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A B S T R A C T   

The performance of Joule-Thomson (JT) cryocoolers can be improved by introducing ejectors. Ejectors with 
various geometric features have been proposed and investigated for cryogenic cooling in earlier studies, but only 
limited research is done on ejectors with a nozzle throat diameter less than 1 mm. In this paper, we present a 
miniature ejector with a nozzle throat diameter of 162 μm that was measured using X-ray computed tomography. 
When the ejector was operated with nitrogen gas at 295 K with a primary inlet pressure of 80 bar, a secondary 
inlet pressure of 0.5 bar and an outlet pressure of 1.2 bar, the primary and the secondary mass-flow rates were 
394 mg/s and 83 mg/s, respectively. The measured primary mass-flow rate was quite close to the value predicted 
by a dynamic model, whereas the measured secondary mass-flow rate was lower than the predicted value, which 
was mainly caused by a non-axisymmetric machining defect of the nozzle that was assumed to be axisymmetric 
in the dynamic model. Besides, the effects of operating pressures and nozzle position on the ejector performance 
were analyzed. The study demonstrates the applicability of a miniature ejector in a JT cooling cycle.   

1. Introduction 

Joule-Thomson (JT) cryocoolers have no moving parts and are, 
therefore, vibration-free. These cryocoolers are attractive for cooling 
small optical detectors in space for earth observation and science mis-
sions. The performance of JT cryocoolers can be improved through the 
optimization of the working fluids and the operating pressures [1,2], the 
counter-flow heat exchangers (CFHXs) [3], the JT restrictions [4] and 
the compressors [5]. Besides the above-mentioned parameters, the 
performance of JT cryocoolers can also be improved by replacing the JT 
restrictions with work-producing devices, changing the isenthalpic 
expansion to an isentropic one [6]. This change will reduce the enthalpy 
of the working fluid entering the evaporator of JT cryocoolers and/or 
produce work to reduce the input power to the compressors. The work- 
producing devices such as turbo-expanders have moving parts, resulting 
in vibration. Due to the moving parts, these devices are prone to damage 
by low quality two-phase flow. In this study, we present the use of 
ejectors as work-producing devices. Ejectors use the energy of the high- 
pressure gas, that is completely wasted in normal JT expansion 

processes, to entrain and compress the low-pressure gas to an interme-
diate pressure. Thus, ejectors can be used to vacuumize the evaporator 
of JT cryocoolers, reducing the pressure of the evaporator and thereby 
lowering the boiling temperature of the liquid in the evaporator. This 
avoids the use of a room-temperature vacuum pump at subatmospheric 
pressure and eliminates the risk of air leakage into the system. Alter-
natively, ejectors can be used to lift the pressure of the flow from the 
evaporator to a medium pressure, thereby lowering the required input 
power to the compressors. 

Ejectors have been widely used in various refrigeration systems to 
improve their performance [7]. The use of ejectors in cryogenic cooling 
systems was first proposed by Rietdijk [8] for creating subatmospheric 
pressure in a liquid helium evaporator to achieve a cooling temperature 
lower than 4.2 K. Afterwards, helium ejectors were further studied by 
Haisma [9], Nicholds [10], Agapov et al. [11], Wu et al. [12], Vonrohr 
and Trepp [13], Johnson and Daggett [14]. Moreover, ejectors operating 
with other gases, such as hydrogen gas [15] and nitrogen gas [16–19] 
have also been investigated. However, the above mentioned studies 
focused on conceptual designs or experimental investigations and only a 
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few studies on the theory of ejectors exist. Yu et al. [20], Rashid et al. 
[21] and Lee et al. [19] presented the thermodynamic analysis of the 
overall performance improvement due to the introduction of ejectors 
into cryogenic cooling systems. In these analyses, the ejector perfor-
mance is estimated by using thermodynamic modeling, in which the 
ejector is divided into a motive nozzle, a mixing section, and a diffuser. 
The flow parameters including temperatures, velocities and pressures of 
the separate sections are obtained through mass, momentum, and en-
ergy conservation equations in 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 
corresponding coefficients introduced in the governing equations, which 
are usually determined by experimental results. Compared with ther-
modynamic modeling, dynamic modeling provides insights into the 
local flow physics along ejectors, which is more reliable for ejector 
design [22–25]. A comprehensive review on the thermodynamic and 
dynamic modeling can be found in our earlier study [26]. 

