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Abstract

Two expansion devices designed for CO2 refrigeration systems namely, capillary tube and fixed geometry
ejector were experimentally tested in the SINTEF/NTNU laboratory in Trondheim, Norway to determine
the influence of ambient conditions on their performance. The novelty of this research was to examine
the influence of heat transfer between the expansion device wall and the ambient on the R744 ow
inside. To achieve this goal, both aforementioned expansion devices were tested with thermally
insulated and uninsulated walls. A wide range of operating conditions typical for transcritical CO2
refrigeration systems were examined. The relatively high ambient temperatures, which occurred during
experiments, simulated the realistic conditions in the machine-room of the refrigeration system. The
capillary tube consisted of sections of the same length and number of bends. Temperature and
differential pressure sensors were placed between those sections to investigate the characteristics of
CO2 within the capillary tube. To measure the inner wall temperature using thermocouples, a prototype
R744 ejector with drilled channels was prepared. Ambient conditions did not significantly affect the
operation of the capillary tube. Similar conclusions were made for the R744 ejector. However, a slight
effect on the temperature of the ejector's wall was observed.
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12
13 Abstract
14
ig Two expansion devices designed for CO, refrigeration systems namely, capillary tube and fixed-
17 geometry ejector were experimentally tested in the SINTEF/NTNU laboratory in Trondheim, Norway
18 to determine the influence of ambient conditions on their performance. The novelty of this research
19 . . . . .
20 was to examine the influence of heat transfer between the expansion device wall and the ambient on
21 the R744 ow inside. To achieve this goal, both aforementioned expansion devices were tested with
35 thermally insulated and uninsulated walls. A wide range of operating conditions typical for
24 transcritical CO, refrigeration systems were examined. The relatively high ambient temperatures,
;2 which occurred during experiments, simulated the realistic conditions in the machine-room of the
27 refrigeration system. The capillary tube consisted of sections of the same length and number of
28 bends. Temperature and differential pressure sensors were placed between those sections to
ig investigate the characteristics of CO, within the capillary tube. To measure the inner wall
31 temperature using thermocouples, a prototype R744 ejector with drilled channels was prepared.
3; Ambient conditions did not significantly affect the operation of the capillary tube. Similar conclusions
34 were made for the R744 ejector. However, a slight effect on the temperature of the ejector's wall
32 was observed.
37 Keywords: carbon dioxide, refrigeration system, capillary tube, ejector, experimental study, heat
38 transfer
39
j? Nomenclature DP - pressure difference, bar
j; Abbreviations T -temperature, C
44 ODP - ozone depletion potential M - mass ow rate, kg/min
45 ) .
46 GWP - global warming potential x- directly measured quantity
j; CFD - computational fluid dynamics y - indirectly measured quantity
49 CA - capillary tube with adiabatic walls a - reference accuracy
50 .
51 CNA - capillary tube with non-adiabatic walls A - difference/loss
52
53 EA - ejector with adiabatic walls n - number of measurements
2;1 ENA - ejector with non-adiabatic walls u - uncertainty of measurement
56 Symbols &, - mass entrainment ratio, -
57
58 COP - coefficient of performance, - 1 - efficiency, -
59 -
60 P - absolute pressure, bar h - specific enthalpy, kJ/kg
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62
€3 -
ca jacek.smolka@polsl.pl
65

D2.2_2018.02 Multi-Ejector concepts Page 5 of 26



CENTRE FOR
ENVIRONMENT
FRIENDLY ENERCY

@® HighEFF

s - specific entropy, kJ/kgK OUT - capillary tube outlet

E Subscripts mn - ejector motive nozzle

j ej - ejector sn - ejector suction nozzle

5 w - wall out - outlet

g IN - capillary tube inlet amb — ambient

3 MID - capillary tube middle
10 1  Introduction
11
12 According to the Montreal [1] and Kyoto [2] Protocols, refrigerants with high ozone depletion
tj potential (ODP) and global warming potential (GWP) should be gradually phased out from industrial
15 applications. The European Union's F-gas regulation [3] also provides additional restrictions and
ig impediments in the production and use of fluoride gases in EU countries. The EU introduced new
18 responsibilities, limits and sanctions on the producers and users of high GWP working fluids to
19 effectively discourage their further use. As a consequence of these restrictions, natural refrigerants
;E have become the recommended solution in refrigeration industry.
;é Among natural working fluids, CO; is distinguished due to its low flammability and low toxicity.
24 CO; is also a by-product of other industrial processes, making it relatively cheap. It is also
;2 characterized by high volumetric refrigeration capacity compared to other synthetic or natural
27 refrigerants [4], which is a consequence of higher pressure levels. These properties, among others,
28 led to R744 being reintroduced in the refrigeration and heat pump industry [5]. However, R744 has a
ig high critical pressure and low critical temperature; thus, refrigeration systems, which reject heat to
31 the ambient environment, operates in transcritical mode. Consequently, the discharge temperature
2; and pressure are independent parameters, making it possible to find an optimal discharge pressure
34 level. Heat rejection occurs with a gliding temperature and increased expansion losses appear. These
22 characteristics cause R744s system coefficient of performance (COP) to decrease compared to other
37 refrigerants. Consequently, the COP improvement of R744-hased refrigeration/heat pump systems
22 has become an important challenge in refrigeration industry.
4_0 However, for small refrigeration units, the high performance of the system is often not the
jé most important issue; compactness, simplicity and low investment cost typically play more important
43 roles. In such systems, simple expansion devices such as the capillary tube are still good options [6,
3‘51 7]. As aresult, it is possible to find many studies of R744 owing through capillary tubes. However, few
46 experimental results have been published recently. Madsen et al. [8] presented experimental data
j; that showed that properly designed capillary tubes can keep high-side pressure close to the optimum
49 value, vielding a satisfactory COP. Da Silva et al. [9] also reported on an experimental study that
50 showed that a dimensionless correlation can allow for the prediction of the refrigerant mass flow
2% rate based on the inlet pressure, temperature, and geometry of adiabatic capillary tubes. Agrawal et
53 al. [6] also studied adiabatic capillary tubes as expansion devices in a transcritical R744 system and
2‘51 claimed that an optimal refrigerant charge exists in systems with capillary tubes. The experimental
56 investigation of Song et al. [10] confirmed the promising operation of capillary tubes in a transcritical
2; heat pump system, showing a COP 80% higher than those obtained using an electric expansion valve
59 at various operating conditions. The authors had similar conclusions in [11]. Experimental tests on a
60 heat pump water heater with an adiabatic capillary tube used as an expansion device was also
6l
3 ?
64
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performed by Wang et al. [12]. The results confirmed the importance of capillary length and

