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EJECTOR SYSTEM AND METHODS OF OPERATION 

BACKGROUND 

[0001] 	The present disclosure relates to refrigeration. More particularly, it relates to 

	

5 	ejector refrigeration systems. 

[0002] 	Earlier proposals for ejector refrigeration systems are found in US1836318 and 

US3277660. HG. 1 shows one basic example of an ejector refrigeration system (vapor 

compression system) 20. The system includes a compressor 22 having an inlet (suction port) 

24 and an outlet (discharge port) 26. The compressor and other system components are 

	

10 	positioned along a refrigerant circuit or flowpath 27 and connected via various conduits 

(lines). Exemplary refrigerant is carbon dioxide (CO2)-based (e.g., at least 50% by weight). A 

discharge line 28 extends from the outlet 26 to the inlet 32 of a heat exchanger (a heat 

rejection heat exchanger in a normal mode of system operation (e.g., a condenser or gas 

cooler)) 30. A line 36 extends from the outlet 34 of the heat rejection heat exchanger 30 to a 

	

15 	primary inlet (liquid or supercritical or two-phase inlet) 40 of an ejector 38. The ejector 38 

also has a secondary inlet (saturated or superheated vapor or two-phase inlet) 42 and an outlet 

44. A line 46 extends from the ejector outlet 44 to an inlet 50 of a separator 48. The separator 

has a liquid outlet 52 and a gas or vapor outlet 54. A suction line 56 extends from the gas 

outlet 54 to the compressor suction port 24. The lines 28, 36, 46, 56, and components 

	

20 	therebetween define a primary loop 60 of the refrigerant circuit 27. 

[0003] 	From the separator, the flowpath branches into a first branch 61 completing the 

primary loop 60 to return to the compressor and a second branch 63 forming a portion of a 

secondary loop 62. The secondary loop 62 of the refrigerant circuit 27 includes a heat 

exchanger 64 (in a normal operational mode being a heat absorption heat exchanger (e.g., 

	

25 	evaporator)). The evaporator 64 includes an inlet 66 and an outlet 68 along the secondary 

loop 62. An expansion device 70 is positioned in a line 72 which extends between the 

separator liquid outlet 52 and the evaporator inlet 66. An ejector secondary inlet line 74 

extends from the evaporator outlet 68 to the ejector secondary inlet 42. 

[0004] 	In the normal mode of operation, gaseous refrigerant is drawn by the compressor 

	

30 	22 through the suction line 56 and inlet 24 and compressed and discharged from the 

discharge port 26 into the discharge line 28. In the heat rejection heat exchanger, the 

refrigerant loses/rejects heat to a heat transfer fluid (e.g., fan-forced air or water or other 

fluid). Cooled refrigerant exits the heat rejection heat exchanger via the outlet 34 and enters 

the ejector primary inlet 40 via the line 36. 
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[0005] 	The exemplary ejector 38 (FIG. 2) is formed as the combination of a motive 

(primary) nozzle 100 nested within an outer member 102. The primary inlet 40 is the inlet to 

the motive nozzle 100. The outlet 44 is the outlet of the outer member 102. The primary 

refrigerant flow 103 enters the inlet 40 and then passes into a convergent section 104 of the 

	

5 	motive nozzle 100. It then passes through a throat section 106 and an expansion (divergent) 

section 108 through an outlet (exit) 110 of the motive nozzle 100. The motive nozzle 100 

accelerates the flow 103 and decreases the pressure of the flow. The secondary inlet 42 forms 

an inlet of the outer member 102. The pressure reduction caused to the primary flow by the 

motive nozzle helps draw the secondary flow 112 into the outer member. The outer member 

	

10 	includes a mixer having a convergent section 114 and an elongate throat or mixing section 

116. The outer member also has a divergent section or diffuser 118 downstream of the 

elongate throat or mixing section 116. The motive nozzle outlet 110 is positioned within the 

convergent section 114. As the flow 103 exits the outlet 110, it begins to mix with the flow 

112 with further mixing occurring through the mixing section 116 which provides a mixing 

	