Operation parameters and geometry dimensions have significant 
impact on the ejector performance. As the power source of ejectors, the 
nozzle for a large part determines the performance of the ejector. For-
oozesh et al. [27] showed that the nozzle throat diameter had more 
effect on the entropy generation than other geometric parameters. Yan 
et al. [28] concluded that an ejector with a converging-diverging nozzle 
had higher performance than an ejector with a converging nozzle. 
Moreover, the optimum geometries for the primary-flow ejector nozzle 
including the converging/diverging portion angle and the length were 
related to and varied with the nozzle exit position. The importance of the 
nozzle exit position was also emphasized and the optimal nozzle exit 
position varied with working fluids, operation parameters, mixing sec-
tion diameters and nozzle throat diameters [29–31]. Although a number 
of numerical and experimental studies have been carried out on the 
ejectors, miniature ejectors with a nozzle throat diameter less than 1 mm 
are rarely studied, especially on the experimental investigation of such 
ejectors. 

To provide insight into the ejector physical mechanism, this paper 
presents experimental and numerical studies of a miniature ejector for 
the application in a JT cooling cycle. In the next section, the ejector 
cryogenic cooling cycle is introduced. Section 3 describes the ejector 
geometry and fabrication, whereas the modeling and experiments are 
explained in Section 4. The effects of nozzle position and operating 
pressures on the ejector performance are discussed in Section 5. The 
paper is closed with conclusions in Section 6. 

2. Ejector cryogenic cooling cycle 

The schematic of a typical ejector cryogenic cooling cycle and the 
corresponding temperature versus entropy diagram are shown in Fig. 1. 
In the cycle, the high-pressure gas discharged from the compressor flows 
through CFHX I (1→2), then it is split into two streams. One stream 
flowing through CFHX II (2→3) expands through the JT restriction to the 
evaporator (3→4). The low-pressure fluid absorbs heat from its sur-
roundings (4→5) and flows back through CFHX II (5→6). The other 
stream flows to the ejector directly as the primary flow. In the ejector, 
the primary flow expands through the nozzle, creating a low-pressure 
zone, such that the secondary flow from the CFHX II is entrained into 
the ejector. The primary and secondary flows mix inside the ejector and 
the mixed flow leaves the ejector at medium pressure (2 and 6→7). The 
mixed flow leaving the ejector returns to the compressor through CFHX I 
(7→8) and cools the incoming high-pressure gas. The inlet temperatures 
of the ejector (points 2 and 6 shown in Fig. 1) can be adjusted by 
changing the size of CFHX I. In the present study, the ejector perfor-
mance is considered at a temperature of 295 K. 

Fig. 2 shows a schematic of a typical ejector, consisting of a nozzle, a 
suction chamber, a mixing section, and a diffuser. The primary flow 
expands through the nozzle, which results in a decrease in pressure, and 
an increase in velocity. The secondary flow is drawn into the ejector by 
the entrainment effect. In the mixing section, the velocity of the primary 
flow is slowed down while the secondary flow is accelerated. In the 
diffuser, the mixed flow is recompressed to an intermediate pressure. 
The global performance of an ejector is characterized by the entrainment 
ratio (μ), defined as the ratio of secondary mass-flow rate to primary 
mass-flow rate (ṁs/ṁp), and by the pressure lift ratio (τ), defined as the 
ratio of the outlet pressure of the mixed flow (pm,out) to the secondary 
inlet pressure (ps,in). 

3. Ejector geometry and fabrication 

The ejector geometry of our design operating with nitrogen gas is 
shown in Fig. 3. It has a constant pressure mixing section and a 
converging-diverging nozzle. The design operating parameters of the 
ejector are: primary flow inlet pressure 80 bar, secondary suction 
chamber inlet pressure 0.5 bar, outlet back pressure 1.2 bar, and inlet 
and outlet temperatures 295 K. The blue, red and green arrows indicate 
the flow direction of the primary flow, secondary flow and the outlet 
flow, respectively. To improve the flow distribution of the secondary 
flow, this flow enters the inlet and splits into two streams. The two 
streams enter the mixing chamber of the ejector symmetrically as shown 
in Fig. 3. 

This design was made of titanium alloy (Ti6Al4V), consisting of 
nozzle and body parts as shown in Fig. 3. The body part was 3D printed 
with a wall roughness of about 5 μm, and the screw thread was 
machined afterwards. The nozzle part with a throat diameter of 162 μm 
(design value) was manufactured by combing mechanical machining 
and electrical discharge machining (EDM). 

