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H I G H L I G H T S

• Four configurations of ejector equipped JT cooling cycle are summarized.

• Analytical and CFD modelling of ejectors has been classified and compared.

• Both the macroscopic features and the local flow characteristics of ejectors should be adopted for validating ejector models.

• Key challenges for cryogenic ejector modelling are turbulent, two-phase and non-equilibrium flows.
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A B S T R A C T

In the field of cryogenic cooling, Joule–Thomson (JT) cooling is a mature technology but suffers from low
efficiency. Various efforts such as the optimization of compressors, cold stages, working fluids, and operating
conditions have been reported to develop more efficient JT cooling systems. As a further alternative, ejectors can
be used in JT cooling systems to create sub-atmospheric pressures and to recover expansion work, and thus
achieve lower temperatures and higher system efficiency. This paper presents a comprehensive review of the use
of ejectors for cryogenic cooling. The research progress of cooling cycles with ejectors at the system-scale is
analyzed and compared, followed by the experimental investigation and numerical simulation of ejector per-
formance at the component-scale. The experimental studies mainly discuss the local flow characteristics of
ejectors captured through pressure measurements and flow visualization. The simulation studies introduce the
analytical modelling of ejectors although the focus is on the CFD modelling. Current challenges and suggestions
for future research on the use of ejectors in cryogenic cooling systems are summarized.

1. Introduction

Ejectors, also referred to as jet pumps or compressors, can be used to
support vacuum operations [1], or they can be operated as transfer and
mixing pumps [2–4]. Ejectors are fascinating devices, which have an
interesting history. Giffard invented a condensing ejector in 1858, and
his investigations were reviewed in detail by Kranakis [5]. In 1901, Sir
Charles Parsons invented an ejector which was used for removing air
from the condenser of a steam engine [6]. An ejector was later used by
Maurice Leblanc in a steam jet refrigeration system in 1912 [7]. Since
then, considerable efforts have been concentrated on the understanding
and design of ejectors. A historical development of ejectors was given
by Groll [8], Elbel [9] and Fischer [10]. In the articles of Groll and
Elbel, the references were limited to US sources, which was supple-
mented by Fischer in giving some important original sources.

Ejectors have been combined with various refrigeration systems for

improving their performance [11,12]. There are basically four utiliza-
tion categories of ejectors in refrigeration systems as shown in Fig. 1:
Firstly, an ejector can be a substitute for a compressor in a heat-driven
refrigeration system. In this case, the ejector is powered by a low grade
heat source such as solar energy and waste heat [13]. Secondly, an
ejector can be a substitute for a Joule–Thomson (JT) expansion valve in
a refrigeration system [14]. The JT expansion is an isenthalpic process,
which means that the kinetic energy produced during the expansion is
dissipated and eventually wasted [15]. The function of the ejector is to
partially recover this wasted energy. Thirdly, an ejector can be used in a
vapor compression refrigeration system, providing a second step of
compression, in order to decrease the input amount of energy required
by a mechanical compressor [16]. In this application, the primary flow
is liquid delivered by a pump, whereas the secondary flow is vapor fed
from a compressor. Fourthly, an ejector is used to drive a liquid re-
circulation loop, working as a pump. The fourth category is gaining a
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widespread interest in the refrigeration by using CO2, R134a and
R1234yf as the working fluids [17–19].

Previous reviews on ejectors mainly focused on the research efforts
and achievements on the use of ejectors in refrigeration systems and the
key contributions of several representative reviews are described in
Table 1. Ejectors, as expansion devices, can also be used in cryogenic
systems. To our knowledge, there is no review as yet on the progress
and challenges in the use of ejectors for cryogenic cooling, and this
review intends to fill this gap. This review extensively discusses the
ejector cryogenic cooling cycles at the system-scale, the ejector per-
formance at the component-scale, and the ejector fluid dynamics at the
local-scale.

2. Ejectors and their physics

An ejector is a work-producing device without moving parts, con-
sisting of three sections (see Fig. 2a): a suction section with a nozzle, a
mixing section, and a diffuser. Basic metrics of ejector performance

include the entrainment ratio (µ), defined as the ratio of the secondary
mass-flow rate (ms) to that of the primary (mp), and the pressure lift
ratio ( ), defined as the ratio of the back pressure (pb) (that is, the
ejector outlet pressure) to the secondary flow pressure (ps). The larger
the two parameters the better, however, there is a trade-off between the
two parameters. For a fixed-geometry ejector, the effect of the back
pressure on the entrainment ratio is illustrated in Fig. 2b, in which three
regions can be identified: double-choking flow, single-choking flow and
reversed flow. At low values of the back pressure, the primary flow and
the secondary flow are both choked and so the entrainment ratio is
constant. If the back pressure exceeds a critical value (pb ), the sec-
ondary flow is no longer choked and the entrainment ratio decreases
sharply at increasing values of the back pressure. The entrainment ratio
reduces to 0 as the back pressure increases to the value of pb

0 (see
Fig. 2b). Further increase in the back pressure will lead to reverse flow.
The critical value depends on the ejector geometry, nozzle type,
working fluid and operating conditions.

Two types of nozzles are often adopted in an ejector: a convergent

Fig. 1. Schematic of four utilization categories
of ejectors in refrigeration systems. (a)
Utilization of low-grade energy as a heat-driven
compressor, adapted from [13]; (b) Utilization
of high-pressure gas to lower the evaporator
pressure and thus temperature, adapted from
[14]; (c) Utilization of high-pressure liquid as a
second stage compressor, adapted from [16]; (d)
Utilization of high-pressure gas as a liquid pump,
adapted from [17].

Table 1
Overview of representative reviews on ejector refrigeration.

