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ABSTRACT

The inclusion of an expander with work recovery provides two advantages for transcritical CO2 refrigeration cycles: The COP is improved and the exhaust pressure of the main compressor is lowered. Several designs of expanders have been proposed for this application and some prototypes have been tested already. This paper deals with the question, how such an expander could be integrated into the overall system, where it should be located and how the “condensate” should be distributed to the different cooling locations. In our laboratory a three stage expander is under development, which replaces the throttle valve of the normal refrigeration cycle and expands into the two-phase region. For optimum integration into the overall system it is proposed to install a vapour-liquid separator between the second and third stage of expansion. The vapour would be guided back to the third expander stage whereas the liquid is supplied to the cooling stations via thermostatic or electronic expansion valves or stored in a receiver.

INTRODUCTION

Environmentally friendly refrigerants like CO2 are only of value, if the associated refrigerator has at least the same COP as systems with other refrigerants. Research and developments at many places during the last 15 years has identified applications, where CO2 is as good or even superior than other refrigerants, e. g. as secondary refrigerants or as refrigerant in the lower stage of a cascade. But in higher temperature application, where with CO2 the critical pressure is exceeded, CO2 is not competitive concerning COP. There are two reasons for this: The rather high end temperature of compression and the large thermodynamic losses associated with the throttling process step. 

So far there are two remarkable exceptions, where also the transcritical CO2 cycle is competitive concerning COP: The warm-water heat pump and the car air conditioning system. In the warm water heat pump one takes advantage of the high end temperature of compression and the gliding “condensing” temperature. The COP car air conditioning systems is strongly influenced by high heat exchanger losses due to the limited space available for condenser and evaporator and by the pressure drop in the interconnecting pipework. Here one can take advantage of the good heat transfer properties of CO2 and the compact design of the CO2 channels, which leave more space for the air side heat transfer in the exchangers.

But in the majority of applications like commercial and industrial refrigeration as well as in stationary air conditioning systems, CO2 is not a good refrigerant, if one restricts oneself to the standard vapour compression cycle. The reasons for the low COP, as mentioned above, are the high end temperature of compression, which can only be “cured” by two-stage compression with intercooling, and the large losses associated with the throttling step. The latter can be “cured” by two-stage expansion – which has to fit the two-stage compression – or – and this is the topic of this paper - by a work extracting expander, which replaces the throttle valve.

WORK EXTRACTING EXPANDER

Fig. 1 shows a flow sheet, where an expander drives directly the second stage of compression, thus “curing” both disadvantages of the CO2 supercritical cycle: Due to the enthalpy reduction in the expander, the specific rate of refrigeration is increased and the work of compression is reduced, because the power for the second stage is “free”. This arrangement has another important advantage: It reduces the exhaust pressure of the main compressor from e.g. 100 bar to less than 80 bar.
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Fig. 1  Cycle with an expander, which drives the second stage of compression

Expanders are a standard device in cryogenics, i. e. in refrigeration at very low temperatures as e. g. in air liquefaction [1,2]. In one special application even an expander with a R134a system was of advantage [3]. But closer inspection has shown, that none of the existing expander designs are suitable for the special case of CO2 supercritical refrigeration, which is characterized by the following features:

· Very high pressure differences with relatively small volumetric flow rates

· Expansion into the two-phase region, mainly on the “left side” of the critical point.

· Importance of efficient work recovery, which is even more important for the COP improvement than the production of an additional refrigeration rate.

We started our work to develop expanders for the special application with CO2 supercritical refrigeration in 1994 [4-9]. But research is also going on in many other laboratories with different types of expander design [10-17]. 

In our work we were guided by the following assumptions:

· Due to the large pressure differences inside the machine one has to minimize the possibilities for internal leakage. Therefore a piston machine is most advantageous.

· Two stage compression with intercooling is important for the COP. This favours the flow diagram shown in Fig. 1, where the expander drives the second stage compressor. Thus the expander-compressor is an independent machine. 

· Two machines in series, which both have their own lubrication system bring the problem of oil-displacement. So we looked for a solution, where the expander-compressor does not need an independent oil system.

· We found that a linear arrangement of the pistons in the expander-compressor avoids side forces on the piston rings. Thus an “active” lubrication is not needed. The oil, which the CO2 brings from the main compressor, is sufficient for the little lubrication needed in such a linear machine.