Fig. 4 shows the photograph of the nozzle part and the images of 
three areas of interest, obtained from X-ray computed tomography 
(XCT) using a GE v|tome|x machine. The main dimensions of the nozzle 

Fig. 1. Schematic of JT cooling cycle with an ejector (left) and corresponding 
temperature versus entropy diagram (right) [32]. Fig. 2. Schematic of a typical ejector, adapted from [33].  
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are shown in Fig. 4. The XCT dimensional measurements were compared 
against the caliper measurements. An average error of about 1.2% was 
calculated for all XCT measurements. Fig. 4b shows the isoview of area 
1, giving the overview of the inner structure of this area. The areas 2 and 
3 shown in Fig. 4c were manufactured by using EDM. The throat 
diameter of the nozzle is given in Fig. 4d and e, and the value is 162 μm. 
Fig. 4f–h show an irregular structure (machining defect) due to the EDM 
process. The formation of the irregular structure is probably due to 
particles that are eroded from the surface and got stuck to the electrode. 
This results in an irregular electrode and thus in a rough irregular 
surface. 

Fig. 5 shows the photograph of the body part and the XCT images of 
the area of interest. The main dimensions of the body part are given in 
Fig. 5. Fig. 5b shows the isoview of the area of interest, giving the 
overview of the inner structure of this area. Figs. 5c and d show the right 
view and front view of this area and give the main dimensions of the 
inner channels. 

4. Modeling and experiments 

4.1. Thermodynamic model 

In order to evaluate the efficiency of each part in the ejector, a 
thermodynamic analysis is carried out to compare with experimental 
results. Based on real-gas properties and the constant pressure mixing 
ejector model of Huang et al. [34], an ejector thermodynamic model 
suitable for the critical and sub-critical modes was developed and vali-
dated by Chen et al. [35]. This constant pressure mixing ejector model is 
used in this analysis and the detailed calculation process can be found in 
reference [35]. To evaluate the energy losses caused by the wall friction 
and the fluid viscosity, the isentropic efficiencies of nozzle and suction 
chamber (ηp and ηs) are used and expressed as 

ηp =
hpi − hpt

hpi − hpt,is
(1)  

ηs =
hsi − hst

hsi − hst,is
(2)  

where hpi is the fluid enthalpy at the primary nozzle inlet, hpt is the fluid 
enthalpy at the primary nozzle throat, hpt,is is the enthalpy of the primary 
flow after isentropic expansion from the nozzle inlet to the nozzle throat, 
hsi is the fluid enthalpy at the suction chamber inlet, hst is the enthalpy of 
the secondary flow at the hypothetical throat, and hst,is is the enthalpy of 
the secondary flow after isentropic expansion from the suction chamber 
inlet to the hypothetical throat. 

The energy losses during the expansion process from the nozzle 
outlet to the hypothetical throat are represented by a coefficient ϕp. 
Furthermore, a coefficient ϕm is introduced to express the energy losses 
in the mixing section. These two coefficients are shown in the formulas 
below. 

ϕp =
Aht,pρht,puht,p

ṁp
(3) 

Fig. 3. Section view of the ejector design.  

Front view

Right view

Right view

Top viewTop view

R
ight view

Fig. 4. Geometry of the nozzle part of the ejector. a, Photograph of the nozzle part. b-h, Images obtained from XCT. Isoview (b) and right view (c) of area 1 shown in 
a. Right view (d) and top view (e) of area 2 shown in c. Front view (f), right view (g) and top view of area 3 shown in c. Images f, g and h show the details of the 
machining defect in the nozzle. 
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ϕm =

(
ṁp + ṁs

)
um

(
ṁpuht,p + ṁsuht,s

) (4)  

where Aht,p is the cross-sectional area of the primary flow at the hypo-
thetical throat, ρht,p is the density of the primary flow at the hypothetical 
throat, uht,p is the velocity of the primary flow at the hypothetical throat, 
um is the flow velocity after complete mixing, and uht,s is the velocity of 
secondary flow at the hypothetical throat. 