Reference Key contributions

[112] Summaries the one- and two-dimensional design methods of ejectors for compressible fluids and the application of ejectors in refrigeration before 1995.
[113] Describes fundamental characteristics of shock-train and pseudo-shock phenomena in ejectors.
[114] Introduces several ejector refrigeration cycles at the system level; little information on physics of ejectors at the component level.
[115] Summaries the studies of ejectors and their applications in refrigeration from 1995 to 2005; CFD analysis of ejectors has been carried on since then.
[116,9] Focuses on the transcritical R744 two-phase ejector refrigeration cycle at the system level.
[3] Describes solar-driven ejector refrigeration systems at the system level and working fluids can be used in these cycles.
[117] Presents the development of single ejector refrigeration and hybrid ejector refrigeration with a mechanical compressor at the system level.
[118] Discusses the use of two-phase ejectors in refrigeration through thermodynamics modeling at the system level; little mention of the characteristics of a two-phase

ejector at component level.
[119] Provides a review on the developments in ejectors and their applications in refrigeration from 2003 to 2013, involving ejector design fundamentals, refrigerants

selection and system optimization.
[120] Describes various ejector refrigeration cycles at the system level, and emphasizes that sophisticated ejector models are desired to guide the ejector design.
[121] Presents a review linking ejector flow phenomena with component- and system-level performance; suggestions for future research focus on the local flow phenomena

including shock phenomena, two-phase flow, and visualization capturing the two phenomena.
[72] Discusses the developments in the use of ejectors for expansion work recovery in vapor-compression systems.
[122,123] Introduces the relations among ejector fluid dynamics at the local-scale, ejector behavior at the component-scale and the overall performance at the system-scale;

collects the past ejector research activities, describes the present achievements and proposes future research directions.
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nozzle and a convergent-divergent nozzle [20]. In a nozzle, a high-
pressure primary flow expands and its enthalpy converts into kinetic
energy. The secondary flow gets entrained into the ejector due to the
momentum exchange through a turbulent shear layer between the
primary and secondary flows. The primary flow typically forms a su-
personic jet in the mixing section, and the jet structure is determined by
the nozzle outlet pressure and the back pressure of the nozzle. The
nozzle outlet pressure can be greater than or equal to the back pressure
of the nozzle in a convergent nozzle, whereas the nozzle outlet pressure
can be greater than, equal to, or less than the back pressure of the
nozzle in a convergent-divergent nozzle. Therefore, over-expansion
only occurs in convergent-divergent nozzles, whereas under-expansion
occurs in both convergent nozzles and convergent-divergent nozzles
(see Fig. 3). When the flow is over-expanded, an oblique and a normal
shock waves form at the outlet plane of the nozzle and the gases un-
dergo compression as they pass through the shock waves. Meanwhile,
the normal shock creates a Mach disk in the exhaust flow. The reflected

oblique shock wave hits the free jet boundary where the outer edge of
the primary flow meets the secondary flow. At the reflected shock
wave-free jet boundary intersection, Prandtl–Meyer expansion [20]
occurs, followed by Prandtl–Meyer compression. If the compression
waves are strong enough, they will merge into an oblique shock wave
and form another Mach disk. This process repeats itself to create the
diamond pattern as shown in Fig. 3. Since the jet interacts with the
secondary flow, the wave patterns disappear eventually. When the flow
is under-expanded, the sequence of compression and expansion is
identical to that described for an over-expanded flow except that it
begins with the creation of a Prandtl–Meyer expansion fan rather than
oblique shock waves. As the mixed flows pass through the diffuser, and
convert kinetic energy into enthalpy, the pressure further increases and
the velocity decreases.

Four different ejector configurations are shown in Fig. 4: three cir-
cular and one planar. Fig. 4a represents a typical ejector lay-out, in
which a nozzle is attached to a main ejector body and the nozzle po-
sition is adjustable. Johnsn and Daggett [21] adopted the ejector design
in a closed-cycle cryocooler to provide cooling at temperatures below
4.2 K. Different from configuration a, the primary flow can be tuned in
configuration b by using a control-pin. Giffard invented this type of
ejector design (see Fig. 4b), that can be inserted into the ejector over a
greater or lesser extent to control the mass-flow rate through the ejector
[22]. This type of ejector has been used in a variety of air-conditioning
and refrigeration systems [9]. Little et al. [23,24] introduced a micro-
miniature ejector fabricated in a glass wafer (see Fig. 4c). The ejector
was a planar design, having a nozzle with a throat 0.28 mm wide and
0.25 mm deep. The planar configuration allows it to be fabricated by
micromaching technology which offers advantages such as high fabri-
cation accuracy and the possibility of batch processing. The dis-
advantage of this planar configuration was the additional frictional
losses due to the close proximity of the walls, which lowered the ejector
efficiency. Little et al. intended to integrate the micro-miniature ejector
with a miniature cryocooler in order to realize a cold-end temperature
below 77 K. Fig. 4d describes a two-stage ejector, in which the mo-
mentum of the mixed stream exhausted from the first stage is employed
to drive the second entrained stream into the second stage ejector,
consequently leading to a better performance over a single-stage ejector
[25]. Grazzini et al. investigated the use of a two-stage ejector in a
steam ejector refrigeration cycle [26].

3. Utilization of ejectors in JT cryocoolers

A JT cryocooler is based on the Linde–Hampson cycle (see Fig. 5a)
[27]. The cycle represented in the pressure versus enthalpy diagram
shown in Fig. 5b describes the cooling cycle of a 100 K JT cryocooler
operating with nitrogen gas between 0.78 MPa and 10 MPa. The high-
pressure nitrogen gas flows through a counter flow heat exchanger
(CFHX) (1 2), and undergoes JT expansion when it passes through a

Fig. 2. Schematic (a) and operational modes (b) of a fixed-geometry ejector. Adapted from [73].

Fig. 3. Shock structures of jets in case of over-expansion (a) and under-ex-
pansion (b). Over-expansion only occurs in convergent-divergent nozzle (in
black colour), whereas under-expansion occurs in both convergent nozzle (in
purple colour) and convergent-divergent nozzle (in black colour). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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flow restriction resulting in a lower temperature (2 3). In the steady
state operation, liquid forms after the expansion and stores in the
evaporator. The liquid absorbs heat from the device to be cooled and
evaporates (3 4), the low-pressure cold gas then flows back through
the CFHX (4 5) thereby precooling the incoming high-pressure gas.
The cold-end temperature of the JT cryocooler is determined by the
boiling temperature of the liquid inside the evaporator, that is 100 K @
0.78 MPa. The cooling effect of gas expansion only occurs if the initial
temperature of the gas, prior to expansion, is below the inversion

temperature of the gas. The inversion temperature is the temperature
where the JT coefficient (µJT ), that is, the change in temperature re-
sulting from an isenthalpic pressure drop T p( / )h is zero. The max-
imum inversion temperature is about 10 times the normal boiling point
of the fluid [28].