} refrigerant charge. Some experimental tests were also performed for R744 transcritical systems using
5 non-adiabatic capillary tubes (e.g., [13]). However, in that paper, the capillary tube was used as a
4 suction line heat exchanger. In the literature, many theoretical and numerical investigations
2 concerning adiabatic and non-adiabatic R744 capillary tubes are also available [9, 14, 15, 16, 17]. The
7 models predicted experimental data related to capillary tubes with different dimensions and ranges
S of operating conditions and produced satisfactory results.
i? Even though many studies of adiabatic and non-adiabatic capillary tubes working in
12 transcritical CO, systems have already been published, few comparisons of the two aforementioned
:l3 configurations exist. To the best knowledge of the authors, the work where the influence of the heat
ig transfer through the wall of the capillary tube on the CO, flow inside was examined, was unavailable
16 in the literature. In this study, the heat transfer between a capillary tube and the ambient
i; environment was examined. The experimental procedure and data gathered from the test facility
19 was evaluated based on the literature.
3? Larger refrigeration systems require modifications to improve their COP to that of systems
2_3 using synthetic refrigerants. Thus, reducing in expansion losses is a priority for R744 systems. It could
gj be realized, for example, using an ejector. Thanks to its simple design, an ejector effectively increases
25 the performance of the refrigeration system without a high investment cost. An ejector also allows
3? R744 systems to be used in warm climates [18], which has led to the development of R744
28 transcritical refrigeration and heat pump systems in recent years.
%3 The ejector works as follows: the high-pressure fluid is expanded inside the ejector and
:jf increases its velocity in the motive nozzle; the fluid then entrains the low-pressure suction nozzle
33 stream due to differences in pressure and momentum; both fluids then mix, and the pressure
34 increases in the diffuser. In an ejector-based refrigeration system, the refrigerants pressure is lifted
32 at the exit of the evaporator, limiting compressor work.
:j; Despite the simple construction of the ejector, its internal processes are complex due to the
39 high-pressure reduction, phase change, velocity increase of the motive flow, suction flow
j? entrainment, and two-phase mixing that occur within it. Thus, ejectors should be precisely optimized
42 and designed to function properly to provide a large increase in the cycles COP [19]. Many
43 experiments and numerical investigations have improved ejector construction and examined the
jg influence of crucial parameters on its operation.
jg Lee et al. [20] performed experiments using a variety of ejector geometry parameters (e.g.,
48 motive nozzle throat diameter, mixing section length and diameter) and showed that ejector-based
gg air-conditioning system performances were 15% higher than that of conventional configurations.
51 Lucas et al. [21] also presented an experimental study of ejector-based CO, systems that achieved an
Zg ejector work recovery efficiency of 22%. The experimental investigation performed by Banasiak et al.
54 [22] showed that the ejector used to recover throttling losses in a R744 refrigeration system can
55 improve COP by up to 8% above that of a standard refrigeration system at the same operating
Zg conditions. Banasiak et al. [22] demonstrated that the motive nozzle divergence angle affects ejector
58 efficiency and suggested that a diffuser outlet with a larger diameter tended to increase ejector
23 efficiency. The ejector mixer length and diameter were also shown to require adjustment to specific
6l
= ’
04
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operating conditions, especially regarding the motive nozzle pressure, to avoid losses due to friction

}\ forces and shock wave phenomena. An optimal diffuser angle was also proposed in that study.

5 Minetto et al. [23] experimentally mapped the ejector at different operating conditions and

4 concluded that the maximum pressure lift above 5 bar could be obtained. They also examined oil

2 separation in an ejector-based system. Another experimental study described the optimal mass

7 entrainment ratio of ejectors based on system operating conditions [24].