4.2. CFD modeling 

CFD models are adopted in this study to simulate the flow process in 
the ejector shown in Figs. 4 and 5. Different from thermodynamic 
modeling [34], CFD modeling provides insights into the local flow 
physics along the ejector. The flow in the ejector is typically 
compressible and turbulent. The governing equations (conservations of 
mass, momentum and energy) of the turbulent compressible flow are 

written as: 

∂ρ
∂t

+
∂

∂xi
(ρui) = 0 (5)  

∂
∂t
(ρui)+

∂
∂xj

(
ρuiuj

)
= −

∂p
∂xi

+
∂τij

∂xj
(6)  

∂
∂t
(ρE)+

∂
∂xi

(ui(ρE + p) ) = ▽⋅
(

keff
∂T
∂xi

+ ujτij

)

(7)  

where ρ is density, t is time, u is velocity, p is pressure, T is temperature, 
E is total energy, keff is effective thermal conductivity, and τij is the stress 
tensor that is calculated by 

τij = μeff

(
∂ui

∂xj
+

∂uj

∂xi
−

2
3

∂uk

∂xk
δij

)

(8)  

where μeff is effective dynamic viscosity and δij is the Kronecker delta 

Fig. 5. Geometry of body part of the ejector. a, Photograph of the body part. b-d, Images obtained from XCT. Isoview (b), right view (c) and front view (d) of the area 
of interest shown in a. 
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function. 

4.2.1. Modeling geometry 
Pianthong et al. [36] proved that the suction chamber had little in-

fluence on the flow pattern and the ejector performance obtained with a 
2D axisymmetric model was very close to that of a 3D model. Therefore, 
the flow in the ejector is assumed to be two-dimensional, steady-state 
and axisymmetric, which was also recommended by other researchers 
for reducing computational cost [28,37]. Fig. 6 shows the detailed di-
mensions of the computational flow domain of the case that the nozzle 
exit position (NXP) is 0 mm. The dimensions are determined by the XCT 
measurements shown in Figs. 4 and 5. As depicted, the total length is 
36.75 mm, and the nozzle throat has a radius of 81 μm and a length of 
0.74 mm. The boundary conditions of the flow are the total pressure and 
total temperature at the primary and secondary flow inlets as well as the 
static pressure at the ejector outlet. The boundary conditions of the 
ejector wall are no slip, stationary and adiabatic. To investigate the 
roughness effect of the 3D printed body part on the ejector performance, 
the approach of “virtually shifting the wall” [38] is employed, in which 
an equivalent sand-grain roughness height is assumed [39,40]. 

4.2.2. Gas properties 
The nitrogen gas properties: viscosity, specific heat, and thermal 

conductivity are considered as constant (1.663× 10− 5 kg m− 1 s− 1, 
1040.67 J kg− 1 K− 1, 0.0242 W m− 1 K− 1, respectively). The density of 
nitrogen gas is a function of the thermodynamic variables, pressure and 
temperature, which are related by using the Soave-Redlich-Kwong 
Equation of State [41]. 

4.2.3. Turbulence modeling 
Turbulent flows are characterized by unsteady, irregular (aperiodic) 

motion in which transported quantities such as momentum, energy, and 
species concentration fluctuate in time and space. Turbulence modeling 
is aimed at developing tractable mathematical models that can accu-
rately predict properties of turbulent flows. Main approaches to turbu-
lence modeling include Reynolds Averaged Navier-Stokes (RANS) based 
models, Large Eddy Simulation (LES) and Direct Numerical Simulation 
(DNS). The amount of computational resources and efforts of LES and 
DNS modeling are too large for most practical applications. In this study, 
the RANS based models are adopted for simulating the turbulent 
behavior in the ejector. Time-averaged Navier-Stokes equations contain 
an additional term known as the Reynolds stress, which is obtained from 
the averaging operation over the Navier-Stokes equations to account for 
turbulent fluctuations in fluid momentum. Compared with other RANS 

based models, the SST k-ω model shows a better predicted performance 
in terms of local flow phenomena such as non-mixing length [42], shock 
wave structure [41], and static pressure distribution [43]. The SST k-ω 
model also has advantages in the near-wall treatment with its low- 
Reynolds number approach. Therefore, the SST k-ω model is used in 
this study. The turbulence intensity and the hydraulic diameter are used 
for the turbulence at the ejector inlet. A medium turbulence intensity of 
5% is set for the primary and secondary inlets. The hydraulic diameters 
of the primary and secondary inlets are calculated from their actual 
geometric diameters. 