For an adiabatic JT expansion process, the process is isenthalpic and
the energy of the high-pressure gas is not utilized as work or dis-
charged, but is dissipated as heat. This cancels out a large amount of the
expansion cooling effect of the gas, and only the JT cooling effect

Fig. 4. Four types of ejector configuration. (a-2) copied from [21], (b-2) copied from [22], and (c-2) copied from [23,24].

Fig. 5. Schematic of the Linde–Hampson cooling cycle (a) and corresponding pressure versus enthalpy diagram (b).
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remains below the inversion temperature. Ejectors can use the energy of
the high-pressure gas, which is completely wasted as heat in the normal
JT expansion, to entrain and compress a low-pressure gas to a higher
intermediate pressure. This results in two beneficial effects: more
cooling by extracting work from the high-pressure gas, as well as use of
this work to reduce the input power. Ejectors can be used to vacuumize
an evaporator, reducing the pressure in the evaporator and thereby
lowering the boiling temperature of the evaporating liquid. Thus, this
avoids the use of a room-temperature vacuum pump at sub-atmospheric
pressure and eliminates air leakage. On the other hand, ejectors can
also be used to lift the pressure at the compressor inlet and reduce the
required pressure ratio of the compressor, resulting in less compression
work. Thus, ejectors can be used either to lower the pressure of the
evaporator of a JT cryocooler, or reduce the required compression input
power. In the latter case also a higher compression output pressure can
be established at unchanged input power. Lower input power and
higher output pressure both result in a higher cooler efficiency.

The utilization of an ejector in a JT cooler was first proposed by
Rietdijk [29] to create a sub-atmospheric pressure in a liquid helium
evaporator. In his patent, Rietdijk presented a number of cooling cycle
configurations with one or more ejectors, for producing cold and/or
liquefying gases [30]. Rietdijk later updated his patent with two further
ejector designs: one ejector having the inside walls of its nozzle hea-
table for volatizing contamination from the working fluid deposited on
the walls [31]; and the other ejector with a nozzle made of heat in-
sulating material for preventing the conduction of heat through the
walls of the nozzle [31]. Nicholds [32] presented a JT type cooling
apparatus, in which an ejector was adopted at the warm end of a JT
cooler to reduce the pressure in the evaporator of the cooler. Daney
et al. [33] added an ejector to a JT cooler with nitrogen gas as the
working fluid. An assemble type ejector was used to characterize the
performance of ejectors with different dimensions. Both the primary
nozzle and the mixing tube-diffuser including a secondary nozzle were
exchangeable. There were three primary nozzles with diameters of
0.58, 0.57 and 0.46 mm and three secondary nozzles with diameters of
6.35, 7.54 and 8.73 mm. Several combinations were tested and the best
ejector gave a suction pressure of 0.27 bar and a corresponding eva-
porator temperature of 67.7 K. Wu et al. [24] used an ejector in a he-
lium JT cycle to create sub-atmospheric pressure for achieving a tem-
perature below 4 K. The ejector under test had a nozzle throat diameter
of 2.24 mm and a diameter ratio (the ratio of the diameter of the dif-
fuser throat to that of the nozzle throat) of 3. Wu et al. emphasized that
a sub-atmospheric pressure created through an ejector can save power
and permit the use of smaller heat exchangers in the cooling system.
Von Rohr and Trepp [34] incorporated an ejector into a commercial
helium cooler. The measurement results indicated that Laval nozzles
with cylindrical end parts had higher entrainment ratios than the ones
without cylindrical end parts at a given pressure lift ratio, and that the
temperature of the primary flow affected the entrainment ratio.

Johnson and Daggett [21] presented a helium ejector design that can be
used in a JT cooler to provide refrigeration at temperatures below 4.2 K.
The ejector consisted of a non-adjustable primary converging–diverging
nozzle assembly which was attached to a main ejector body. The pri-
mary nozzle with a throat diameter of 0.15 mm was fabricated by
electrode-discharge machining (EDM). The ejector was characterized
both at room and cryogenic temperatures and the relations between
input pressures and entrainment ratios were obtained. The room-tem-
perature relations were used to anticipate the ejector performance at
cryogenic temperatures. But the actual difference in the ejector physics
happening inside ejectors between room and cryogenic temperatures
was not given. Yu et al. [35] compared the coefficient of performance
(COP) of JT coolers without and with an ejector by theoretical calcu-
lation. It was found that the COP of the cooler with an ejector operating
with pure N2 increased by 25–56% and with a N2-CH4 mixture increase
by 18–47%. Yu et al. [36] further analyzed the JT cooler with an ejector
by using the exergy method and reconfirmed that applying an ejector
was an effective approach to improve the performance of the JT cooler.
Moreover, Yu et al. [37] theoretically investigated the performance of a
JT cooler with an ejector using the non-azeotropic refrigerant mixture
R14/R23 and found a COP increase by 24–42% compared to a basic JT
cooler. Rashidi et al. [38] analyzed the performance improvement of a
JT cooler due to the introduction of an ejector into the cycle using a
combined first and second law approach. The COP and exergy effi-
ciency of six different working fluids (air, carbon monoxide, nitrogen,
propane, R13 and R508B) were compared. The analysis results showed
that both the COP and exergy efficiency increased as the pressure lift
ratio of the ejector increased. Cao et al. [39] compared the COP of a
basic JT cycle with an ejector equipped JT cooling cycle. The analysis
results confirmed the COP improvement for both nitrogen and methane.
Energy conservation analysis showed that the required entrainment
ratio for a given pressure lift ratio increased as the ejector position was
shifted from the cold end to the warm end of the cooler. Since the
working fluid may condense and thus disturb the performance of the
ejector at low temperatures, the optimum ejector position remained an
open question. Lee et al. [40] designed an ejector-equipped JT cooler
operating at 68 K using nitrogen as the working fluid. The analysis
showed that the corresponding evaporation pressure of 28 kPa could be
realized through the ejector. Compared to the JT cycle with an external
room-temperature vacuum pump, the cooling cycle with an ejector was
considered to be more attractive for sub-atmospheric operation.