z Palacz et al. [25] optimized the mixing part of the ejector using a numerical model, validated
j? the model with experimental data, and noted that mixer should be long enough to obtain the
12 satisfactory ejector performance. The authors also mentioned that the mixer diameter strongly
:13 affects ejector efficiency. This was confirmed by Nakagawa et al. [26], who concluded that
1151 inadequate sizing of the mixing section can decrease the COP of the R744 transcritical refrigeration
16 system by up to 10% compared to the optimal case. Liu et al. [27] used experimental data combined
i; with a model to create empirical correlations to determine the isentropic efficiencies of motive and
19 suction nozzle and mixing section of ejector. Crucial dimensions of the ejector were shown to affect
2_0 those efficiencies. A similar investigation was performed by Zheng et al. [28], who showed the
gé dependencies between motive and suction nozzle isentropic efficiency, and the mixing section and
23 diffuser efficiency as a function of the motive nozzle and mixer areas ratio, the pressure ratio, and
2;1 the mass entrainment ratio. Bodys et al. [29] numerically compared two R744 ejectors with and
26 without a swirl generator and described the improvement in the mass entrainment ratio when swirl
g; flow occurred at the motive nozzle inlet. Haida et al. [30] mapped the performance of fixed-
29 geometry ejectors working in a multi-ejector module. They used a reduced-order model based on
3_0 computational fluid dynamics (CFD) and experimental results to describe the area of high ejector
éé efficiency for different operating conditions.
gj In the aforementioned papers, experimental results were obtained for various ranges of
35 operating conditions, different types of ejectors and various designs. However, in these reports, the
gg influence of ejector thermal insulation was not examined. In the majority of published numerical
38 models, adiabatic ejector walls were assumed. To the best knowledge of the authors, the only paper,
zg where the heat transfer aspect in ejectors were described, was the work of Milazzo et al. [31]. The
a1 authors presented CFD results for an R245fa ejector. They claimed that ejector walls should not be
4_3 considered as adiabatic in order to evaluate correct heat transfer coefficient profile along ejector
jj wall, what can significantly influence the accuracy of numerical simulations. However, this conclusion
45 was not confirmed by any research paper for R744 ejectors. For this reason, such an investigation
j? needs to be performed. Moreover information about the influence of heat transfer on CO, ejector
48 operation has a practical meaning, because there is a high increase of R744 refrigeration systems
49 installed. For this reason, high-accuracy numerical model taking into account all physical phenomena
2? should be used to provide optimal ejector performance.

2; In this study, the effects of wall thermal insulation on the performance of a two-phase flow
54 fixed-geometry ejector operating in a transcritical R744 refrigeration system were investigated.
2 2 Similar testing was performed using a coiled capillary tube. The typical operating conditions for CO,
57 refrigeration systems were considered at the inlets of both expansion devices. The absolute pressure
22 ranged from 64.5 bar to 106.3 bar, and the temperature ranged from 20.2°C to 33.8°C, which
60 corresponded to a wide range of subcritical and supercritical conditions. Tests were carried out using
6l
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accurate measuring equipment, including Coriolis-type mass flow metres and piezoelectric pressure
sensors. Two variants of the experiment with similar operating conditions were performed for each
expansion device to compare the operation with and without thermal insulation.

2  Experimental facility and procedure

For this study, a capillary tube and an ejector were examined experimentally at a test facility in
the NTNU/SINTEF laboratory in Trondheim, Norway.

OO =] o s L )

[s)

10 2.1 Test facility

11

12 The test setup included a one-stage R744 transcritical refrigeration cycle that was adapted to
13
14 N o
15 auxiliary glycol cycle, as shown in Fig. 1 and 2.
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43 Configuration with a capillary tube

44
45
46
47
48 In Fig. 1, the layout of the test setup configured with the capillary tube is shown. The

49
50 compressor drew vapor in from the liquid separator. The vapor was then superheated in the internal

Liauin
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Figure 1: Scheme of the test rig with capillary tube as an expansion device.

51 heat exchanger to ensure liquid droplets did not enter the compressor, preventing serious
52
53
54 be cooled with a glycol-water solution. A portion of the flow from the gas cooler flowed to the
55
56 . . . .
57 vapor was then expanded in the capillary tube to the evaporation pressure. Next, the two-phase fluid

malfunction. Then, the oil was separated from the refrigerant, which was piped to the gas cooler to
internal heat exchanger to increase the temperature of the gas at the suction of the compressor. The

38 evaporated, absorbing the heat in the glycol evaporator, and then returned to the liquid separator.
59

60 The liquid separator has two outlets; the one at the top was used to supply the compressor with CO,
el
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vapor. Because the oil separator did not completely remove the lubricant after the compressor, a
portion of it accumulated at the bottom of the liquid separator. Thus, a second outlet was placed at
that location that consisted of a pipe with small diameter to return the oil to the compressor using
the suction line. The metering valve on the oil return line was used to control the amount of lubricant
returning with the refrigerant to provide proper lubrication to the compressor and prevent high oil
levels at the bottom of the liquid separator.

O =1 o s b

The gas cooler capacity was controlled by adjusting the power of the glycol pump, while the

=
[N )

evaporator capacity was regulated by adjusting the power of the glycol pump or by heating the glycol

=
=

with an electric heater in the glycol loop, which supplies the evaporator. It was also possible to

=
L

change the temperature of the glycol entering the evaporator using a P&ID controller that adjusted

=
=8

the power of the electric heater. Additionally, the compressors rotational speed could be controlled

= =
oo

by regulating the transducer connected to the electric motor.

=
oo~

Configuration with ejector
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)

Fig. 2 shows the configuration of the test facility with the ejector installed. The difference from

5]
[

the previous mode occurs after the gas cooler, where the refrigerant expands in the motive nozzle of

RS ES)
(WIS

the ejector. Next, vapor from the evaporator moved via the resulting pressure difference. Pressure

58]
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was then increased to the separator pressure in the ejector mixer and diffuser, moving the fluid to

5]
o

the liquid separator. The CO, liquid from the separator was expanded in the regulated expansion

