic picture) and detailed geometthef
three-passage motive nozzle (lower cross-sections).

Three independent supply lines equipped with sKutralves, one per each passage, were installed
upstream the motive nozzle inlet. This manifolalikonfiguration enabled three feeding options: one-
passage-open, two-passages-open, and three-paspage©ne of the supply lines, indicated in Figitsy

a blue dot, due to slightly longer and more warpdiing generated higher pressure losses (and Imass
capacity) compared to the two other lines. Therefthis line was utilized only for the three-pagsagpen
setting.

2.2 Suction nozzle

The suction nozzle geometry was constituted bywiés of two surfaces: a conically chamfered hekithe
motive nozzle and a conical inlet channel to theimgi section. The cross section area of the anrsuletion
nozzle could be adjusted by distance rings, varyfreggap between the tip of the motive nozzle ded t
beginning of the mixing section. All of the testported in the paper were registered for the offstaince
equal to 3.6 mm.

2.3 Mixing section

The mixing section was designed as a straight title a conical inlet, which in combination with the
motive nozzle head created a suction nozzle. Theargence angle for the inlet cone was set for,4B¢
internal diameter of the channel was equal to 3 amd,the length of the passage was equal to 30 mm.
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2.4 Diffuser
The diffuser was shaped as a conically divergingnael, where the total length of the passage was
dependent on the inlet and outlet diameters andtigde of divergence. The variant selected fortéses
was specified by the following parameters: angleigérgence equal to 5 °, inlet diameter equal tar3,
outlet diameter equal to 10 mm.

3. EJECTOR PERFORMANCE INDICATORS

The key parameters for thermodynamic and hydraaaluation of two-phase ejectors for the expansion
work recovery are the mass entrainment ratio, sagiressure ratio and ejector efficiency, Elbel Hnajak
(2008).

The mass entrainment ratio defines the ratio betwbe suction mass flow rate of the ejector and the
driving flow rate through the ejector motive nozzie. also called motive mass flow rate. The @ject
suction pressure ratio defines the elevated pressiuthe refrigerant leaving the ejector in relatio the
outlet evaporating pressure. The suction pressti@ indicates the relative pressure increase bjéector,
which is recovered.

The ejector efficiency is defined as a ratio of #meount of expansion work rate recovered by thetejeo
the maximum possible expansion work rate recovestergial. The amount of expansion work rate
recovered is defined as a product of the suctiossnflow rate and the specific enthalpy difference,
identified by points 8 ands9i.e. the beginning and the end of imaginary, isgnc compression from the
pressure of evaporation to the pressure of thesiff outlet, which was replaced by the ejector: (segeme

in Figure 1). The maximum possible expansion waite recovery potential is defined as a produchef t
motive mass flow rate and the specific enthalpjed#nce, identified by points,4nd 4, i.e. at the end of
theoretical, isenthalpic/isentropic expansion ef thotive stream to the pressure of the diffuseletut

4. EXPERIMENTAL INVESTIGATION

The experimental tests were scheduled into two emiris/e stages, distinguished according to the
conditions at the suction nozzle inlet: floatingatity/superheat stage and constant superheat stage,
Jurkowski (2011).

During the first stage the heat pump capacity vegsilated by adjusting the evaporation pressure thih
metering valve, for several selected values oftimtal speed for the compressor electric motor. ifiaén
aim at this stage was to determine the optimum @ejon pressure for the ‘shut on/off’ refrigeratio
capacity control strategy and investigate the [igéyi of use the motive nozzle supply options norease
the system performance.

During the second stage of the investigation thegt pemp capacity was regulated by adjusting bdté, t
rotational speed of compressor and evaporatiorspresfor constant superheat at the suction noztge
The objective was to test the use of the motivezieogupply strategy for the purpose of the perforrea
enhancement in the systems equipped with a theathmstxpansion valve and inverter for the electric
motor.

4.1 Tests at floating quality/superheat at the suction nozzleinlet

The tests were performed for the following settingswxiliary systems: operating range of tempesatar
the central heating system was kept at 30/65 °@ewhe water inlet temperature for the low-tempar@
heat source was equal to 20 °C at constant, maximaumetric capacity of the circulation pump.