15 	zone. Thus, respective primary and secondary flowpaths extend from the primary inlet and 

secondary inlet to the outlet, merging at the exit. In operation, the primary flow 103 may 

typically be supercritical upon entering the ejector and subcritical upon exiting the motive 

nozzle. The secondary flow 112 is gaseous (or a mixture of gas with a smaller amount of 

liquid) upon entering the secondary inlet port 42. The resulting combined flow 120 is a 

	

20 	liquid/vapor mixture and decelerates and recovers pressure in the diffuser 118 while 

remaining a mixture. Upon entering the separator, the flow 120 is separated back into the 

flows 103 and 112. The flow 103 passes as a gas through the compressor suction line as 

discussed above. The flow 112 passes as a liquid to the expansion valve 70. The flow 112 

may be expanded by the valve 70 (e.g., to a low quality (two-phase with small amount of 

	

25 	vapor)) and passed to the evaporator 64. Within the evaporator 64, the refrigerant absorbs 

heat from a heat transfer fluid (e.g., from a fan-forced air flow or water or other liquid) and is 

discharged from the outlet 68 to the line 74 as the aforementioned gas. 

[0006] 	Use of an ejector serves to recover pressure/work. Work recovered from the 

expansion process is used to compress the gaseous refrigerant prior to entering the 

	

30 	compressor. Accordingly, the pressure ratio of the compressor (and thus the power 

consumption) may be reduced for a given desired evaporator pressure. The quality of 

refrigerant entering the evaporator may also be reduced. Thus, the refrigeration effect per unit 

mass flow may be increased (relative to the non-ejector system). The distribution of fluid 

entering the evaporator is improved (thereby improving evaporator performance). Because 
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the evaporator does not directly feed the compressor, the evaporator is not required to 

produce superheated refrigerant outflow. The use of an ejector cycle may thus allow 

reduction or elimination of the superheated zone of the evaporator. This may allow the 

evaporator to operate in a two-phase state which provides a higher heat transfer performance 

	

5 	(e.g., facilitating reduction in the evaporator size for a given capability). 

[0007] 	The exemplary ejector may be a fixed geometry ejector or may be a controllable 

ejector. FIG. 2 shows controllability provided by a needle valve 130 having a needle 132 and 

an actuator 134. The actuator 134 shifts a tip portion 136 of the needle into and out of the 

throat section 106 of the motive nozzle 100 to modulate flow through the motive nozzle and, 

	

10 	in turn, the ejector overall. Exemplary actuators 134 are electric (e.g., solenoid or the like). 

The actuator 134 may be coupled to and controlled by a controller 140 which may receive 

user inputs from an input device 142 (e.g., switches, keyboard, or the like) and sensors 

(exemplary temperature sensors 150, 152, 154, 156 and pressure sensors 160, 162, 164, 166 

shown). The controller 140 may be coupled to the actuator and other controllable system 

	

15 	components (e.g., valves, the compressor motor, and the like) via control lines 144 (e.g., 

hardwired or wireless communication paths). The controller may include one or more: 

processors; memory (e.g., for storing program information for execution by the processor to 

perform the operational methods and for storing data used or generated by the program(s)); 

and hardware interface devices (e.g., ports) for interfacing with input/output devices and 

	

20 	controllable system components. 

[0008] 	A further variation is shown in Ozaki et al. JP2003-074992A, published March 

12, 2003. Ozaki et al shows a bypass flowpath from upstream of the motive nozzle to 

downstream of the expansion device. An alternative bypass destination is to the separator in 

the absence of an expansion device. 

25 

SUMMARY 

[0009] 	One aspect of the disclosure involves a vapor compression system comprising: a 

compressor; a first heat exchanger; a second heat exchanger; an ejector comprising; a 

separator; and an expansion device. The ejector comprises: a motive flow inlet; a secondary 

	

30 	flow inlet; and an outlet. The separator has: an inlet; a liquid outlet; and a vapor outlet. 