[ ]
e

valve and evaporated in the evaporator.
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Figure 2: Scheme of the test rig with the CO2 ejector as an expansion device.
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Equipment
1
2 The test facility was equipped with the devices specified in Tab. 1. The primary part of the CO,
3 cycle was the piston-type compressor, which had a displacement volume of 3 m*/h and a maximum
4 . . .
5 discharge pressure of 150 bar. An oil separator was installed after the compressor to separate the
3 lubricant from the refrigerant. Brazed-plate CO,-glycol heat exchangers were used as gas cooler and
; an evaporator. The liquid separator was designed with multiple sight glasses to monitor the level of
9 the liquid R744 inside. A 54% glycol-water solution with a freezing point of -42°C was used as a
ﬁ medium to absorb and reject the heat from the gas cooler and to the evaporator, respectively.
12 Additionally, in the evaporator loop, the fluid flowed through an electric heater.
13
14 The glycol was cooled down in a glycol-water heat exchanger. Water was supplied using the
15 main water installation and circulated between the test setup and a compensating reservoir. The
ig water was cooled in a water-air heat exchanger. Fresh water could also be fed into the compensating
18 reservoir.
19
20
21
22 Table 1: Test facility equipment
;j Device Specification
25 Ejector rototype
e J P Yp
27 Compressor DORIN CD380H
28
29 Compressor inverter TOSHIBA VE-57
30
31 Gas cooler KAORI KO40C-20C
i; Evaporator KAORI K040C-12C
ié Liquid separator prototype
36 Glycal pumps GRUNDFOS CHI 2-50 A-W-G-BQQVY
37
38 Glycol pumps inverters TOSHIBA VF-511
39
a0 Electric heater BACKER 10 kW
41
33 The test rig also consisted of an advanced control system. The rotational speed of the
14 compressor was adjusted by a transistor inverter in a range from 0 to 1450 rmp. Inverters also
45 controlled the frequency of the glycol pumps. The electric heater was equipped with a terminal box
46 . .
47 with a thermostat to control the temperature of the glycol before entering the evaporator. A
48 computer connected to the control cabinet allows an operator to activate and control the system
ég using a National Instruments control unit via a LabView software panel.
2}\ Measuring instruments
22 The multifunctional test setup contained calibrated measuring equipment, including Coriolis-
55 type mass flow metres; piezoelectric absolute pressure and differential pressure sensors; T-type
56 thermocouples; and resistive temperature sensors. All instruments were satisfactorily accurate and
57 . P .
58 provided repeatable measurements. In Tab. 2, the specifications of each instrument are shown. Only
59 equipment that was required to produce the key results of this study are included.
60
el
6; 7
63
64
65
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The x symbol used in Tab. 2 corresponded to the measured value. The range for the pressure
sensors was defined in Eq. 1.

range = maximum of the set span — minimum of the set span (1)

Table 2: Measuring instruments used in experiments

OO =] s Wb

9 Measuring instrument Set span Reference accuracy

Absolute pressure transmitters
Endress and Hauser Cerahar S PMP71 70— 140 bar +0.15% - range
14 Endress and Hauser Cerabar S PMP71 40— 140 bar +0.15% - range
1lée Differential pressure transmitters
18 Endress and Hauser Deltabar S PMD75 0—7 bar +0.075% - range
éO Endress and Hauser Deltabar S PMD75 0—10 bar +0.075% - range
Endress and Hauser Deltabar S PMD75 0—16 bar +0.075% - range
23 Mass flow meters
25 Rheonic RHED8 RHMO04 0.2 — 10 kg/min +0.2%-x
27 Rheonic RHEDO8 RHMOG 0.5—20 kg/min +0.2% - x
o9 Temperature measurement
Thermocouples Cu-CuNi: Omega TMTSS -200 —350°C +0.75% or 1.5% - x

Resistant RTD Sensors: Omega PT100 -30-300°C +0.15+0.002 - x

35 As shown in Tab. 2, two reference values were used for the T-type Thermocouples Cu-CuNi.
36 The lower and higher accuracies corresponded to the positive and negative value of x, respectively.

38 The data read by the instruments were visible in real-time in the LabView software panel and
40 were logged at a time interval of 10 s into a Microsoft Excel file.

42 2.2 Examined devices
44 Capillary tube

The capillary tube was a prototype expansion device manufactured at the NTNU/SINTEF
47 laboratory in Trondheim. The tube is shown in Fig. 3. This simple expansion instrument was made of
a stainless-steel pipe with an inlet diameter of 1.7 mm and an overall height of 160 mm. The tube
50 was curved several times at a 90° angle. The horizontal projection of the tube was a rectangle that
51 was 185 mm and 145 mm long. The tube was made of 6 similar sections with the same length and
53 number of bends. The sections were connected with Swagelok cross-type fittings to allow for
54 pressure and temperature measurements between the sections.

D2.2_2018.02 Multi-Ejector concepts Page 12 of 26
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Figure 3: Capillary tube installed in the test rig.
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Prototype R744 ejector

W W
= O

The prototype CO, ejector was designed and manufactured by the ejectorPl group at the

[¥%)
[§%)

Silesian University of Technology, Gliwice, Poland. The ejector consisted of motive and suction

(%)
(%]

nozzles, and mixer and diffuser parts. The motive nozzle was designed as a converging-diverging

W W
s

nozzle with a throat diameter of 1 mm to allow the CO;to expand after reaching the speed of sound

[¥%)
(a2}

in the motive nozzle throat. The ejector was connected to the test facility using the Swagelok system.

W W
[sslur |

The prototype ejector was equipped with 13 drilled thermocouple channels to allow for wall

oW
[s=JNYs)

temperature measurements near the inner surface of the ejector.