Three levels of the compressor rotational speec weltected for the analysis, namely 817 rpm, 988 rp
and 1045 rpm. For each rotational speed level ébts twere started with the metering valve at th#- ‘f
open’ position, next the valve was gradually turrdevn until the minimum admissible position was
reached. The minimum position derived from the tesility limits, namely the minimum admissible
evaporation pressure above ca. 33 bar due to thgeedaf ice crystals formation in the evaporatorilaary
water loop, and the maximum admissible dischargegure below 140 bar due to the internal settihgseo
compressor safety system, imposed by the manuéacfline tests results were collected in Figure 3.
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Figure 3. Relations among the heat pump performéresting capacity and COP), ejector efficiency and
evaporation pressure for floating quality/superfaahe suction nozzle inlet, for various levelsiof
compressor rotational speed and for all feasibpplsustrategies for the motive nozzle. Average ealaf
uncertainties: £0.06 bar for the evaporation presst0.004 for the ejector efficiency, +0.07 for EO
+0.09 kW for the gas cooler capacity.

According to Figure 3, influence of the evaporatpmessure on the system performance was predominant
(right upper quarter). Although, due to the limat of the system configuration discussed aboseh e
profile represents only a fragment of the wholeeptal operation curve, the pattern appears to be
consistent and repeatable. Explicitly, lower evagon pressure levels, at the metering valve tuaman

as much as admissible, lead to lower values ofhéeting capacity and COP mostly due to significant
superheat at the evaporator outlet and deterioraifothe evaporator temperature difference protg.
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reducing the pressure drop at the metering valdeliting up the evaporation pressure (and decneptie
superheat at the same time) the heat pump perfaamanproves (both heating capacity and COP).
However, for some profiles, e.g. for the three-pgss-open supply strategy, peaks in the heatingcdsp
and COP could be noted. The authors believe they We result of entering the two-phase area at the
ejector suction nozzle inlet (see Figure 4). Theant the ejector was forced to compress not omlytibat-
conveying’ vapor but also some ‘ballast’ liquid,asing the recovered expansion work between the two
phases. This suggests the optimum evaporation yseeder any configuration is the pressure at which
saturated vapor at the suction nozzle inlet co@ddached. Basically, the registered profiles dediin
Figure 4, where the COP curves were dropping rajtér no superheat could be detected, make that
hypothesis fairly reasonable.

20

O—O—O 1045 rpm, 3 passages open
1 OO 1045 rpm, 2 passages open
O O -O 933 rpm, 3 passages open
O O —O 933 rpm, 2 passages open
O . -O . -O 817 rpm, 3 passages open
O - +@ -+ 817 rpm, 2 passages open
O O O 817 rpm, 1 passage open

o
=
[e)]

o

=
N

(o]

Suction nozzle inlet superheat, K

B

3 2.8 2.6 2.4 2.2 2 1.8 32 36 40 44 48
COP (heating), - Suction nozzle inlet pressure, bar

Figure 4. The suction nozzle inlet superheat amation of the suction nozzle inlet pressure arstesy

COP for various levels of the compressor rotatiepaled and for all feasible supply strategiestfer t

motive nozzle. Average values of uncertaintiesO&®ar for the suction nozzle inlet pressure, 0f6r
the superheat, £0.07 for COP.

Considering possible use of the motive nozzle supptions to control the heat pump capacity (lgiper
quarter in Figure 3) it may be noticed that for ledevel of the compressor rotational speed the two-
passages-open option outstands the other var@fdsing greater capacity at higher COP at the stime,

for all examined levels of the evaporation pressiliteerefore, the two-passage supply option shoeld b
considered the design configuration for the analysestem working in the ‘shut on/off’ control regm

The ejector efficiency proved to be growing witlcdEasing values of the evaporation pressure (hogter
quarter in Figure 3), however only for the two-ph#lesw conditions at the suction nozzle inlet tgeawth
resulted in a corresponding increase in the COiegalleft lower quarter in Figure 3).

4.2 Testsat constant superheat at the suction nozzleinlet
The tests were performed for the same settingsixfiary systems as previously, except for the watket
temperature for the low-temperature heat source&hnas decreased to 10 °C.