4.2.4. Meshing approach 
For the CFD model with the flow-domain geometry as shown in 

Fig. 6, the high quality structured quadrilateral mesh is created using 
ANSYS ICEM as shown in Fig. 7. The mesh near the wall is refined to 
ensure correct modeling of the near-wall flow (y+⩽1) and obtain the 
fluid flow characteristics in the near-wall areas. To reduce the influence 
of the mesh size on the calculation results and the computational cost, 
the grid independence is analyzed. A coarse mesh (98539 cells), two 
medium meshes (127119 cells, 155938 cells), a fine mesh (195794 cells) 
and a very fine mesh (250948 cells) are established and evaluated for the 
simulation. The mass-flow rate and the axial Mach number distribution 
are evaluated to check the solution independency from the grid den-
sities. The Mach number distributions along the ejector axial direction 
for different grid densities are shown in Fig. 8. The calculated values of 
the mass-flow rates are shown in Table 1. It shows that variations of the 
primary mass-flow rate are small, whereas the secondary mass-flow rate 
changes under different grid densities. The relative differences of the 
secondary mass-flow rates calculated based on the two medium meshes 
is 2.5%. However, the Mach number distributions of the two medium 
meshes are somewhat different. Therefore, both global parameters 
(primary and secondary mass-flow rates, etc.) and local parameters 
(Mach number, pressure, etc.) are required to evaluate for the grid in-
dependence. The relative differences of the secondary mass-flow rates 
calculated based on the fine mesh and the very fine mesh is 1.7%. 
Moreover, the Mach number distribution of the fine mesh is basically 
coinciding with that of the very fine mesh, as shown in Fig. 8. 

Three grid densities: medium mesh (127119 cells), fine mesh 
(195794 cells) and very fine mesh (250948 cells) are analyzed by the 
grid-convergence index (GCI) to obtain the discrete error due to 
different grid densities. The GCI can be calculated by [44,45] 

GCI =
Fs|ε|

rp − 1
× 100 (9)  

where r is the grid refinement ratio, p is the apparent order of conver-
gence, Fs is the safety factor and ε is the relative error of calculated re-
sults between two grids. 

Results of the GCI analysis, taking the secondary mass-flow rate as 
the parameter, are presented in Table 2. It can be found that the GCI 
value of Grid 1–2 is 3.65% for the secondary mass-flow rate, which in-
dicates that discrete error due to the refinement from the fine grid to the 
very fine grid is small. Therefore, the fine mesh is selected to reduce the 
computational cost, and the corresponding grid quality is: element 
quality above 0.95 and orthogonal quality higher than 0.58. 

4.2.5. Numerical setting 
The governing equations are solved using the commercial software 

ANSYS Fluent 19.0, based on the finite volume method. The second 
order upwind scheme is used to discretize the convection term for each 
equation, except the pressure equation. The PRESTO! scheme is used for 
discretizing the convection term in the pressure equation. Gradients are 
evaluated by a Green-Gauss Cell Based method. The pressure-based 
solver based on the SIMLEC algorithm appeared to be much more sta-
ble than the density-based solvers [41] and is applied for the pressure- 
velocity coupling. The convergence criteria for residuals of all 

Fig. 6. Detailed dimensions of the computational flow domain (mm). The 
nozzle exit position (NXP) is 0 mm, and the zoomed area shows the main di-
mensions of the nozzle. 

H.S. Cao et al.                                                                                                                                                                                                                                   



Applied Thermal Engineering 186 (2021) 116357

6

dependent variables were set to 1 × 10− 5 and for the mass-flow rate 
imbalance between the two inlets and outlet of ejector was set to less 
than 1 mg/s. 

4.3. Experiments 

The measurement set-up is shown in Fig. 9. In the experimental 
setup, nitrogen gas for the primary and secondary flows is supplied from 
pressurized gas bottles at 295 K. The pressures and mass-flow rates of the 
ingoing and outgoing flows are measured. The measurement ranges of 

the pressure meters I, II and III are 0–100 bar, 0–1 bar, and 0–10 bar, and 
the measurement accuracies are ±0.5% of full scale, ±0.2% of full scale, 
and ±0.15% of full scale, respectively. The measurement ranges of the 
mass-flow meters I and II are 0.02–1 g s− 1 and 0.04–2 g s− 1, and the 
measurement accuracies of both are ±0.5% reading plus ±0.1% full 
scale, respectively. 