[0010] 	A plurality of conduits are positioned to define a first flowpath sequentially 

through: the compressor; the first heat exchanger; the ejector from the motive flow inlet 

through the ejector outlet; and the separator, and then branching into: a first branch returning 

to the compressor; and a second branch passing through the expansion device and second 
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heat exchanger to the secondary flow inlet. The plurality of conduits are positioned to define 

a bypass flowpath bypassing the motive nozzle and rejoining the first flowpath at essentially 

separator pressure but away from the separator. 

[0011] 	In one or more embodiments of the other embodiments, the plurality of conduits 

	

5 	are positioned so that the bypass flowpath rejoins the first flowpath upstream of the separator 

inlet. 

[0012] 	In one or more embodiments of the other embodiments, the plurality of conduits 

are positioned so that the bypass flowpath rejoins the first flowpath upstream of the separator 

inlet by at a distance equal to four times to one hundred times an effective diameter of a 

	

10 	flowpath entering the separator. 

[0013] 	In one or more embodiments of the other embodiments, the plurality of conduits 

are positioned so that the bypass flowpath rejoins the second branch downstream of the 

separator liquid outlet and upstream of the expansion device. 

[0014] 	In one or more embodiments of the other embodiments, the plurality of conduits 

	

15 	are positioned so that the bypass flowpath rejoins the first branch downstream of the 

separator vapor outlet and upstream of the compressor inlet. 

[0015] 	In one or more embodiments of the other embodiments, the ejector comprises a 

control needle movable between a first position and a second position. 

[0016] 	In one or more embodiments of the other embodiments, a pressure regulator is 

	

20 	disposed along the bypass flowpath. 

[0017] 	In one or more embodiments of the other embodiments, the pressure regulator is a 

variable orifice expansion valve. 

[0018] 	In one or more embodiments of the other embodiments, a variable orifice 

electronic expansion valve is disposed along the bypass flowpath. 

	

25 	[0019] 	In one or more embodiments of the other embodiments, a bistatic on-off valve is 

disposed along the bypass flowpath. 

[0020] 	In one or more embodiments of the other embodiments, a controller is configured 

over at least a portion of an operating regime for pulse width modulated operation of the 

bistatic on-off valve. 

	

30 	[0021] 	In one or more embodiments of the other embodiments, a controller is configured 

to, over at least a portion of an operating regime: with increasing total flow through the heat 

rejection heat exchanger, increasing a fraction of the total flow passed along the bypass 

flowpath. 
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[0022] 	In one or more embodiments of the other embodiments, the controller is 

configured to: over said portion, increase the flow along the bypass flowpath responsive to 

increased high side pressure. 

[0023] 	In one or more embodiments of the other embodiments, the controller is 

	

5 	configured to: over said portion, increase a fraction of the total flow passed along the bypass 

flowpath so as to reduce a compressor temperature. 

[0024] 	In one or more embodiments of the other embodiments, a refrigerant charge 

comprises at least 50% by weight carbon dioxide. 

[0025] 	Another aspect of the disclosure involves a method for operating the vapor 

	

10 	compression system. The method comprises, over at least a portion of an operating regime: 

with increasing total flow through the heat rejection heat exchanger, increasing a fraction of 

the total flow passed along the bypass flowpath. 

[0026] 	In one or more embodiments of the other embodiments, the increasing the fraction 

of the total flow passed along the bypass flowpath is responsive to increased sensed high side 

	

15 	pressure. 

[0027] 	In one or more embodiments of the other embodiments, a method for operating 

the vapor compression system comprises, over at least a portion of an operating regime: 

increasing a fraction of the total flow passed along the bypass flowpath so as to reduce a 

compressor temperature. 

	

20 	[0028] 	In one or more embodiments of the other embodiments, the increasing the fraction 

of the total flow passed along the bypass flowpath is responsive to increased sensed 

compressor discharge temperature. 

[0029] 	The details of one or more embodiments are set forth in the accompanying 

drawings and the description below. Other features, objects, and advantages will be apparent 

	

25 	from the description and drawings, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] 	FIG. 1 is a schematic view of a prior art ejector refrigeration system. 

[0031] 	FIG. 2 is an axial sectional view of a prior art ejector. 

	

30 	[0032] 	FIG. 3 is a schematic view of a second ejector refrigeration system; FIG. 3A is an 

enlarged view of a junction in the second ejector refrigeration system. 

