
Abstract— The nozzle design is one of the most important 
issues because it determines the pressure range and the other 
dimensions to guarantee an adequate performance of a jet_pump. 
An incorrect design of this part can cause shock waves and 
unnecessary overexpansion of the power fluid. The nozzle’s main 
purpose is to allow the high-pressure, low-velocity primary fluid 
to be accelerated in such a way as to substantially decrease the 
fluid pressure while increasing its velocity. This is achieved 
because the subsonic flow accelerates when entering the 
convergent part of the nozzle, obtaining a sonic or supersonic flow 
at the nozzle throat that accelerates even more when entering the 
divergent part of the nozzle. Therefore, to achieve the highest 
possible nozzle discharge velocity, the nozzle must be able to 
change the flow conditions from subsonic to supersonic. 
Considering the high importance of the nozzle design in the 
jet_pump performance, five cases are simulated in the present 
work, where the ratio of nozzle inlet to nozzle throat areas is 
modified (10,15,20,25 y 30), to study the behavior of three 
performance parameters, namely, drag coefficient (Cd), pressure 
ratio (PR) and Energy Efficiency (η), as well as the Mach number 
(Ma) and velocity fields. 

Index Terms— Computational Fluid Dynamics, Jet pump 
performance, Area ratio, Drag coefficient, Pressure ratio, Energy 
efficiency. 

I. INTRODUCTION
HE  jet pumps operate under Bernoulli's

principle where a high-pressure primary fluid 
undergoes a Venturi effect when it goes through a 
convergent-divergent nozzle, originating a suction of 
secondary fluid. In the present work, the k-ε 
turbulence model is used for the calculations, in 
which the turbulent viscosity is considered, as can be 
observed in Section B of Methodology. 
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Jet pumps have advantages such as their 
simplicity of construction, high reliability, geometric 
simplicity, small size, low cost of maintenance and 
acquisition, and wide range of operation. In a jet 
jump, the primary fluid enters the nozzle inlet at high 
pressure and low speed and then accelerates as it 
passes through the throat of the nozzle, reducing its 
pressure, thus generating a vacuum that allows the 
suction of another fluid called secondary.  

In Fig. 1, the parts, geometry and basic operation 
of a jet pump are shown. According to [1]; when the 
fluid reaches sonic velocity at the nozzle throat (Pg 
in Fig1), supersonic velocity can be achieved at the 
outlet (P2) as long as the area ratio between the inlet 
and the nozzle throat is the adequate one, which leads 
to a higher pressure drop and, consequently, to a 
higher drag coefficient for the secondary fluid. 

Fig. 1. Operation of a jet pump 

The mixing zone in a jet pump was experimentally 
observed in [2] using an optical method, which 
allows precise observation of the mixing of two high-
velocity flows combining Rayleigh scattering 
analysis, laser-induced fluorescence, and image 
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processing. In recent times, the entrainment and 
mixing phenomena of fluids in jet pumps were 
analyzed by [3] using computational fluid dynamics 
(CFD), concluding that the position of the nozzle 
outlet has a great influence on the critical 
backpressure and on the drag, coefficient produced 
by the device. 
The position of the nozzle and its geometry also have 
a great influence on these phenomena, as 
demonstrated by [4], [5] using CFD; the maximum 
drag coefficient obtained in these works was 0.5. On 
the other hand, [6] performed CFD simulations for 
the transport of particulate matter in jet pumps using 
a Eulerian-LaGrange approach, where various fluid 
densities were considered, and the mass flow rate and 
fluid flow velocity from the dispersed phase to the 
nozzle outlet. 
The most important contribution of [7] was the study 
on the blocking condition conditions of jet pumps 
through a methodology that predicts the pressure loss 
of the fluid in overexpanded and underexpanded 
using CFD simulations; It was concluded that an 
adequate control of the primary pressure and the 
nozzle throat area can avoid the undesirable blockage 
condition. 
One of the most important applications of jet_pumps 
is for refrigeration and air conditioning systems. For 
example, [8] used ANSYS Fluent to simulate fluid 
flow in a variable area jet pump for refrigeration 
systems and compared its performance to a 
conventional constant area jet_pump, noting a 40% 
pressure ratio increase. On the other hand, [9] studied 
the influence of the throat and divergent length of a 
refrigeration jet pump on its performance using 
ANSYS Fluent, obtaining optimum values of 0.338 
m and 0.844 m, respectively, for suction or 
secondary pressure of -100.288 kPa. [10] developed 
an optimization model for the jet pump efficiency in 
terms of the ratio between the area of the constant 
section of the mixing chamber and the nozzle throat 
area, whereas [11] carried out an experimental study 
about the influence of the throat area of the primary 
nozzle on the jet pump performance in an ejector 
cooler R141b. Another author [12] found that the 
change in the length of the constant section of the 
diffuser in jet pumps used for cooling does not have 
a relevant influence on the drag coefficient, but it 
does on the increase in the back pressure of the 
mixture. 