5. Results and discussion 

5.1. Effect of primary inlet pressure 

As shown in Fig. 10a, the secondary mass-flow rate increases with 
increasing primary inlet pressure. However, the slope reduces or even 
becomes negative at high inlet pressures. The secondary mass-flow rate 
decreases once the inlet pressure is greater than a critical value. This 
critical value increases with reducing secondary inlet pressure and 
increasing pressure lift ratio. For a given secondary inlet pressure and 
outlet pressure, the size of the hypothetical throat size reduces with the 
increase of primary inlet pressure, which results in an increase of sec-
ondary flow velocity at the hypothetical throat up to the speed of sound. 
The secondary flow correspondingly reaches the choking flow at the 
hypothetical throat and the entrained mass-flow rate of the secondary 
flow reaches its maximum value. However, if the primary inlet pressure 
is increased continually, the size of the hypothetical throat will be 
further reduced with little variations of the secondary flow velocity at 
the hypothetical throat, resulting in a decreasing entrained mass-flow 
rate accordingly. Moreover, the gradually increasing primary inlet 
pressure makes the position of the hypothetical throat moving away 
from the inlet of the mixing section, which is also unfavorable for the 
performance of the ejector [46], as shown in Fig. 10b. Fig. 10b shows the 
variation of the entrainment ratio versus the primary inlet pressure for 
different secondary inlet pressures. With the increase of the primary 
inlet pressure, the entrainment ratio increases first and then decreases 
due to the increase of the mass-flow rate in the primary flow and the 
variations of the mass-flow rate in the secondary flow. It should be 
noticed that the critical value of the primary inlet pressure corre-
sponding to the maximum entrainment ratio is lower than that of the 
primary inlet pressure corresponding to the maximum mass-flow rates of 
the secondary flow. 

Comparisons between the measured and predicted primary and 
secondary mass-flow rates at a secondary inlet pressure of 0.5 bar are 
carried out, as shown in Fig. 11a. Thermodynamic modeling shows that 
the mixing loss coefficient has much more influence than the isentropic 
efficiency of nozzle and suction chamber (ηp and ηs) and the loss coef-
ficient of the primary flow expansion process after the nozzle outlet (ϕp), 
which are selected as ηp = 1, ηs = 0.85 and ϕp = 0.88 [34], respectively. 
Results of the dynamic models are performed based on the ejector with 

Fig. 7. The 2D axisymmetric quadrilateral grid structure of the ejector CFD model.  

Fig. 8. Mach number distribution along the ejector axial direction for different 
grid densities. 

Table 1 
Calculated mass-flow rates based on the dynamic models with different meshes.  

Cell number ṁp  ṁs  

(–) (mg/s) (mg/s) 

98539 370.0 113.4 
127119 369.5 139.7 
155938 371.5 136.3 
195794 371.5 148.4 
250948 370.3 151.0  

Table 2 
The grid convergence index (GCI) analysis results.  

Fs  p ε1,2  GCI1,2  ε2,3  GCI2,3  

1.25 3.74 1.72 3.65 5.86 5.90 

* The subscripts 1, 2, 3 represent the very fine, fine and medium meshes. 
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the axisymmetric machining defect. It shows that the primary mass-flow 
rate can be well predicted with both the dynamic models and thermo-
dynamic model. It should be noted that the predicted results of the 
thermodynamic model with ηp = 1 is still slightly lower than the 
measured values, which indicates that the measured diameter of the 
nozzle throat is slightly smaller than the actual value. The secondary 
mass-flow rates predicted by the dynamic models are systematically 
over-predicted for the cases with a constant secondary pressure of 0.5 
bar. This is probably due to discrepancies between the real and the 
computational dimensions of the irregular structure shown in Figs. 4h. 
In the model, the machining defects are assumed to be axisymmetric, but 
the actual irregular structure is different and that deteriorates the per-
formance of the ejector. Fig. 11a shows that the wall roughness affects 

the ejector performance. It can be found that the secondary mass flow 
rates of dynamic model I are greater than that of dynamic model II when 
the primary inlet pressures are lower than 90 bar. As the primary inlet 
pressure is higher than 90 bar, the secondary mass flow rates of dynamic 
models I and II are approximately equal. This is because the ejector with 
primary inlet pressures lower than 90 bar operates at the subcritical 
mode, and the secondary mass flow rates increase with the increasing 
primary flow velocities, however, the wall roughness decreases the flow 

Fig. 9. The measurement set-up used for the characterization of ejectors at room temperature. (MFM: mass-flow meter; PM: pressure meter).  