[0033] 	FIG. 4 is a schematic view of a third ejector refrigeration system. 

[0034] 	FIG. 5 is a schematic view of a fourth ejector refrigeration system. 
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[0035] 	Like reference numbers and designations in the various drawings indicate like 

elements. 
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DETAILED DESCRIPTION 

[0036] 	FIG. 3 shows a second vapor compression system 200 which may otherwise be 

similar to the system 20. However, the system 200 adds a bypass flowpath 202 bypassing the 

ejector 38. In this embodiment, the bypass flow can be in fluid communication directly with 

	

5 	the ejector outlet 44 (e.g., the diffuser outlet) and/or directly with the separator inlet 50. More 

particularly, the bypass flowpath bypasses the ejector motive nozzle. As is discussed further 

below, the bypass flowpath may be added in a reengineering of a baseline system without 

such a bypass flowpath. The baseline system may have an ejector (in particular the motive 

nozzle) sized to handle the maximum anticipated refrigerant flow rate through the compressor 

	

10 	and heat rejection heat exchanger (e.g., a 100% load condition). Such an ejector or motive 

nozzle may be relatively inefficient at normal/typical load conditions. The reengineering may 

replace the baseline ejector with a smaller ejector (e.g., having a smaller motive nozzle throat 

cross-sectional area) that is more efficient at normal operating conditions than is the baseline 

ejector. 

	

15 	[0037] 	In some examples, the replacement ejector can have a motive nozzle cross- 

sectional area of 40% to 90% that of the baseline ejector, for example, 50% to 80%, or 70%. 

Addition of the bypass flowpath allows unloading the ejector if needed. For example, reasons 

for unloading the ejector can include relieving pressure of the high side components when the 

pressure relieved by fully withdrawing the control needle is insufficient (e.g., to prevent 

	

20 	damage of the heat rejection heat exchanger), increasing efficiency (e.g., in some cases a 

more efficient operation of the ejector may occur with some bypass), or a combination 

including at least one of the foregoing. 

[0038] 	In the illustrated embodiment, the bypass flowpath comprises a bypass line 204 

extending from a first location 204 upstream of the motive nozzle along the primary 

	

25 	flowpath/loop 60 to a second location 208. In the illustrated embodiment, the second location 

208 is also along the primary loop/flowpath 60. More particularly, the exemplary location 

208 is between the ejector outlet 44 and separator inlet 50. 

[0039] 	A flow control device 210 is positioned to control flow along the bypass flowpath 

200. Exemplary flow control devices include a valve (e.g., an electronically controlled valve), 

	

30 	a mass flow controller, a pressure regulator, a flow orifice, or a combination including at least 

one of the foregoing. One example of an electronically controlled valve is a pulse width 

modulated (PWM) valve (e.g., on-off solenoid valve) under control of the controller 140. 

Exemplary pressure regulators are variable valves. Examples of such valves may be directly 

controlled via a pressure and/or a temperature sensor. For example, there may be direct 
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control responsive to a pressure sensor 164 or 166 at the heat exchanger 30 or 64. If at the 

heat exchanger 30, the valve may be set up so that pressure increase causes corresponding 

increase in valve opening area to relieve that pressure at the heat rejection heat exchanger 30. 

If at the evaporator 64, control may be inverted. Namely, a decrease in pressure at the 

	

5 	evaporator 64 may cause an opening of the valve 210. This may be useful to cause an 

increase in refrigerant flow delivered to the evaporator 64 and thus may cause an increase in 

evaporator temperature to avoid freezing while also reducing the pressure at the heat rejection 

heat exchanger 30. Other variable valves are pulse width modulated valves which may be 

controlled by the controller as noted above responsive to input from sensors at locations such 

	

10 	as the heat exchangers. 

[0040] 	A yet further variation might involve a non-PWM bi-static on-off valve. However, 

in some cases such embodiments may limit flexibility to control the refrigerant system (e.g., 

pressure and/or temperatures at selected regions of the system) which may be undesirable. 