The above-mentioned studies are summarized in Table 2. Most of
these studies focused on conceptual designs or experimental in-
vestigations of the use of ejectors in JT cooling cycles. Yu et al. [35–37],
Rashid et al. [38], Cao et al. [39] and Lee et al. [40] analyzed the
improved performance of JT cooling cycles with an additional ejector.
In these analyses, entrainment ratios and the pressure lift ratios of
ejectors were assumed or derived based on mass, momentum and en-
ergy conservation, taking into account the assumed efficiencies of the

Table 2
Summary of the utilization of an ejector in a JT cooling cycle at cryogenic temperatures. The cooling cycle configurations a, b, c and d correspond to the four types
shown in Fig. 6. Dt refers to nozzle throat diameter.

Reference Cycle configuration Dt Working fluid Cold-end temperature Pressure
(–) (mm) (–) (K) (MPa)

[29] a N/A Helium 4.2/3.6 0.1/0.05
[32] b N/A N/A N/A N/A
[33] a 0.58/0.57/0.46 Nitrogen 67.7 0.27
[24] a 2.24 Helium 3.9 N/A
[34] a 7.2 Helium 3.55 0.5
[21] a 0.15 Helium 3.0 N/A
[35,36] c N/A N2/N2-CH4 mixture 80–130 N/A
[37] c N/A R13-R24 mixture 208–238 N/A
[38] c N/A Air, CO, N2, Propane, R13, R508B 75–135 N/A
[39] d N/A N2/CH4 63.3–90.0(N2),90.7–145(CH4) 0.013–0.36(N2),0.012–0.823(CH4)
[40] a N/A N2 68 0.28
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nozzle, mixing section and diffuser. The approach how to realize an
ejector with the assumed performance, however, needs further in-
vestigation.

Four typical configurations of ejector equipped JT cooling cycles are
schematically depicted in Fig. 6. In configuration a
[29,41,24,34,33,21,40], the high-pressure gas first passes the CFHX
(1 2), then expands through the ejector (2 3) prior to the JT valve to
entrain the vaporized refrigerant from the evaporator (6 3). After
passing the ejector, the refrigerant enters a phase separator. The satu-
rated liquid in the phase separator further flows through the throttling
valve to the evaporator (4 5), while the saturated vapor in the phase
separator returns to the CFHX (7 8). In configuration b [32], one
stream of the high-pressure gas passes through the CFHX (1,2 3) and
then expands through the valve (3 4) and the other stream flows to the
ejector as the primary flow (1,2 7) to entrain the vaporized refrigerant
from the CFHX (6 7). The outlet gas of the ejector returns to the
compressor. In configuration c [35,36,38], the high-pressure gas flows
through CFHX I (1 2), after which it is split into two streams. One
stream passes CFHX II (2 3) and expands through the JT valve (3 4)
and the other stream flows to the ejector as the primary flow (2 6) to
entrain the vaporized refrigerant from the evaporator (5 6). The outlet
gas of the ejector returns to CFHX II. In configuration d [39], after
passing CFHX I (1 2), one stream further flows through CFHX II (2 3)
and expands through the JT valve (3 4), while the other stream flows
to the ejector as the primary flow (2 7). The vaporized refrigerant
from the evaporator first passes CFHX II (5 6), and then is entrained to
the ejector (6 7). The outlet gas of the ejector returns to CFHX I (7 8).

In principle, the four typical configurations are applicable for all
cryogenic fluids such as helium, hydrogen, neon, nitrogen, etc. To
realize Joule–Thomson cooling, it is required that the outlet tempera-
tures of the compressors are below the corresponding inversion tem-
peratures of these cryogenic fluids. The performances of the basic JT
cooling cycle shown in Fig. 5 and the four configurations shown in
Fig. 6 are analyzed and compared based on the following assumptions:
(i) The working fluid is nitrogen gas; (ii) The outlet temperatures of the

compressors are fixed at an ambient temperature of 300 K; (iii) The
outlet pressures of the compressors are fixed at 10 MPa; (iv) The CHFXs
are ideal heat exchangers; (v) The working fluid flowing out the eva-
porator is saturated nitrogen gas at 0.78 MPa, that is, 100 K; (vi) The
ejectors have the same pressure lift ratio of 1.88 (ratio of 1.47 MPa to
0.78 MPa) and inlet and outlet velocities; (vii) the ejectors are adia-
batic.

For configuration a, the pressure at point 4 is 1.47 MPa, and the
enthalpy difference between points 5 and 6 (h56) is determined as de-
scribed in Fig. 6a. Based on the law of conservation of energy, the
cooling power of the configuration a can be expressed as ms·h56 or mp·
h18, and thus the entrainment ratio of the ejector ( =µ m m/s p) is fixed at
h h/18 56, which in this case equals 0.12. It is assumed that the ejectors of
configurations b, c and d have the same entrainment ratio for the
purpose of comparison. For configuration b, the states of the inlets of
the primary and secondary flows (points 1,2 and 6) are fixed under the
assumption that the CHFX is an ideal heat exchanger. For configuration
c, the state of the secondary flow inlet (point 5) is saturated vapor at
0.78 MPa, whereas the state of point 2 can be adjusted. For config-
uration d, the states of the inlets of the primary and secondary flows
(points 2 and 6) have the same temperature based on the assumption
that the CHFX II is an ideal heat exchanger. Due to this constraint, the
temperatures of points 2 and 6 are fixed at 108 K based on the law of
conservation of energy. Table 3 gives the thermodynamic states of
points 1–8 of the four cooling cycle configurations in details.

The COP of configuration a shown in Fig. 6 is defined as µ h g/56 81,
where g81 is the Gibbs free energy difference between points 8 and 1;
whereas the COPs of configurations b, c and d are defined as

+µ h g µ/( ( 1))45 81 , where h45 is the enthalpy difference between
points 4 and 5. Thermodynamic analysis results show that the config-
urations a, c and d have the same COP of 0.0955, which is higher than
0.0784, the COP of the basic JT cooling cycle; whereas the COP of the
configuration b is 0.0197, which is less that of the basic JT cooling
cycle, because the energy flowing out the ejector (that is point 7 or 8
shown in Fig. 5b) is not recovered. The analysis is based on the

Fig. 6. Schematics and corresponding pressure versus enthalpy diagrams of four configurations of ejector equipped JT cooling cycle. ‘p’, ‘s’ and ‘m’ refer to primary,
secondary and mixed flows, respectively.
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assumption that the ejectors have the same entrainment ratio and
pressure lift ratio. From the pressure versus enthalpy diagrams of four
configurations, we can see that the states of the inlets and outlets of the
ejectors are different from each other, which affects the ejector beha-
vior at the component-scale, and thus also the performance of the four
configurations at the system-scale.