Fig. 10. (a) Effect of the primary inlet pressure on the measured secondary 
mass-flow rate for different secondary inlet pressures; (b) Effect of the primary 
inlet pressure on the entrainment ratio for different secondary inlet pressures; 
The outlet pressure of the ejector is 1.2 bar and the nozzle exit position is 0 mm. Fig. 11. (a) Comparison between the measured and predicted primary and 

secondary mass-flow rates at a secondary inlet pressure of 0.5 bar; (b) Varia-
tions of the mixing loss coefficient with the primary inlet pressure; The outlet 
pressure of the ejector is 1.2 bar and the nozzle exit position is 0 mm. In dy-
namic model I, the wall is assumed to be smooth; In dynamic model II, the wall 
roughness of the 3D printed body part is assumed to be 5 μm and the wall of the 
micromachined nozzle part is assumed to be smooth. 
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velocities and thus the secondary mass flow rates. When the primary 
inlet pressures are higher than 90 bar, the flow velocities reach the speed 
of sound and the wall roughness effects on the flow velocities and the 
secondary mass flow rates are not significant. The predicted secondary 
mass-flow rates of the thermodynamic model are in good agreement 
with the experimental values by adjusting the mixing loss coefficient. 

Fig. 11b presents variations of the mixing loss coefficient versus the 
primary inlet pressure at a constant secondary pressure of 0.5 bar. It can 
be seen that the mixing loss coefficient increases first and then decreases 
with increasing primary inlet pressure, which is similar to the variation 
trend of the entrainment ratio. As the primary inlet pressure increases 
from 70 bar to 100 bar, the mixing loss coefficient changes between 0.56 
and 0.685. This is apparently lower than the recommended values in 
references [34,35]. Therefore, the machining defects in the nozzle 
diverging part of the ejector have an important impact on the mixing 
process of the primary and secondary flows. 

Figs. 12a and b show the Mach number distribution inside the ejector 
with and without the machining defect. The machining defect is non- 
axisymmetric in practice, whereas an axisymmetric machining defect 
is assumed in the 2D dynamic model. Due to the defect, a shock wave 
occurs as shown in Fig. 12a, which results in a Mach number distribution 
that is different from that inside the ejector without machining defect 
(see Fig. 12b), and thus it deteriorates the ejector performance. The 
machining defect affects the Mach number and pressure along the axis of 
the ejector as can be seen from Fig. 13a and b. The mass-flow rates of 
primary flow for the ejector with and without defect are 372 mg/s and 
371 mg/s, respectively. The mass-flow rates of the secondary flow with 
and without defect are 119 mg/s and 202 mg/s, respectively. Compared 
with the ejector without machining defects, the entrainment ratio of the 
ejector with the axisymmetric machining defect is reduced by 41.2%. It 
can be found that the machining defect has little influence on the mass- 
flow rates of the primary flow. However, due to the shock energy losses 
and eddy losses in the nozzle diverging section of the ejector with the 
axisymmetric machining defect, the energy of the primary flow for the 
two fluids mixing is relatively sense. Therefore, the entrained mass-flow 
rates of the secondary flow with defect are relatively lower. 

5.2. Effect of secondary inlet pressure 

Fig. 14 shows that the secondary mass-flow rate increases with the 

secondary inlet pressure, and the slope reduces as the secondary inlet 
pressure gets closer to the outlet pressure (here 1.2 bar). This corre-
sponds to the discussion in Section 5.1 that the secondary mass-flow rate 
increases as the secondary inlet pressure is increased and the pressure 
lift ratio is reduced. That is the result of a combination of the pressure at 
the cross-section of the hypothetical throat and the hypothetical throat 
size. Compared with the primary inlet pressure at 90 bar, the pressure at 
the cross-section of the hypothetical throat is smaller whereas the hy-
pothetical throat size is larger at 80 bar. When the secondary inlet 
pressure gets below 0.9 bar, the pressure at the cross-section of the 
hypothetical throat predominates the secondary mass-flow rate, which 
explains why the secondary mass-flow rate is higher at 90 bar. For the 
cases of the secondary inlet pressures of 0.9 and 1.0 bar, the hypothetical 
throat size plays a more important role and, therefore, the effect of the 
primary pressure is very small (80 bar or 90 bar making no difference). 

Fig. 12. Mach number distribution inside the ejector with and without the 
axisymmetric machining defect (a and b, respectively). The boundary condi-
tions are: Pp=80 bar, Tp=295 K, Ps=0.5 bar, Ts=295 K and Pb= 1.2 bar. The 
wall roughness of the 3D printed body part is assumed to be 5 μm and the wall 
of the micromachined nozzle part is assumed to be smooth. 

Fig. 13. Mach number and pressure along the axis of the ejector with and 
without the axisymmetric machining defect (a and b, respectively). The 
boundary conditions are: Pp=80 bar, Tp=295 K, Ps=0.5 bar, Ts=295 K and Pb=

1.2 bar. The wall roughness of the 3D printed body part is assumed to be 5 μm 
and the wall of the micromachined nozzle part is assumed to be smooth. 