The efficiency of the jet pump depends on its 
geometry, and several works have focused on 
parametric analyzes and optimizations of the 
geometry of the jet pump. For example, [13] 
developed a geometric optimization of a jet pump 
using CFD software, where the k-ε turbulence model 
was used due to its ability to accurately predict jet 
pump performance parameters, such as the ratio of 
pressure, drag coefficient, and energy efficiency, 
without involving a high computational cost. 
An increase of the jet pump performance from 29% 
to 33% was achieved, with a consequent reduction of 
the energy consumption of 20%. Similarly,[14] used 
the k-ε turbulence model to study the influence of 
some transient phenomena on the jet pump 
performance, finding that some vortical structures 
separated from the secondary flow can bring about 
the reduction of the drag coefficient. Four different 
turbulence models (k-ε realizable, k-ε standard, RSM 
y SST) were used by [15] to estimate the optimal area 
ratio to maximize the energy efficiency, obtaining an 
optimum value of 4.61 with a corresponding 
maximum efficiency of 38.46%. On the other hand, 
[16] estimated the appropriate values of the constants
of the standard model of turbulence K-ε for a jet fuel
pump. As can be seen, the k-ε model is widely used
in fluid dynamic simulations of jet pumps, and this is
also used in this work.
Orozco, 2022 [6], co-author of this work, developed
a one-dimensional analytical model to obtain the
most suitable dimensions and geometry of a jet pump
for vacuum distillation applications of ethanol,
which allows finding the ideal throat diameter of the
nozzle, among other parameters, to generate a
vacuum pressure of 8 kPa in the secondary port for
the distillation of ethanol at room temperature. This
model was compared with the CFD simulations in
[12], obtaining similar results for the coincidence
number, the fluid pressure and the fluid velocity in
the longitudinal direction of the jet pump, although
with important differences in some local variables. In
said work [12], the influence of the combination of
the inlet pressure and the position of the main nozzle
on the performance of the jet pump was also studied.
The optimization of some non-dimensional
geometrical parameters of the jet pump to pressure
ratio, maximize the drag coefficient, and energy
efficiency was performed in [6], identifying the ratio
of the nozzle inlet area to the nozzle throat area,
which is the parameter considered in the present
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work, as the most influential parameter. Bearing this 
in mind, this work is devoted to developing a 
parametric study about the influence of the area ratio 
(AR) on the performance of jet pumps (as quantified 
by the drag coefficient, pressure ratio, and energy 
efficiency) for vacuum distillation applications. The 
influence of this important non-dimensional 
parameter (AR) on the Mach number contours and 
profiles, as well as in the velocity vector field, is 
analyzed too. 
The performance parameters considered here have 
been previously used in published literature [2]; [3]; 
[4]; [5] and can be defined as follows: 
Drag coefficient: this parameter is extensively used 
to account for the jet pump performance. It is defined 
as the ratio of the mass flow rate at the secondary 
port, ms, to the mass flow rate at the primary one, 
mp, as given by (1). 

 s
d

p

mC
m

=
                                                        (1) 

Pressure ratio: this parameter accounts for the 
pressure recovery from the secondary (suction) to the 
outlet (discharge) port (Pd-Ps) concerning the global 
pressure gradient between the primary (inlet) and 
outlet (discharge) port (Pp-Pd), as shown in (2). 
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Energy efficiency: It can be defined as the ratio of 
the power delivered to the secondary (suction) fluid 
to the power lost by the primary (inlet) fluid. In 
incompressible fluids, energy efficiency can be 
obtained as the product of the drag coefficient (Cd) 
and the pressure ratio (PR) [6]. Since a compressible, 
ideal gas is considered here, this simplification is not 
valid and the (3) shall be used instead: 

( )  
( )

s d s

p p d
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m e e


−

=
−                     (3) 

Where:  
ed: Specific energy at the outlet or discharge port, 
es: Specific energy at the secondary or suction port, 
ep: Specific energy at the primary or inlet port. 
 