4. Experimental investigation of ejectors

The system-scale performance of the ejector equipped JT cooling
systems shown in Fig. 6 is determined by the component-scale behavior
of the ejector, which is characterized by the complicated local-scale
fluid dynamics [42]. The ejectors applied in the JT cooling systems can
be two-phase ejectors or single-phase ejectors, depending on the ther-
modynamic states of the inlets and outlet of the ejectors. This section
focuses on the experimental investigation of the component-scale
ejector behavior and the involved local-scale fluid dynamics.

An extensive number of experimental studies has been performed to
explore the effects of the operating conditions, geometrical factors and
working fluids on the component-scale behavior of the ejector char-
acterized by: the entrainment ratio and the pressure lift ratio. The op-
erating conditions include temperatures and pressures of the primary
flow, the secondary flow and the outlet flow. The following ejector
geometrical factors have been investigated: the primary nozzle throat
diameter [43,44], the area ratio of the mixing section to the primary
nozzle throat [45,46], the primary nozzle exit position (NXP) [47–49],
the mixing section length [50,51], and the mixing section converging
angle [50]. At given operating conditions, the mass flow rate through a
nozzle operating at choked condition is determined by the nozzle throat
diameter. The optimum area ratio for the maximum entrainment ratio
depends mainly on the primary flow pressure. Yan et al. [52] found that
the optimum area ratio increased almost linearly with an increase of the
primary flow pressure. The optimum mixing section length should be
selected to be equal to or slightly greater than the pseudo-shock length,
depending on the similarity of the viscosities in the primary and sec-
ondary flows (which can be represented by the Tanimoto coefficient).
Once the mixing section is longer than the optimum length, the effect of
NXP is not prominent [48]. The optimum mixing section converging
angle is very sensitive to the primary flow pressure, and a slight var-
iation in the angle has a great influence on the ejector performance near
its optimum working point [50]. Various working fluids with normal
boiling points from 4.2 K to 372.8 K that have been investigated for a
varity of applications are listed in Table 4.

The two component-scale parameters cannot adequately reflect the
essence of an ejector; besides, the local-scale flow characteristics are
essential to understand the ejector performance in multi-scale view
[53]. Local flow characteristics have been examined experimentally
through local pressure measurements and various flow visualization
techniques, such as shadowgraph photography, Schlieren photography,
Mie scattering, Rayleigh scattering and Particle Image Velocimetry

(PIV) [54]. A typical set-up for measuring total and wall static pressures
with a measurement range of 0–20 bar is given in Fig. 7.

In shadowgraph photography [55,56] and Schlieren photography
[57–66], the flow motion is revealed by changes in the refractive index
of the fluid. A Schlieren image shows the gradient of the refractive
index, whereas a shadowgraph shows the change in this gradient. Dif-
fering from shadowgraph and Schlieren photography, Mie scattering
[67] and Rayleigh scattering [68,69] can visualize and distinguish two
interacting flows by tracing particles that are added to the flow. De-
sevaux et al. [68,69] investigated Rayleigh scattering and laser induced
fluorescence for visualizing the mixing zone in an ejector qualitatively.
Tracers used in Rayleigh scattering were water droplets present in the
humid air flow and fluorescent tracer particles were selected for laser
induced fluorescence. PIV [70] not only can visualize and distinguish
two interacting flows but also measure their velocities. Bouhanguel
et al. [70] explored velocity profiles of a supersonic air ejector using
PIV. The quantitative PIV technique is attractive for the validation of
CFD simulations in supersonic ejectors. Fig. 8 shows the flow features in
a supersonic ejector by using Schlieren photography and laser Mie
scattering techniques. The Schlieren image clearly shows the shock
cells, mixing layer, and the non-mixed region of the ejector. After
passing through the non-mixed region, the flow enters a region of in-
creased mixing with large scale turbulent structures. Absence of shock
structures in this region indicates the presence of subsonic flow. The
laser scattering image shows that the seeded primary flow is made
visible while the secondary flow remains dark. The shock cells, mixing
layer, and the non-mixed region of the ejector are also clearly seen in
this image.

Table 3
The thermodynamic states of points 1–8 of the four cooling cycle configurations shown in Fig. 6. The thermodynamic states of points marked with asterisk∗ are
adjustable.

Point Configuration a Configuration b Configuration c Configuration d

T p T p T p T p
(K) (MPa) (K) (MPa) (K) (MPa) (K) (MPa)

1 300 10 300 10 300 10 300 10
2 157 10 300 10 200∗ 10 108 10
3 110 1.47 158 10 102 10 102 10
4 110 1.47 100 0.78 100 0.78 100 0.78
5 100 0.78 100 0.78 100 0.78 100 0.78
6 100 0.78 300 0.78 156∗ 1.47 108 0.78
7 110 1.47 286 1.47 177∗ 1.47 110 1.47
8 300 1.47 286 1.47 300 1.47 300 1.47

Table 4
Summary of the representative working fluids for ejector applications. The
temperatures without asterisk∗ refer to the normal boiling points of the cor-
responding working fluids, and the temperature marked with asterisk∗ refers to
the triple point temperature of CO2.

Reference Working fluid Temperature (K)

[34] Helium 4.2 K
[33] Nitrogen 77.2 K
[17] R32 221.2 K
[124] R125 224.8 K
[125] R22 232.1 K
[126] Ammonia 239.6 K
[127] R12 221.2 K
[128] R1234yf 243.8 K
[52] R134a 246.8 K
[79] R152a 248.8 K
[129] R600a 261.1 K
[79] R142b 263.7 K
[46] R123 300.6 K
[50] R141b 304.8 K
[91] Water 372.8 K
[130] CO2 216.6 K∗
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Compared to two component-scale parameters, visualization cap-
tures the local flow phenomena like pseudo-shocks and phase change.
Ejectors with the same component-scale behavior may have different
local flow phenomena. Therefore, the agreement between modelling
and experimental results in component-scale parameters does not au-
tomatically imply adequate understanding of the local flow phenomena
within the ejector. In this sense, it is essential to measure the local flow
characteristics for validating models of ejectors.