Fig. 14. Effect of the secondary inlet pressure on the secondary mass-flow rate 
for different primary inlet pressure. The outlet pressure of the ejector is 1.2 bar 
and the nozzle exit position is 0 mm. 
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5.3. Effect of outlet pressure 

Fig. 15 shows the effect of the outlet pressure of the ejector on the 
secondary mass-flow rate for different secondary inlet pressures. The 
nozzle exit position is 0 mm and the primary inlet pressure is 80 bar, 
which leads to a constant mass-flow rate of the primary flow. Therefore, 
the variation of the secondary mass-flow rate reflects that of the 
entrainment ratio. It can be seen that the secondary mass-flow rate in-
creases at lower outlet pressure and it tends to become constant as the 
outlet pressure is lower than a critical value. As the decrease of the 
ejector outlet pressure, the ejector working mode gradually changes 
from subcritical mode (single choked) to critical mode (double 
chocked). The critical value of the outlet pressure increases with 
increasing secondary inlet pressure, as shown in Fig. 15. When the 
ejector operates at the subcritical mode, the pressure at the cross section 
of the hypothetical throat decreases with the reduction of the outlet 
pressure, which results in an increase of the secondary mass-flow rate. It 
is worth noting that the ejector is in the subcritical mode at the designed 
operating parameters due to the manufactured defect. As the outlet 
pressure reaches its critical value (see the cases of secondary pressures at 
0.8 bar and 0.9 bar), the secondary flow gets choked and the secondary 
mass-flow rate is only a function of the secondary inlet pressure. It is 
indicated that the choking flow of ejector is not only affected by the 
outlet pressure, but also determined by the ejector inlet conditions. 

5.4. Effect of nozzle exit position 

Fig. 16 shows the effect of the nozzle exit position on the secondary 
mass-flow rate. The primary inlet pressure and the outlet pressure of the 
ejector are 80 and 1.2 bar, respectively. 

The primary mass-flow rate is 392 mg s− 1, independent of the nozzle 
exit position and the secondary inlet pressure. It is a function of the 
primary inlet pressure and the nozzle size only. The secondary mass- 
flow rate is determined by the secondary inlet pressure, the hypotheti-
cal throat size of the secondary flow, and the pressure at the cross section 
of the hypothetical throat. The hypothetical throat size is affected both 
by the size of the primary-flow core and the cross section of the suction- 
chamber where the hypothetical throat is located (see Fig. 2). The sec-
ondary mass-flow rate increases with increasing secondary inlet pres-
sure as shown in Fig. 10. Furthermore, it increases as the nozzle exit 
position shifts from − 5 to − 2 mm. With the nozzle exit position shifting 
from − 5 to − 2 mm, the cross section of the suction-chamber decreases, 
and thus the increase in the secondary mass-flow rate is caused by the 
smaller size of the primary-flow core and/or the pressure at the cross- 
section of the hypothetical throat. As the nozzle exit position shifts 
further from − 2 to 0 mm, the way in which the nozzle exit position 
affects the secondary mass-flow rate depends on the secondary inlet 
pressure. That is because the secondary inlet pressure determines how 
the hypothetical throat size and the pressure at the cross-section of the 
hypothetical throat change with the nozzle exit position. 

6. Conclusions 

A miniature ejector with a nozzle throat diameter of 162 μm was 
manufactured by means of 3D printing, mechanical machining and 
electrical discharge machining. The geometry of the ejector was deter-
mined using XCT. Its performance operating with nitrogen gas was 
investigated experimentally. The primary mass-flow rate was mainly 
determined by the primary pressure, whereas the secondary mass-flow 
rate was affected by the primary pressure, the secondary pressure, the 
outlet pressure and the nozzle exit position. The secondary mass-flow 
rate increases with increasing primary inlet pressure, increasing sec-
ondary inlet pressure and reducing outlet pressure within certain ranges. 
Beyond these ranges, the secondary mass-flow rate reduces instead of 
increases. The secondary mass-flow rate is also affected by the nozzle 
exit position and the optimum position depends on the operating 

pressures. The primary mass-flow rate can be well predicted by using the 
SST k-ω turbulence model, whereas the secondary mass-flow rate is 
systematically over-predicted due to the nonaxisymmetry of the irreg-
ular structure that is not considered in the model. 
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