[T
[RS I

2.3 Measurements specification and settings

1=y
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Capillary tube experiment

1T
[ It =

Omega RTD temperature sensors were placed at the inlet and outlet and between all the

[l =
~1 o

sections in direct contact with the refrigerant inside the tube (T; — Ty), as shown in Fig. 1. The

f1=8
[as]

absolute pressure was measured at three points: inlet (P;y), outlet (Pyyr), and in the middle of the

LS e
[ssJaNe)

tube (Ppyp). The pressure drop in each section was measured using differential pressure sensors

S}
—

(DP,_, — DP,_,). The mass flow of refrigerant was measured by Rheonic RHM06 mass flow metre
(M).

noin noin
(S T =S VI O

Two test campaigns were performed. In the first campaign, the capillary tube was thermally

wu
[aa}

insulated by placing it in a bucket filled with perlite, a material with a grained structure and a thermal

w
~]

conductivity of approximately 0.042 W/{mK). Then, the capillary tube was fully buried in insulating

[Sae)]
w oo

material and the thickness of insulation was at least 2 cm. In the second campaign, the prototype

[ Mo a e e ) B ey W )
O s Wy = O
o
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expansion device was exposed to ambient conditions. The ambient temperature for all the measured
locations ranged from 21.5°C to 23.7°C. The ambient temperature was relatively high and simulated
realistic conditions of the machine-rooms of refrigeration system. The tests were performed at
operating conditions typical for refrigeration systems. The absolute pressure of CO, at the inlet of
capillary tube ranged from 64.5 bar to 92.2 bar, and the temperature ranged from 20.2°C to 31.3°C.
The operating points investigated are described in Section 3.1. The inlet pressure and temperature

[ T I S 3 (Y S PO T B T S

were the key parameters and were controlled to obtain a wide variation of expansion curves. The

[Ye)

10 CO, was kept as a supercritical fluid or a subcooled liquid at the inlet of the capillary tube.

11

12 Ejector experiment

13

14 In the test campaign with the ejector, the absolute pressure sensors were placed before the

15 motive (B,,) and suction (P,,) nozzles, and after the outlet (P,,;) of the ejector. Resistive sensors
le
17
18 flow rate of the refrigerant was measured using Coriolis mass flow metres (Rheonic RHMO04 and
19
20
21
23 . . .

23 and T, measured the temperature at the wall of the motive nozzle inlet, while thermocouple T;

were used to measure the temperature at the motive (T,,,,,) and the suction nozzles (T.,). The mass

RHMO6) at the motive (M,,,,,) and suction (M,,,) nozzles, respectively.

Temperature sensors were placed along the ejector axis, as shown in Fig. 4. Thermocouples T;

24 measured the temperature between the motive and the suction nozzles. Temperatures T, — Ty were
25

26 measured at the suction nozzle wall. Finally, temperatures Tq — T} 3 were measured at the mixer and
27 diffuser outer walls. The thermocouples placed in the drilled channels measured the wall
28
29
30 of each channel to provide better heat conduction between the thermocouple probes and the

temperatures 2 mm from the inner surface of the ejector. Thermal grease was applied at the bottom

gf ejector wall.

gj The measurements collected for the prototype ejector simulated conditions typical for
35 refrigeration systems. The absolute pressure of CO, at the motive inlet of ejector ranged from 71.3

36 bar to 106.3 bar, and the temperature ranged from 21.0°C to 33.8°C. The operating points
37

38
39 motive inlet of the ejector. The tests were performed twice: once with a thermally insulated ejector,
40
41 .
42 temperature was also measured. It ranged from 22.3°C to 25.3°C, what corresponded to conditions,

investigated are described in Section 3.2. In most cases, supercritical conditions occurred at the
and once with a thermally uninsulated ejector. In the second part of this study, the ambient

43 which may occur in the machine-room of refrigeration system.
44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
ez 10
63
64
65
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15
16
17
iz 2.4 Data processing and uncertainty analyses
20
Zl . . . .
29 was considered to be at steady state when key parameters were constant or oscillating with a

CO =1 @y s L) b

(sl

Figure 4: Schematic distribution of thermocouples probes aleng the prototype ejector.

For all measurement locations, quasi steady-state conditions were obtained. System operation

23 constant frequency. Measurements were then logged over a period of time hetween 6 and 10
24

55 minutes, which corresponded to 36 to 60 single readings.
26
27
28 quantity was calculated using Eq. 2, where xi corresponds to single collected value, and n is the
29
30
irl\ = XitiXi
33 n
34
35
36 _
37 = Xt (g — %)
38 AT

nn—1
2o (n—1)
40
41
42 where is the reference accuracy of the measuring instrument, which was calculated for each device
43
44
45 a
1€ Uy == (4)
47 V3
43
49

50
51 u= |uz+ug (5)
-5

53
54 . o ) .
55 following characteristic parameters were then calculated, and the pressure lift of the ejector was

Then, the measured quantities were analysed. First, the average value of each measured

number of measurements.

(2)

The standard deviation was then used to calculate a random uncertainty (type A) using Eq. 3.

(3)
The systematic uncertainty of the directly measured quantities (type B) was estimated using Eq. 4,

according to Tab. 2. A uniform (rectangular) probability distribution was assumed.

Finally, the combined standard deviation was calculated for each measured quantity using Eq. 5.

The thermodynamic properties of the CO, were then calculated using REFPROP libraries [32]. The

56 calculated using Eq. 6.