5. Numerical simulation of ejectors

Compared to the experimental investigation, the numerical simu-
lation takes less time and cost, and offers more characteristics of the
simulated flow. Numerical simulation can be used to guide ejector de-
sign, optimize ejector performance and interpret experimental results.
Rapid advances in computer hardware and numerical methodology
have had a profound effect on ejector modeling.

There are typically two ways to simulate the flow in ejectors: ana-
lytical modelling and dynamic modelling [71]. The review given by He
et al. [71] outlined the evolution process of the mathematical models of
ejectors, mainly on analytical modelling. Analytical models are also

called thermodynamic models by He et al. [71], zero-dimensional
models by Elbel et al. [72] and one-dimensional models by Huang et al.
[73]. In analytical modelling, the ejector is divided into a motive
nozzle, a mixing section, and a diffuser [74,75,12]. The flow para-
meters including temperatures, velocities and pressures of the separate
sections are obtained through mass, momentum, and energy con-
servation equations for each section. Detailed velocity, pressure, and
temperature distributions along ejectors are not considered. The effects
of frictional and mixing losses are taken into account by using corre-
sponding coefficients introduced in the governing equations. However,
these coefficients need to be determined experimentally or by using
dynamic models. Detailed information along the ejectors can be ob-
tained from dynamic models that may be two or three-dimensional.
Besides, the position of the shock waves can also be tracked. After
discussing the analytical modelling in Section 5.1, this review focuses
more extensively on dynamic modelling in Section 5.2.

5.1. Analytical modelling

The general operation process of ejectors can be explained through
analytical modelling. Many assumptions are made, such as steady-state

Fig. 7. Locations of total and wall static pressure measurements. Adapted from [66].

Fig. 8. Schlieren (a) and laser scattering (b) images of the air flow through a supersonic air ejector operated with a primary pressure of 7.69 bars, a secondary
pressure of 0.86 bars and an exit pressure of 1.29 bars. Copied from [110].
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operation, adiabatic flow, zero velocity at inlets of primary and sec-
ondary flows, uniform temperature and velocity profile at each cross-
section [76]. Analytical models are expressed in explicit algebraic
equations, which can be divided into single- and two- phase flow
models, respectively discussed in 5.1.1 and 5.1.2.

5.1.1. Single-phase flow models
In analytical models, the flow in ejectors can be divided into three

sections: the suction chamber with nozzle, the mixing section and the
diffuser as shown in Fig. 2a. For the nozzle and the diffuser, it was
assumed that the fluid expands or compresses isentropically and the
friction losses are accounted for by using isentropic efficiency coeffi-
cients. The mixing process can be described by using momentum, en-
ergy and continuity equations and ideal gas relations with a coefficient
accounting for the frictional loss [73]. However, the difficulty lies in
deriving a reasonable analytical solution for those equations during
mixing. To obtain a closed form solution, extra hypotheses need to be
stated including: the starting point of mixing (nozzle exit, or down-
stream of the nozzle exit), and the mixing conditions. Keenan et al. [57]
introduced two types of mixing conditions: constant pressure mixing
and constant area mixing. In addition to the hypothesis of the constant
pressure mixing or constant area mixing, Keenan et al. assumed that the
primary and secondary flows started to mix at the primary nozzle exit.
In the model proposed by Huang et al. [73], the mixing was assumed to
have both constant-area and pressure. Differing from Keenan et al.’s
assumptions, Huang et al. assumed the mixing to start somewhere
downstream of the nozzle exit. In both models of Keenan et al. and
Huang et al., a normal shock wave was assumed in the mixing section.
The flow through a shock is adiabatic but non-isentropic, which means
the process is not a reversible process. The process can be described by
using continuity, momentum, energy equations and two thermo-
dynamic relations which are the enthalpy-temperature relations and the
equation of state. More details can be found in the reference [77]. A
normal shock wave has no heat and momentum transfer, which means
it has the same energy equation as Fanno flows (constant area duct
flows with friction and without heat transfer) and the same momentum
equation as Rayleigh flows (constant area duct flows with heat transfer
and negligible friction). Therefore, the intersection of the Fanno and
Rayleigh lines shown in enthalpy–entropy diagrams (which is a Mollier
diagram) indicates what happens in the shock [78].

Most analytical models are based on the ideal gas assumption which
does not reflect some phenomena occurring in ejectors as, for instance,
the JT effect, which is due to intermolecular forces between real gas
particles. Rogdakis and Alexis [78] developed a model, in which con-
tinuity, momentum, and energy equations were applied to the nozzle,
the mixing and the diffuser sections of the ejector. Instead of using ideal
gas properties, the thermodynamic and transportation properties of real
gases were adopted in the model. However, among others two as-
sumptions of this model need to be verified. One is that the ratio of the
total mass-flow rate to the cross section area was assumed to be con-
stant; and the other is that the occurrence of a shock wave was not
considered. Yu et al. [79] developed a similar model for real gases, in
which the velocity of the secondary flow in the mixing section was
assumed to be negligible.

5.1.2. Two-phase flow models
As shown in Fig. 6, the thermodynamic states of the flow in the

ejector may cross the equilibrium saturation line. Therefore, two-phase
flow should be considered in these cases. Unfortunately, due to the
complexity of two-phae flow, there are no well-established two-phase
flow ejector models for analyzing or designing an ejector. Liu and Groll
[80] presented a two-phase flow ejector model for the transcritical CO2

cycle and the model predicted the pressure, quality and mass flow rate
of the outlet flow for given inlet conditions of the primary and sec-
ondary flows. The expression for the speed of sound of the two-phase
flow proposed by Attou and Seynhaeve [81] was adopted in the study.