Our latest design [19] features a three-stage expansion coupled with a one-stage compression (Fig. 2). All pistons are double acting. So there are two compressor volumes and six expander volumes. The main advantage of this design principle is that within the three expander stages one may this work according to the full-pressure principle. Thus no sophisticated control of the inlet valves is necessary, and nevertheless the p-V-diagram (Fig. 5) shows that the three rectangular areas are very well approaching the area of the isentropic expansion. Since all expander valves have to be opened or closed only in the end position of the piston rod, one single sleeve valve can serve all six volumes in parallel. The valves of the compressor volumes are self-actuated. 
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Fig. 2 Expander-compressor with a single slide valve for six expander volumes

The expander (1) and the compressor (2) cylinders are arranged in a way to obtain minimum internal temperature differences. To control the charging and discharging an auxiliary (4) and a main (5) sleeve valve are being used with a throttle valve (6) in between.

Initial testing of the machine turned out to be very successful:

· The “passive” lubrication method proved to be sufficient.

· The actuation of the main (5) sleeve valve with an auxiliary (4) sleeve valve and a small throttle valve (6) in between, which controls the speed, worked fine.

· Expansion into the two-phase region did not provide any problem.

So this machine is now ready for use in real refrigerators.

INTEGRATION OF THE EXPANDER INTO THE REFRIGERATOR

But how is this machine integrated into the refrigeration systems with several evaporators?

The expander replaces the throttle valve. Throttle valve are normally situated decentralized close to the evaporators. On the other hand, an expander, which drives the second stage of compression, has to be placed close to the main compressor or close to the condenser. So initially we saw two options shown in Fig. 3.
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Fig. 3 Connection of a single stage expander into a system with several evaporators

Either one could only expand to a pressure, which is higher than the compressor suction pressure. In a separator liquid and vapour would be separated. The liquid would be distributed to the evaporators, whereas the vapour would be throttled to the compressor suction pressure. This throttling would cause quite a loss in COP. The other solution shown in Fig. 3 would be an expansion to the compressor suction pressure and a pump-around system to serve the evaporators. The pump would cause extra cost and a the pump work a loss in COP.

But now, with the three stage expander, we found a rather simple solution for this problem (Fig. 4). The liquid-vapour separator is placed between the second and third stages of expansion. Only the vapour is guided back to the third expander stage, whereas the liquid is distributed to the evaporator. Each evaporator can be controlled by a thermostatic or electronic expansion valve.
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Fig. 4 Liquid-vapour separator between second and third stage of expansion

Fig. 4 shows another nice feature of the separator between the second and third stages of expansion. Vapour from the separator can be used intermittently for the defrost of single evaporators.

Of course the bypass of the separated liquid around the third stage of expansion means a small loss in expander power. This loss is shown in Fig. 5, a pressure-volume diagram of the three stages of expansion and the compression. It turns out that the loss is less than 5 % of the expander power.


[image: image5.wmf]0

20

40

60

80

100

120

0

20

40

60

80

100

Relative Volume

Pressure (bar)

Expander stage 1

Expander stage 2

Expander stage 3

Compressor

Loss due to separator

Isentropic expansion


Fig. 5 Pressure-volume diagram of the three expander stages and the compressor

Now this expander is ready to be installed in commercial refrigerators, refrigerated containers or in truck, bus and train air conditioning systems.
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		390		0.955		0.986		1.002		1.019		1.056		1.097		1.141		1.190		1.200