57

58 Plift = Pout - Psn {6]
59

60 The pressure ratio of the ejector was evaluated using Eq. 7.

6l

6; 11

63

04

65
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Pout
Pratio = ;—u (7)

sn

The mass entrainment ratio of the ejector was defined by Eq. 8.

sn
@, = —2 8
m M n {]

CO =1 @ s W b

The ejector efficiency was determined using the definition reported in [33], which is the ratio

o

10 between the recovered work of expansion to the maximal theoretical work recovery (Eq. 9).
ii _ h(Pout: Ssn) - hsn

= Nej = P {9]
13 hmn — h(Pout:Smn)
14
15 In the numerator of Eq. 9, there is a difference between the specific enthalpy after isentropic

lé compression of the suction fluid to the ejector outlet pressure (h(P,,:, S, )) and the enthalpy at the
17
18
19 the motive nozzle inlet (h,,,,) and the specific enthalpy after isentropic expansion of the motive fluid
20
21
22
23 . . . . .
24 Propagation of Uncertainty (Eq. 10), where the uncertainty of calculated quantity y was determined

suction nozzle inlet (hg,). In the denominator, there is a difference between the specific enthalpy at

to the ejector outlet pressure (h(Pyys, Smn))-

Finally, the uncertainty of the calculated quantities was determined using the Law of

25 based on the uncertainty of the measured quantities x;.
26
27
28
29
30
31
32
33
34 were computed from the derivative definition, as shown in Eq. 11, where the partial derivative of the

(10)

The partial derivatives of thermodynamic properties (e.g., the specific enthalpy, specific entropy)

gg specific enthalpy, which was calculated based on the absolute pressure and the specific entropy, was
37' determined with respect to the specific entropy.

38
dh h(P,s + As) — h(P,s
39 ( ) ~ i ) — h(P.5) (11)
40 p As—o0 As
a1

42 Calculations were computed in Microsoft Excel using Visual Basic for Applications. Partial derivatives

ds

43 for the specific enthalpy evaluated at absolute pressure and temperature were estimated using the
44
45 built-in REFPROP functions [32].

de . .
47 3  Results and discussion

32 3.1 Heat transfer influence in the capillary tube
50

51

52

53

54

55

56

57

58

59

&0

6l

ez 12
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64
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Figure 5: Experimental points at the inlet of insulated and uninsulated capillary tube.

[ =
O o @

In Fig. 5, the measured parameters obtained at the inlet of the capillary tube are shown for

I3
Sy

both cases: thermally insulated (adiabatic) and non-adiabatic walls. The characteristic operating

[ S ]
[FEN S ]

conditions for the R744 refrigeration systems were examined. The inlet absolute pressure ranged

[R]
=5

from 64.5 bar to 92.2 bar, and the temperature ranged from 20.2°C to 31.3°C, corresponding to a few

[RSINES)
[salNe)]

subcritical and a wide range of the supercritical operating points. The CO, was expanded in the

58]
-~

capillary tube to pressures ranging from 34.3 bar to 46.7 bar. The average ambient temperature was

[R]
[aia]

of 22.6°C, when capillary tube without insulation was examined.

(VAR S
[N s)

The maximum uncertainties were +0.2 bar for the pressure measurements, +0.2°C for the

W W
[ =

temperature measurements, £0.1 kg/min for the mass flow rate measurements, and +0.03 bar for

[¥3]
Ll

the pressure difference measurements. The uncertainty of the calculated inlet specific enthalpy was
+1.6 kl/kg.

W W W
R BN Y =)

In Fig. 6, the results for a few experimental conditions are shown. The ahsolute pressure, the

(W3]
[aia]

temperature and the pressure difference between the beginning and the end of each section are

[¥3)
[s)

shown for each point. The absolute pressure and temperature results are connected by a line to

[T
= o

better visualize their variations. The pictures shown in the left column corresponded to the data

[T =
(VSIS

collected for insulated capillary tube identified as capillary adiabatic (CA), while those in the right

1=
=9

column corresponded to cases with non-adiabatic walls, or capillary non-adiabatic (CNA). In the

=y
o

second case, the temperature of the outer walls of the expansion device is also shown. The plots are

[T =
~1

arranged in pairs of similar inlet and outlet conditions to allow for easy comparison between the two

=8
)

experimental configurations.
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32 Figure 6: Absolute pressure, temperature and pressure difference for each section of the capillary tube with thermally insulated walls (left
%2 column) for operating points CA8, CA10 and CA1 and the corresponding cases CNA4, CNA11 and CNAS without insulation (right column).
gg Based on the results shown, the pressure is shown to decrease during expansion in the
40 capillary tube. For each case, the pressure drop was relatively constant during expansion above the
41 saturation line and increased suddenly info a two-phase region, which agrees with the literature [9,
42 . .
43 13, 14, 17] for cases CA1 and CA8 and the corresponding cases CNA4 and CNA9. The CO, at the inlet
44 of the expansion device at the operating point CA8 had supercritical parameters, while for case CA1,
jg the inlet point was situated near above the saturation line, which is shown in the logp-h diagram of
47 Fig. 5. Assuming isenthalpic expansion, R744 reached its saturation line when the pressure decreased
48 to 58.7 bar and 69.8 bar for points CA8 and CA1, respectively. Thus, for point CA8, the pressure drop
49
50 was nearly constant along the capillary tube, and the sudden pressure drop was visible only in the
51 last two sections, where two-phase flow occurred. Conversely, the pressure drop for point CA1,
25 which was near the saturation line, began to increase after the inlet of capillary tube.
gé For points CNA4, CNA11 and CNA9, the ambient temperature was of 22.5°C, 22.5°C and
56 21.5°C, respectively. For each point, the measured wall temperature seemed to be plausible based
g; on the heat flux direction. This temperature was lower than the fluid temperature at CO,
59 temperatures higher than the ambient temperature and higher than the fluid temperature at CO,
60 temperatures lower than the ambient temperature. For the insulated capillary tube and the
el
62
14
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corresponding operating point after removing the thermal insulation, the influence of the ambient
conditions was negligible during the experiment. The absolute pressure, pressure drop and
temperature measurements were similar.

3.2 Heat transfer influence in prototype ejector
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Figure 7: Experimental points at the motive (left) and suction (right) nozzle of the prototype ejector.