[0041] 	Numerous control variations are possible. For example, in reengineering a 

	

15 	baseline system, control of the bypass may piggy back on some other control aspect. For 

example the baseline system's programming may include control of compressor speed. The 

bypass may be controlled directly as a function of compressor speed (and thus indirectly as a 

function of whatever parameters were used by the controller to determine that speed). 

[0042] 	Relative to the Ozaki et al. embodiment bypassing to the separator, embodiments 

	

20 	of the FIG. 3 system 200 may have one or more of several advantages from the positioning of 

location 208 upstream of the separator. By moving the mixing of the bypass flow and the 

main flow to upstream of the separator, these flows are allowed to mix and enter the separator 

inlet 50 in a more stable condition (to provide that the flow is fully developed before entering 

the separator). This is contrasted with mixing the two flows in the separator wherein it may 

	

25 	become more difficult to separate phases (e.g., due to turbulent flow characteristics). Thus, in 

one example, the location 208 is upstream of the inlet 50 by at least at least four times a 

diameter (internal diameter (ID)) of the flowpath entering the separator inlet (e.g., a conduit 

internal cross-sectional area). For hypothetically non-circular sections, the distance may be 

measured relative to the diameter of a circle of the same cross-sectional area. A greater range 

	

30 	on this dimension is at least five times or at least ten times, but not more than one hundred 

times. 

[0043] 	In certain embodiments, the bypass and main flow may mix in a Y-fitting 250 

(FIG. 3A) (forming the location or junction 208). The flows enter end ports of respective 

arms 252A (main), 252B (bypass) of the fitting and mix in and exit from the end of the leg 
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254). Similar fittings may be used in implementations of the FIG. 4 and FIG. 5 systems 

below. In the illustrated example, the arms are at an angle 0 from each other and 0/2 from a 

projection of the leg (in which case exemplary 0 is up to 120°, more particularly, up to 90° or 

up to 60°or up to 45° or up to 30°). Alternatives might have one of the arms in-line with the 

	

5 	leg (in which case exemplary 0 is up to 90°, more particularly, up to 45° or up to 30°). This 

may provide a smoother, mixing of the flows with less energy loss or pressure disruption. 

Although the two arms are shown of similar size, they may be different (e.g., a smaller 

cross-sectional area for the bypass branch). 

[0044] 	FIG. 4 shows a system 300 which may be otherwise similar to the system 200 

	

10 	with a bypass flowpath 302 having a line 304 extending from a similar upstream location 306 

but to a downstream location 308. The exemplary downstream location 308 is, however, 

downstream of the separator outlet 52 and upstream of the expansion device 70 along the 

secondary loop 62 and second branch 63. In this embodiment, the bypass flow can be in fluid 

communication directly with an inlet of the expansion device 70. 

	

15 	[0045] 	Control may be otherwise similar to that mentioned above for FIG. 3. 

[0046] 	Relative to the Ozaki et al. embodiment bypassing to the separator, embodiments 

of the FIG. 4 system 300 may allow a smaller separator to be used. Relative to the Ozaki et 

al. embodiment bypassing to downstream of the expansion device 70, the FIG. 4 embodiment 

may allow improved mixing and flow uniformity (e.g., as the relative proportions of the 

	

20 	bypass flow and main flow change, there will be a lesser variation in the properties of the 

flow exiting the expansion device). 

[0047] 	FIG. 5 shows a system 400 which may be otherwise similar to the systems 200 

and 300 having a line 404 extending from a similar upstream location 406 but to a 

downstream location 408. The exemplary downstream location 408 is, however, between the 

	

25 	separator vapor outlet 54 and the compressor suction port 24 (e.g., along the suction line 56 

and flowpath branch 61). 

[0048] 	Control may be otherwise similar to that mentioned above for FIG. 3. 

[0049] 	Some portion of the bypass refrigerant in FIG. 3 will proceed toward the 

evaporator 64, from the separator 48 and another portion will proceed to the compressor; and 

	

30 	essentially all the bypass refrigerant in FIG. 4 proceeds to the evaporator. However, 

essentially all bypass refrigerant in FIG. 5 proceeds to the compressor, thus bypassing the 

second branch 63. In this embodiment, the bypass flow can be in fluid communication 

directly with the compressor inlet 24. Thus, relative to the Ozaki et al. embodiment 
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bypassing to the separator, embodiments of the HG. 5 system 400 may allow a smaller 

separator to be used. 