The two-phase flow was assumed to be in homogenous equilibrium
(instantaneous heat transfer between the phases) and the quality of the
two-phase flow was introduced to evaluate the thermodynamic prop-
erties. In the homogeneous equilibrium model (HEM), vapor and liquid
are at saturation conditions, having the same pressure, temperature,
and velocity. It is, however, problematic that the expansion process
occurs too rapidly (1–10 µs [82]) for the two-phase flow to reach hy-
drodynamic and thermodynamic equilibrium. To account for the me-
tastability, Feburie et al. [83] proposed the delayed equilibrium model
(DEM), which described the metastable flow as composed of three
phases: saturated liquid, saturated vapor and metastable liquid or
vapor, depending on condensation or evaporation. The three phases
had the same pressure and velocity, whereas the temperature of the
metastable liquid or vapor was different from that of the saturated li-
quid and vapor. Lorenzo et al. found DEM was more reliable than HEM
in predicting the critical pressure and critical mass flux of two-phase
flow [84]. HEM was based on the belief that the momentum, energy,
and mass transfer between phases occurred rapidly and the equilibrium
reached instantaneously. Considering the shortcomings of HEM, the
homogeneous relaxation model (HRM) was proposed, in which the
mechanical equilibrium is assumed, however, the non-equilibrium
phase change is taken into account. Differing from DEM, HRM has the
same equilibrium state as HEM. Angielczyk et al. [85] compared HEM
and HRM for supersonic CO2 two-phase flow through an ejector motive
nozzle and found that HRM fidelity was slightly better in terms of speed
of sound predictions and thus also in predicted the mass flow rates. The
speed of sound varies due to phase change, which affects shock for-
mation. Lear et al. [86] explored the choking of the secondary flow as a
result of the flow entering the two-phase regime.

The general operation process of ejectors can be understood by
using analytical models, which can also provide preliminary perfor-
mance estimations. However, analytical models cannot correctly de-
scribe the flow physics locally along ejectors. This is attributed to the
nature of analytical models that ignore local behavior and only consider
a set of parameters at a few cross-sections along the ejector [87].
Analytical models have limited functionality, and cannot be used for
ejector design independently, because all the loss coefficients in-
troduced in the model are specific to working fluid and geometry, and
need to be determined experimentally. Analytical models have been
revised to make them more accurate, such as real gas models and two-
phase flow models, which consider the real properties of the fluid in
ejectors. However, these revised models are still not reliable and ac-
curate enough for actual design due to the ambiguous loss coefficients.
More details on the analytical ejector models can be found in a previous
review given by Little and Garimella [76].

5.2. CFD modelling

Dynamic modelling provides insights into the local flow physics
along ejectors, which is more reliable and accurate for ejector design
[88–90]. Dynamic models are expressed in partial differential equa-
tions, which are solved by using numerical methods, such as finite
difference method, finite element method, and finite volume method.
Dynamic models have attracted more and more attention because their
modelling results are closer to the actual physics of ejectors and because
computing power over the years has dramatically increased. The typical
Mach number distribution in an ejector simulated by Computational
Fluid Dynamics (CFD) modelling is shown in Fig. 9.

5.2.1. Single-phase flow models
The flow in an ejector is compressible with choked flow, turbulent

mixing and shock waves, in which significant changes in velocity,
pressure and temperature are involved. The compressible flow is gov-
erned by the fluid flow conservation equations (continuity, momentum,
and energy equations). Crucial inputs to CFD modelling are the pressure
and temperature-dependent properties of the working fluid. It is
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reasonable to use the properties of ideal gas to predict the ejector
performance when the relevant temperatures are much higher than the
critical temperature [91]. However, once ejectors are used in JT cryo-
genic cooling systems, the deviations from ideal gas behavior are no
longer negligible. Therefore, in this case gas properties of real gases are
required [92,93]. The specific heat can be derived by using the equation
of state, whereas other properties such as thermal conductivity and
viscosity need additional equations, which for instance can be found in
the references included in Refprop [28]. Another crucial point of CFD
modelling is the choice of turbulence models. Turbulent flows are
characterized by unsteady, irregular (aperiodic) motion in which
transported quantities such as momentum, energy, and species con-
centration fluctuate in time and space. Turbulence modelling has been
aimed at developing tractable mathematical models that can accurately
predict properties of turbulent flows. However, there is not yet a single,
practical turbulence model that can reliably predict all turbulent flows
with sufficient accuracy. For practical estimations of the ejector per-
formance, the Averaged Navier–Stokes based models including Eddy
viscosity based models and Reynolds stress models (RSM) are generally
adopted (see Table 5).

By using CFD modelling, Lamberts et al. [94] analyzed the location
of the transfers between the primary and the secondary streams, and
the irreversibilities within supersonic ejectors, and their connection
with the entrainment. The analysis results showed that the mixing be-
tween both streams was not yet completed when they entered the dif-
fuser if the ejector was operated in the on-design region (see Fig. 2). The
exergy of the secondary stream was the highest under the condition that
exergy losses by heat transfer and viscous dissipation was minimized
and the exergy transfer was maximized. Sierra-Pallares et al. [95] in-
vestigated the mechanisms of entropy generation with the aid of CFD
based analysis. Using this method, the locations of irreversibility sites
were identified, the irreversibility origin were extracted, and geometry
improvements were suggested. Banasiak et al. [96] presented a CFD-
based analysis of the flow irreversibility in R744 ejectors and assessed
the contribution of the local irreversibilities to the overall entropy
generation. Based on this analysis, it was suggested that future ejector
optimization procedures should concentrate on the entire ejector geo-
metry rather than on a single component.

In general, CFD modelling offers more complete flow field in-
formation for ejector simulations and produces a better prediction
performance than analytical modelling. The choice of an appropriate
turbulence model for the modelling of an ejector is crucial. In the
previous studies summarized in Table 5, Averaged Navier–Stokes based
turbulence models have been adopted to predict the ejector perfor-
mance including Spalart–Allmaras, standard, realizable and RNG k-
models, standard and SST k- models, Transition SST model, and RSM.
The thermal and hydrodynamic fluid properties were evaluated by
using the ideal gas model and real gas models including Refprop

database equations and other equations of state. Compared to the ideal
gas model, real gas models provide better results. The global perfor-
mance of ejectors in terms of the entrainment ratio and the critical back
pressure can be reasonably well estimated by using Averaged Na-
vier–Stokes models, and there is no consistent conclusion on the pre-
ferred turbulence models (see the turbulence models marked with as-
terisk∗ in Table 5). Hemidi et al. [53] found that the preferred
turbulence models were operating conditions dependent: standard k-
model was preferred for on-design conditions, whereas SST k- model
was preferred for off-design conditions. In general, the differences in
global performance predictions between turbulence models are small.
However, SST k- shows better performance in terms of the predictions
of local flow phenomena such as non-mixing length [97], shock wave
structure [98], and static pressure distribution [99].