The experimental points collected for the prototype ejector are shown on the logp-h diagrams
of Fig. 7. The parameters at the motive (on the left) and the suction (on the right) nozzle inlets were
identified by indexes. A total of 15 points were examined for the ejector with thermal insulation, and
15 points were examined for the ejector with non-adiabatic walls. The pressure at the motive nozzle
was maintained between 71.3 bar and 106.3 bar, while the temperature was maintained between
21.0°C and 33.8°C, corresponding to supercritical-gas or subcooled-liquid conditions. The operating
conditions at the suction nozzle were related to those at the outlet of evaporator in the refrigeration
system. The absolute pressure thus ranged from 24.2 bar to 33.8 bar. The suction stream was
superheated from 4.9 K to 22.4 K, and the pressure of the two-phase fluid at the ejector outlet
ranged from 25.9 bar to 41.7 bar. The ambient temperature was measured for ejector with non-
adiabatic walls. The average value of this parameter was of 24.2°C. The maximum uncertainty of the
absolute pressure was of +£0.09 bar for P, and +0.03 bar for both P, and P, . The highest
uncertainty in the measured fluid temperatures at both inlets was +0.13°C. The mass flow rate
measurements ranged from 1.01 kg/min to 2.02 kg/min at the motive nozzle and from 0.38 kg/min
to 1.15 kg/min at the suction nozzle with a maximal standard deviation of £0.03 kg/min.

In Tab. 3, six experimental points for the ejector with thermal insulation (ejector adiabatic, or
EA) are compared with comparable points for the ejector without insulation (ejector non-adiabatic,
or ENA). However, the thermodynamic parameters were not equal in each pair of cases due to
difficulties with obtaining the same working conditions in the test setup.

Table 3: Comparable operating points and characteristic parameters for thermally insulated and uninsulated prototype ejector

No. Pmn Tmn ‘Dsn Tsn Paut an Msn Tamb Pratia AT ‘pm nej
- bar °C bar  °C bar  kg/min  kg/min °C - K - -

Thermally insulated ejector

15
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EA1S 97.1 317 273 36 298 1.7 0.8 1.09 281 046 0.12

1

- EA2 94.9 26,6 256 111 274 16 1.0 1.07 155 064 0.16

i EA8 83.6 309 276 113 296 13 0.5 1.07 196 0.36 0.09

5 EA14 83.7 29.0 261 038 282 14 0.6 1.08 282 044 012

)

7 EA12 745 26,3 26.7 11 282 13 0.6 1.06 252 045 010

3

g EA10 713 258 272 -02 285 12 0.5 1.05 26.0 047 0.09
10
11 Thermally uninsulated ejector
12
13 ENA14 990 29.7 263 6.6 278 19 09 252 1.06 23.0 048 0.08
ig ENAS 94.8 283 265 114 283 138 0.8 243 1.07 169 045 0.11
ig ENA3 83.0 299 276 113 296 13 0.6 24.2 1.07 1866 044 0.12
13 ENA12 839 275 258 06 276 15 0.7 24.6 1.07 269 046 011
19
20 ENALIO 741 249 261 -01 274 13 0.6 24.2 1.05 25.0 048 0.10
21
22 ENA9 715 264 261 24 276 1.1 0.5 24.0 1.06 241 043 0.09
23
24 As shown the table, a wide range of parameters at the motive nozzle inlet of the ejector were
25 . . - - L )
26 selected. Most results coincided with supercritical conditions except the last point in both sections of
27 the table. The absolute pressure at the suction nozzle was similar for all the cases presented in Tab. 3
;2 and ranged from 25.8 bar to 27.3 bar. The ambient temperature for ejector with non-adiabatic walls
30 ranged from 24.0°C for ENA9 to 25.2°C for ENA14, providing significant temperature difference in
if regard to the suction stream. It allowed an assessment of the heat transfer influence on ejector
35 operation. The pressure ratio determined for both series of measurements ranged from 1.05 to 1.09
34 with an uncertainty of £0.001. The maximal mass entrainment ratio was 0.48 for cases ENA14 and
35 . . _ . . .
36 ENA10. The highest ejector efficiency was 0.16 for point EA2. The maximum uncertainty of the mass
37 entrainment ratio was +£0.03; however, in most cases, it was below £0.01. For the ejector efficiency,
’352 uncertainty was high compared to the estimated results because its value depends on five calculated
40 quantities. For example, as shown in Tab. 3, this uncertainty ranged from £0.01 for point EA8 to
jf +0.03 for point EA10. The ranges of the standard deviation corresponded to between 29% and 59%
13 of the estimated ejector efficiency.
44
45 Based on the results shown in Tab. 3, thermal insulation did not have a significant effect on
46 ejector efficiency. Exceptions are noted for two pairs of operating points (EA15 and ENA14, EA2 and
j; ENAS), where ejector efficiency decreased by 4 and 5 percentage points with the non-adiabatic
49 ejector, respectively. However, for cases EA15 and ENA14, the pressure and temperature at the
ZT motive nozzle inlet varied between 2% and 6%, respectively. Small changes in those parameters were
:53 thus important at high pressures and temperatures. Additionally, the pressure ratio differed in both
53 cases; thus, it was difficult to describe how the thermal insulation affected the system. For points
54 - . . . —_ -
55 EA2 and ENAS, the conditions at the motive nozzle inlet were intended to be sufficiently similar to
56 compare both cases; however, the mass entrainment ratio and thus the ejector efficiency decreased
2; by approximately 30%. This change could be caused by unstable work in the compressor due to high-
59 pressure ratios between the suction and discharge connectors. Measurements for these two points
60
61
6z 16
63
64
65
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should be repeated. For all remaining points, the ejector efficiency was similar in both configurations,

and any differences fell within the range of computed uncertainties.