[0050] 	Other potential advantages of the FIG. 5 system 400 relative to the Ozaki et al 

bypass to separator relate to compressor cooling. This may involve control processes 

	

5 	different from those of the FIG. 3 and FIG 4 systems. The system 400 can bypass relatively 

cool refrigerant to the compressor relatively cool refrigerant which may have non-negligible 

liquid phase. The comparatively low temperature refrigerant flowing through the bypass, plus 

the latent heat of vaporization, allow heat to be taken out of the compressor to limit 

compressor temperature and reduce the likelihood of damaging the compressor. Depending 

	

10 	on particular details of construction, compressor damage may be experienced if it is operated 

above a threshold discharge temperature (e.g., the threshold discharge temperature for some 

compressors can be 265°F to 330°F (129°C to 166°C)). The exact threshold depends on 

operating condition, amount of circulating compressor coolant, compressor lubricant, 

compressor type, or a combination including at least one of the foregoing. In some 

	

15 	embodiments, a limited amount of liquid refrigerant entering the compressor is not a problem 

for the compressor. 

[0051] 	The controller may be programmed for allowing bypass to limit compressor 

temperature. This control may be in addition to control as discussed for the other systems. 

Control may be in response to a directly sensed temperature or a calculated temperature or a 

	

20 	proxy thereof. For example, a discharge temperature sensor 152 may be coupled to the 

controller to provide discharge temperature data. Alternatively, the controller may be 

programmed to infer discharge temperature from other measurements (e.g., discharge and 

suction pressures from respective sensors 160 and 162 and suction temperature from sensor 

150). The controller may be programmed to bypass refrigerant sufficiently to keep 

	

25 	temperature at or below a threshold value. The threshold may be a set parameter, or the 

controller may be programmed to calculate a particular threshold for particular operating 

conditions. In one example of combined control, the controller may be programmed to bypass 

refrigerant if either the ejector flow or load exceeds a threshold (e.g., a pressure at the ejector 

(may be effectively measured by sensor 164 or a sensor closer to the ejector) or pressure 

	

30 	difference across the ejector (e.g., may be measured between sensors 164 and 160 or sensors 

closer to the ejector) exceeds a threshold) or the compressor temperature (e.g., a discharge 

temperature from sensor 152) exceeds its threshold. 

[0052] 	The HG. 5 controller may be programmed to limit the amount of bypass to avoid 

the flooding of the compressor with liquid. The threshold for flooding may also be based on 
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measured discharge temperature and/or other additional measured parameters such as suction 

and discharge pressures (from sensors 160 and 162) and suction temperature (from sensor 

150). For example, the programming may indicate the desirability of bypassing motive flow 

to achieve a desired result such as improved ejector performance, improved system 

	

5 	performance, or a combination thereof. In some embodiments, the programming may 

override efficiency based control and reduce or stop bypass flow if the controller does not 

find that a minimum temperature threshold is met. 

[0053] 	The use of "first", "second", and the like in the description and following claims is 

for differentiation within the claim only and does not necessarily indicate relative or absolute 

	

10 	importance or temporal order. Similarly, the identification in a claim of one element as "first" 

(or the like) does not preclude such "first" element from identifying an element that is 

referred to as "second" (or the like) in another claim or in the description. 

[0054] 	Where a measure is given in English units followed by a parenthetical containing 

SI or other units, the parenthetical's units are a conversion and should not imply a degree of 

	

15 	precision not found in the English units. 

[0055] 	One or more embodiments have been described. Nevertheless, it will be 

understood that various modifications may be made. For example, when applied to an 

existing basic system, details of such configuration or its associated use may influence details 

of particular implementations. Other variations common to vapor compression systems may 

	

20 	also be implemented such as suction line heat exchangers, economizers, and the like. Systems 

having additional compressors, heat exchangers, or the like may also be implemented. 

Accordingly, other embodiments are within the scope of the following claims. 
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