		400		0.961		0.988		1.003		1.019		1.051		1.087		1.125		1.167		1.176

		410		0.966		0.992		1.005		1.019		1.048		1.080		1.114		1.150		1.157

		420		0.972		0.995		1.007		1.020		1.047		1.075		1.105		1.136		1.143

		430		0.977		0.999		1.010		1.022		1.046		1.071		1.098		1.126		1.132

		440		0.983		1.003		1.013		1.024		1.046		1.069		1.093		1.118		1.123

		450		0.989		1.007		1.017		1.026		1.047		1.068		1.090		1.112		1.117

		460		0.994		1.011		1.020		1.029		1.048		1.067		1.087		1.108		1.112

		470		0.999		1.016		1.024		1.032		1.050		1.068		1.086		1.105		1.109

		480		1.005		1.020		1.028		1.036		1.052		1.068		1.085		1.103		1.106

		490		1.010		1.024		1.032		1.039		1.054		1.069		1.085		1.101		1.104

		500		1.015		1.029		1.035		1.042		1.056		1.071		1.086		1.101		1.104

		510		1.020		1.033		1.039		1.046		1.059		1.073		1.086		1.100		1.103

		520		1.025		1.037		1.043		1.049		1.062		1.075		1.088		1.101		1.103

																Erste Stufe										Zweite Stufe										Dritte Stufe										Isentrop		18.373		Kompressor										p		t		h		s		v		p		t		h		s		v		eta		p		t		h		v

																				0.9										0.9										0.9																0.8																																v

		100		55		40		30						p		100		55		55						55		40		40						40		30		30						1. Stufe		6.442		p		73.5		100		100				73.5		40		136.305		3.844		0.00454		73.5		40.000		136.305		3.844		0.00454		0.8		73.5		40.000		136.3048903956		0.00454		100		76.5728173983

														t		40		18.323		18.323		h0-v(p1-p2)				18.323		5.347		5.347		h0-v(p1-p2)				5.347		-5.508		-5.508		h0-v(p1-p2)				2. Stufe		3.722		t		40		63.037		64.031				73.5		40		136.3048948181		3.8435960419		0.0045431641		76		42.471		137.427		3.844		0.00443		0.8		76		42.563		137.7073206606		0.00444		97.7762205612		74.8700068293

														h		25.309		16.941		18.8672806425		18.1514949261				18.867		13.744		15.145086928		14.7315098486				15.145		10.053		11.2948510632		10.8670470783				3. Stufe		3.850		h		136.305		147.049		149.7353218614		13.430												80		46.277		139.167		3.844		0.00427		0.8		80		46.508		139.8829728754		0.00429		94.5014758806		72.3624425648

														s		3.466		3.466								3.473		3.473								3.478		3.478								Summe		14.015		s		3.844		3.844																85		50.793		141.258		3.844		0.00409		0.8		85		51.222		142.4968869735		0.00412		90.7900497705		69.5204990266

														v		0.00159		0.00271		0.00276						0.00276		0.00423		0.00428						0.00428		0.00607		0.00613								0.762795267		v		0.00454		0.00365		0.00372														90		55.084		143.263		3.844		0.00393		0.8		90		55.698		145.002957223		0.00397		87.468697665		66.9772461437

														eta						0.7697893247		0.8553214718								0.7264696461		0.8071884957								0.756077663		0.8400862922																												95		59.158		145.191		3.844		0.00378		0.8		95		59.961		147.4121726154		0.00384		84.4785147058		64.6875788065

																																								0.9																														100		63.037		147.049		3.844		0.00365		0.8		100		64.031		149.7353218614		0.00372		81.7728079886		62.6157429426

																Isentrop bzw. einstufig														40		30				40		30		30						1. Stufe		6.442				Saugenthalpie				150.9884283724

																				0.9								hfl		-74.765		-101.230				5.347		-5.508		-5.508		h0-v(p1-p2)				2. Stufe		3.722

														p		100		30		30								hgf		139.943		145.988				139.943		129.987		132.1449993114		131.2785799151				3. Stufe		3.265		Kompressor

														t		40		-5.508		-5.508								sfl		3.155		3.062				3.926		3.926								Summe		13.430								0.8

														h		25.309		6.937		15.2883520605		14.1749076127						sgf		3.926		3.986				0.00866		0.01150		0.01159								0.7309609134		p		30		73.5		73.5

														s		3.466		3.466										vfl		0.00112		0.00104								0.7832545492		0.8702828325								t		-2.348		64.796		70.757

														v		0.00159		0.00593		0.00631								vgf		0.00866		0.01222																		h		150.988		188.347		197.686861325		46.698

														eta						0.5454330039		0.606036671						x		0.4187550305																				s		4.004		4.004

												s				s																				Wärmeübertrager														v		0.01264		0.00625		0.00655

										Einlass		3.466		Einlass 2		3.473		Einlass 3		3.478		Auslass 3																Massenstrom		Tein		hein		Taus		haus