The heat pump capacity was altered by changingioot speed of the compressor at a constant \aflue
superheat, for each test point set to 5 K. Althotighoptimum setting of the metering valve wouldoive
saturated vapor conditions, due to practical diffies in detecting the precise saturation stalights
superheating was applied. The tests results welected in Figure 5.
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Figure 5. Relations among heat pump performancatiffeecapacity and COP), ejector efficiency and
evaporation pressure for constant superheat atitteon nozzle inlet, for all feasible supply stgies for
the motive nozzle. Average values of uncertaint€s06 bar for the evaporation pressure, +0.004Her

ejector efficiency, £0.07 for COP, +£0.09 kW for thas cooler capacity.

According to Figure 5, boosting the compressortiatal speed resulted in decrease of the evaparatio
pressure and growth of the heating capacity as#me time, for each motive nozzle supply optioghri
upper quarter). What is more, the system COP wssrading with the increase of rotational speed,allb
supply options (left upper quarter). However, ualé the previous stage, certain potential forzatiion of
the motive nozzle supply strategy might be regesteSince the most efficient supply option, fosteiage
the one-passage-open variant, reached its maximapacty at 5.74 kW due to evaporation pressure
dropping to the minimum admissible values, in ofdefurther increase the heating capacity of thetesy it
was possible to open the second passage. This watald lifting the system output to 6.34 kW, atg$itly
reduced COP. Likewise, by opening the third pasgageuld be possible to reach 6.65 kW at the espen
of further COP reduction. Therefore, the triplegzge motive nozzle could constitute a potentiakrobn
mechanism for a system equipped with a thermostapansion valve and inverter.

The ejector efficiency proved to be generally groyvivith decreasing values of the system COP foh eac
supply option (lower quarters in Figure 5), howewnerclear relationship between the ejector efficyeand
supply option could be disclosed — the two-passages variant outstood the other options and rehtine
highest values at 6.24%.
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5. CONCLUSIONS

An experimental investigation on the optimum operatconditions for the small-scale R744 heat pump
equipped with a triple-passage motive nozzle efegs executed.

The tests performed at floating quality/superhaatha suction nozzle inlet proved the influencetloé
evaporation pressure on the system performancepregdminant and suggested the optimum evaporation
pressure for any configuration was the pressuvehath saturated vapor at the suction nozzle inbedd be
reached. Moreover, the two-passage supply optieeated to be the optimum geometry configuration for
the analyzed system working in the ‘shut on/offhol regime.

The tests performed at constant superheat at ti®swnozzle inlet revealed certain potential falization

of the motive nozzle supply strategy. Since theelothhe number of open passages the higher systein CO
but lower heating capacity, it is preferable tdizdi first a single passage until its maximum caga¢hen
open the next one, etc., until the heating requargrnwould be fulfilled.

ACKNOWLEDGEMENTS

The research was supported by a grant from Norimaugh the Norwegian Financial Mechanism under the
PNRF - 150 - A | — 1/07 contract and has been phthe work within the research project CREATIV,
which is financially supported by the Research @iwf Norway and several industry partners.

REFERENCES
Banasiak K., Hafner A., 2011, 1D Computational niarfea two-phase R744 ejector for expansion work
recovery, International Journal of Thermal Scierig@s2235-2247.

Drescher M., Hafner A., Jakobsen A., Neksa P., Zh&#007, Experimental Investigation of Ejector Ror
744 Transcritical Systems, In: Proc. The 22nd hdgonal Congress of Refrigeration, Beijing.

Drescher M., Hafner A., Banasiak K., 2008, Expernitak Parameter Investigation of R744 Ejector, In:
Proceedings of 8th IIR Gustav Lorentzen Conferemcdlatural Working Fluids, Copenhagen.

Elbel S.W., Hrnjak P.S., 2008, Experimental validiatof a prototype ejector designed to reduce tlimgt
losses encountered in transcritical R744 systematipe, Int. J. Refrig. 31, 411-422.

Elbel S.W., 2011, Historical and present developmer ejector refrigeration systems with emphasis o
transcritical carbon dioxide air-conditioning aggliions, Int. J. Refrig. 34 (7), 1545-1561.

Jurkowski A., Experimental investigation of ejectoapplied in R744 heat pumping systems, MSc
Dissertation, SINTEF Trondheim, 2011.

Zha S., Jakobsen A., Hafner A., Neksa P., 2007igneend Parametric Investigation on Ejector for &7
Transcritical System, In: Proc. The 22nd InternaidCongress of Refrigeration, Beijing.

10" IIR Gustav Lorentzen Conference on Natural Reftiges, Delft, The Netherlands, 2012
8