The effects of the insulation on the ejector wall temperature were also investigated. The
results for points EA10 and EA8 are compared to those at points ENA9 and ENA3 in Fig. 8.

Thermocouples 1 — 13 are related to the indexes shown in Fig. 4.

22
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Figure 8: Wall temperature comparison between thermally insulated and uninsulated ejector.

The highest temperature differences between the insulated and uninsulated ejectors occurred
at the motive nozzle. However, in this part of ejector, the temperature was strongly affected by the
heat transfer between the motive and suction fluids; thus, the effects of the thermal insulation were
difficult to determine. For the last 10 temperatures measured near the suction nozzle, mixer and
diffuser walls, the wall temperature was higher by 0.1 K to 1.2 K in all cases for the uninsulated
ejector. For temperatures T,,, T;; and T, ; for points EA8 and ENA3, this difference was between 0.7
K and 0.9 K. Those measurements were particularly important because of their strong agreement in
outlet pressures (0.2% difference) between the adiabatic and non-adiabatic configuration. These
conditions resulted in similar thermal parameters of the CO; inside the diffuser. For temperature T,
the difference was more significant and likely indicated a problem with the measurement
instrument.

Based on the above considerations, the ejectors thermal insulation was found to have a small

effect on the thermal parameters inside the ejector.

In Tab. 4, two pairs of experimental points are compared and are shown to vary by
temperature difference at the motive and the suction nozzle inlets. However, the parameters of
R744 at the motive nozzle inlet were maintained at the same level. The ambient temperature was
kept at similar level for points ENA1 and ENA2 and differed by 1.1 K for points ENA7 and ENAS. All
the results presented in that table were determined for the ejector without thermal insulation.
Decreasing the temperature at the outlet of evaporator only slightly affected the suction nozzle and
outlet pressure. This temperature difference thus did not significantly affect ejector performance.
The mass entrainment ratio changed only due to the density increase caused by the decrease in
temperature.

17
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Table 4: Comparable operating points and characteristic parameters for various temperature difference between R744 at the motive

and suction nozzle inlets.

No. Pmn Tmn Psn Tsn Pout an Msn Tamb Prat:’o AT "Pm nej

- bar °C bar °C bar  kg/min kg/min °C - K - -

Thermally insulated ejector

O =] oy N s L a2

EA1S 718 278 248 124 265 1.0 0.4 23.9 1.07 15.4 0.37 0.09

[Xs)

EA2 71.3 278 242 15 259 1.0 0.4 236 1.07 264 0.39 0.09

=
=]

Thermally uninsulated ejector

=
[

ENA7 101.0 331 256 109 284 138 0.7 240 111 22,2 041 013

=
[

ENAS 100.7 337 254 13 283 1.7 0.7 251 111 324 042 013

=
s}

=
-]

The influence of the temperature difference between the motive and suction nozzle fluids on

=
[Xalayes]

the wall temperatures of the ejector was also examined and are shown in Fig. 9 for all four points

3%
=)

from the above table. The wall temperature for the points with lower suction fluid temperatures
(ENA2 and ENA8) decreased at most to the points that correspond to ENA1 and ENA7, respectively.
The difference between wall temperatures for points ENA1 and ENA2 was between 1.9 K and 4.2 K

| SO O T S T S R A )
[ IS YR S I

and those for points ENA7 and ENA8 was between 1.6 K and 4.5 K. Thus, the suction nozzle

5]
s}

temperature affected the temperatures across the ejector and thus also the temperature of the

5]
|

motive nozzle part. The temperature values recorded at sensor location 3 were between the motive

[ ]
oo

and suction fluid temperatures, indicating that heat transfer occurred between those fluid streams.

[¥%)
=)

The wall temperature difference was the highest for thermocouple 4 but decreased on both sides

W W
I =

along the ejector.

W
= ¥y)

The insulation of the ejector does not significantly impact ejector performance. Thus,

[¥5)
(%]

considering the ejectors external walls to be non-adiabatic or adiabatic will not affect numerical

W W
~l

investigations of an R744 two-phase flow through an ejector. This result contradicts the conclusions

[¥%)
[xs)

of Milazzo et al. [31], who investigated ejector operation with a different refrigerant.
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Figure 9: Wall temperature comparison between experimental points with different AT parameter.
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4 Conclusions

é In this study, experimental tests were performed at the SINTEF/NTNU laboratory in
: Trondheim, Norway using a capillary tube and a prototype ejector as expansion devices in a R744
;] transcritical refrigeration system. The effects of heat transfer between the capillary tube or ejector
6 wall and the ambient environment on the performance of these expansion devices were examined.
; For both the capillary tube and ejector, operating conditions that are typical for R744 refrigeration
9 systems were selected. The ambient temperature corresponded to realistic conditions, that occur in

i? the machine-room of the refrigeration system.

i The examination of the capillary tube provided plausible results regarding the temperature

14 and pressure profiles of the refrigerant along the expansion device. The pressure and temperature

15 drop were found to be higher when supercritical CO, reached the saturation line during expansion in

tg the capillary tube. Ambient conditions were not found affect the CO, flow inside the tube.

iz The examination of the prototype ejector, which was designed to measure the temperature of

20 the wall near the inner surface, included an investigation of a wide range of operating conditions.

gf Thermal insulation did not significantly affect ejector efficiency or the temperature of the ejector

23 wall. Thus, selecting a non-adiabatic or adiabatic boundary condition for a R744 ejector wall in a

24 numerical study should not affect results in a CO, two-phase flow analysis. The difference between

22 the suction and motive fluid temperature also showed negligible effects on ejector performance.
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