5.2.2. Two-phase flow models
Next to the challenges facing the single-phase flow, CFD models of

the two-phase flow ejectors are still faced with difficulties such as two-
phase flow modelling, mass-transfer mechanism across the interface
and the prediction of speed of sound. Although advances in computa-
tional fluid mechanics have provided the basis for insight into the dy-
namics of multi-phase flows, the modelling of two-phase flow in ejec-
tors is clearly still under development. In terms of two-phase flow
models, the mixture model and the Eulerian model have been studied
for ejector modelling (see Table 6). The mixture model uses a single-
fluid approach to solve the continuity equation, the momentum equa-
tion, and the energy equation for the mixture, and allows the phases to
move at different velocities, using the concept of slip velocities. The
Eulerian model solves one set of momentum, continuity, and energy
equations for each phase separately. In terms of mass transfer me-
chanism across the interface of equilibrium and non-equilibrium two-
phase flows, besides the above-mentioned HEM and HRM, evaporation/
condensation models based on the dynamics of bubble growth and the
kinetic theory of phase change [100], evaporation/condensation
models based on Rayleigh-Plesset equation [101], Lee evaporation
model [102], Shan condensation model [103] and Sideman condensa-
tion model [104] have been investigated. Karathanassis et al. [105]
compared different mass-transfer models across the interface based on
HEM, HRM, the kinetic theory of gases (Hertz-Knudsen equation), and
bubble-dynamics considerations using the Zwart-Gerber-Belamri (ZGB)
model for the prediction of flashing flows in nozzles. The numerical
results showed that the mass-transfer model based on the kinetic theory
of gases had the best prediction accuracy, whereas the validity of the
HRM and ZGB models was conditional. Moreover, it was found that the
numerical results were highly sensitive to the assumed distribution of
the activated nucleation sites, and its accurate determination was a
prerequisite condition for the predictions of the phase-change process.
The speed of sound in the two-phase flow is essential to model the

Fig. 9. Simulated Mach number evolution based on Realizable k- model along the axis length of a typical ejector. Copied from [111].
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compressibility effects and thus predict critical flow condition. A few
studies summarized in Table 6 discussed the speed of sound in the two-
phase flow. Bulinski et al.[101] calculated the speed of sound in the
two-phase flow simply as a weighted average with respect to the mass
fraction of each phase. Yazdani et al. [100] adopted the speed of sound
in the two-phase flow derived by Brennen [106], which included both
the homogeneous equilibrium (instantaneous heat transfer between the
phases) and homogeneous frozen (no heat transfer between the phases)
models. Yazdani et al. emphasized that the speed of sound depends on
both the physical properties and the interface area of the two-phase
flow. To estimate the speed of sound, a precise tracking of the liquid/
vapor interface is required and that the problem is still challenging.
Giacomelli et al. [107] compared two different equations for the speed
of sound in the two-phase flow including the Brennen equation [106]
and the Wallis equation that was the default equation implemented in
ANSYS Fluent and cannot be modified by the user [108]. Giacomelli
et al. found that the Brennen equation was in better agreement with the
behavior of the flashing flow in nozzles. More details regarding speed of
sound in two-phase flow can be found in papers presented by Flatten
and Lund, and Lorenzo et al. [109,84].

6. Summary and outlook for future work

This paper presents a review of studies on the use of ejectors for
cryogenic cooling. The ejector performance at the component-scale
determines the overall performance of cryogenic cooling systems at the
system-scale. The design of a well performing ejector at different op-
erating conditions is becoming a bottleneck. To understand the physical
mechanism of the ejector at the local-scale, studies have been carried
out, both experimentally and theoretically. This paper reviews the
progress of the experimental investigation and the computational
modelling of ejectors for cryogenic cooling and discusses the future
research challenges.

The following conclusions can be drawn from the reviewed in-
vestigations:

(1) Differing from the extensive use of ejectors in refrigeration systems,
not much research has been carried out on the use of ejectors at
cryogenic temperatures. Moreover, the relatively little research
done focuses on concept design, experimental investigation and
thermodynamic analysis of cooling systems with ejectors, in which
the physical mechanism of ejectors at the local-scale is not well
explained.

(2) Ejectors with various geometric features have been proposed and
investigated, but only limited research is done on ejectors with a
nozzle throat diameter less than 1 mm. In contrast to the progress of
modeling on ejectors, the innovation in the design of ejectors is less
marked.

(3) The entrainment ratio and the pressure lift ratio are two macro-
scopic features of an ejector, which quantify the ejector

performance. However, ejectors with the same macroscopic fea-
tures may have very different local flow characteristics. To under-
stand the physical mechanism of the ejector performance, the local
flow characteristics of an ejector need to be investigated through
experiments such as local pressure measurements and flow visua-
lization. It is still challenging to relate the two macroscopic features
with local flow characteristics.

(4) Compared to analytical modelling, CFD modelling provides insights
into the local flow physics along ejectors, that are more reliable and
accurate. Averaged Navier–Stokes based turbulence models have
been adopted to predict the ejector performance. These models can
reasonably well estimate the performance in terms of entrainment
ratio and critical back pressure, and the prediction differences be-
tween turbulence models are small. In terms of local flow phe-
nomena, the SST k- model is recommended.

(5) At cryogenic temperatures, the flow in ejectors may undergo phase
changes. Two-phase flow models should take into account possible
nucleation, growing of condensation droplets, and metastable
states, when the thermodynamic states of the flow in the ejector
cross the equilibrium saturation line.

Regarding the direction of future research in the utilization of
ejectors for cryogenic cooling, focus should be on the physical me-
chanism of two-phase flow ejectors at cryogenic temperatures. To ex-
plore the physical mechanism, both macroscopic features and local flow
characteristics of ejectors need to be investigated. Since phase transi-
tions and turbulence are usually involved in ejectors at cryogenic
temperatures, the challenges of modelling turbulent and non-equili-
brium two-phase flows should be further investigated. Moreover, fur-
ther efforts are still needed to study the utilization potential of small-
scale ejectors with a nozzle throat diameter less than 1 mm in miniature
cooling systems.
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