						0		0		100				55				40				30		30		0		73.5		0		100				ND		0.4187550305		-5.508		132.1449993114		2.347		157.929

						3.3709025546		0.0002		100				55				40				30		30		3.3709025546		73.5		3.3709025546		100				HD		0.5812449695		5.347		-74.765		0.278		-93.3405434943

						6.7418051092		0.0004		100				55				40				30		30		6.7418051092		73.5		6.7418051092		100																				COP=		2.9788729509

						10.1127076638		0.0006		100				55				40				30		30		10.1127076638		73.5		10.1127076638		100				Kälteleistung

						13.4836102184		0.0008		100				55				40				30		30		13.4836102184		73.5		13.4836102184		100						0.5812449695				-93.3405434943				145.988		139.1086987712

						16.8545127729		0.001		100				55				40				30		30		16.8545127729		73.5		16.8545127729		100

						20.2254153275		0.0012		100				55				40				30		30		20.2254153275		73.5		20.2254153275		100

						23.5963178821		0.0014		100				55				40				30		30		23.5963178821		73.5		23.5963178821		100

						26.798675309		0.00159		100		100.085		55				40				30		30		26.798675309		73.5		26.798675309		100

						26.9672204367		0.0016				97.400		55				40				30		30		26.9672204367		73.5		26.9672204367		100

						28.652671714		0.0017				76.770		55				40				30		30		28.652671714		73.5		28.652671714		100

						29.3268522249		0.00174				72.570		55				40				30		30		29.3268522249		73.5		29.3268522249		100

						29.8324876081		0.00177				71.948		55				40				30		30		29.8324876081		73.5		29.8324876081		100

						30.3381229913		0.0018				71.293		55				40				30		30		30.3381229913		73.5		30.3381229913		100

						33.7090255459		0.002				67.103		55				40				30		30		33.7090255459		73.5		33.7090255459		100

						37.0799281005		0.0022				63.137		55				40				30		30		37.0799281005		73.5		37.0799281005		100

						40.4508306551		0.0024				59.658		55				40				30		30		40.4508306551		73.5		40.4508306551		100

						43.8217332096		0.0026				56.370		55				40				30		30		43.8217332096		73.5		43.8217332096		100

						45.4397664358		0.002696				55.000		55				40				30		30		45.4397664358		73.5		45.4397664358		100

						46.3162011		0.002748				54.284		55		55.000		40				30		30		46.3162011		73.5		46.3162011		100

						47.1926357642		0.0028				53.586				54.291		40				30		30		47.1926357642		73.5		47.1926357642		100

						50.5635383188		0.003				51.055				51.721		40				30		30		50.5635383188		73.5		50.5635383188		100

						53.9344408734		0.0032				48.743				49.375		40				30		30		53.9344408734		73.5		53.9344408734		100

						57.305343428		0.0034				46.627				47.225		40				30		30		57.305343428		73.5		57.305343428		100

						60.6762459826		0.0036				44.684				45.251		40				30		30		60.6762459826		73.5		60.6762459826		100

						64.0471485372		0.0038				42.896				43.434		40				30		30		64.0471485372		73.5		62.6157429426		100

						67.4180510918		0.004				41.243				41.757		40				30		30		67.4180510918		73.5

						70.7889536464		0.0042				39.710				40.201		40				30		30		70.7889536464		73.5

						71.2271709784		0.004226				39.519				40.007		40				30		30		71.2271709784		73.5

						72.0530421043		0.004275				39.164				39.646		40		40.009		30		30		72.0530421043		73.5

						74.1598562009		0.0044				38.285				38.754				39.107		30				74.1598562009		73.5

						77.5307587555		0.0046				36.957				37.406				37.744		30				76.5728173983		73.5

						80.9016613101		0.0048				35.717								36.472		30

						84.2725638647		0.005				34.556								35.281		30

						87.6434664193		0.0052				33.467								34.164		30

						91.0143689739		0.0054				32.444								33.114		30

						94.3852715285		0.0056				31.480								32.125		30

						97.7561740831		0.0058				30.570								31.193		30

						100		0.00593				29.994								30.602		30

								0.006074				29.406								30.000

						26.798675309		100

						26.798675309		55

						46.3162011		55

						46.3162011		40

						72.0530421043		40

						72.0530421043		30

				0.0036281748		61.1511186354		40

						61.1511186354		30
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