II. METHODOLOGY 
The numerical methodology used here was 

previously implemented and validated with 
experiments in [12], and the principal features of this 

methodology are summarized hereunder. 

A. Computational domain and mesh        
The computational space is as appeared in Fig. 2a 

and Fig. 2b, where it can be noticed that a half 
geometry of the jet pump is considered; the principal 
measures are presented, with a changeable inlet 
diameter to modify the area ratio (AR). 

 

 
Fig. 2. a) 3D model of jet pump, b) Principal 
dimensions of the jet pump [12] 

 
Linear tetrahedral (Tet4) and wedge (Wed6) 
elements are used to mesh the computational 
domain. The definitive mesh size is determined by 
means of a mesh-dependency analysis, deeming the 
three performance parameters of the present work, 
namely, drag coefficient (Cd), pressure ratio (PR), 
and energy efficiency (η). A global size for the whole 
physic domain is considered, with local mesh 
improvement in the nozzle walls employing 
elements two times smaller than the global size and 
an inflation operation with a transition ratio of 0.6 
and a growth rate of 1.1. The variation of Cd, PR, and 
η, as well as of the computational time, with the 
number of nodes can be observed in Fig. 3, where 
meshes with different global sizes are taken into 
account: 1 mm global (51141 nodes), 0.8 mm global 
(81348 nodes), 0.6 mm global (147504 nodes), 0.4 
mm global (360110 nodes), 0.3 mm global (652693 
nodes) and 0.2 mm global (1585785 nodes). In the 
present work, a global mesh size of 0.4 mm was 
selected (see filled markers in Fig. 3). Finer meshes 
lead to an important rise in the computational time 
with insignificant changes in the performance 
parameters (Cd, PR, and η). For instance, variation 
of these parameters when global mesh size changes 
from 0.4 mm to 0.3 mm are 0.4%, 1.0%, and 1.1%, 
respectively, with an increasing in the computational 
time of 110%. The final mesh used in the present 
work is shown in Fig. 4. 
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Fig. 3. Results of mesh-dependency analysis and 

computation time. 
 

 
Fig. 4. Definitive mesh (0.4 mm global size). a) 

General view, b) Detail view of inflation 
 
The mesh-dependency analysis is complemented 

using the Grid Converge Index (GCI) technique [17], 
[18]; which is based on the Richardson extrapolation 
and allows quantifying the convergence level of the 
numerical solution. For the six mesh-sizes 
represented in Fig. 3, the refinement constant 
between two consecutive meshes, 𝑐𝑟𝑒𝑓 , is computed 
considering the global mesh-size, whereas a constant 
safety factor of 𝐹𝑠 = 1.25 is deemed. In the GCI 
technique, for any three consecutive meshes, 
represented as u,v,w from the coarser to the finer one, 
the Grid Convergence Index for the intermediate 
mesh (v) can be computed as follows [18]: 

 
𝐺𝐶𝐼𝑣 =

𝐺𝐶𝐼𝑢𝑣

𝑐𝑟𝑒𝑓
𝑝.𝐺𝐶𝐼𝑣𝑤

                                                (4) 

 
Where 𝐺𝐶𝐼𝑢𝑣, 𝐺𝐶𝐼𝑣𝑤 and 𝑝 represent the Grid 

Convergence Index between meshes u and v, Grid 
Convergence Index between meshes v and w, and the 
convergence order, as defined by: 

 

𝐺𝐶𝐼𝑢𝑣 =
𝐹𝑠.

(𝑓𝑢−𝑓𝑣)

𝑓𝑣

𝑐𝑟𝑒𝑓
𝑝−1

                                                (5) 

𝐺𝐶𝐼𝑣𝑤 =
𝐹𝑠.

(𝑓𝑣−𝑓𝑤)

𝑓𝑤

𝑐𝑟𝑒𝑓
𝑝−1

                                               (6) 

𝑝 =
𝑙𝑛(

𝑓𝑢−𝑓𝑣
𝑓𝑣−𝑓𝑤

)

𝑙𝑛(𝑐𝑟𝑒𝑓)
                                                    (7) 

 
With 𝑓𝑢, 𝑓𝑣 and 𝑓𝑤 as the convergence parameters 

(Cd, PR and η) for the course, medium and fine mesh, 
respectively. The numerical solution is within the 
asymptotic range of convergence when 𝐺𝐶𝐼𝑣 is close 
to 1. Fig. 5 represents the change of Grid 
Convergence Index (GCI) for the meshes 2 to 5. 

 
Where it can be confirmed that the global mesh 

size of 0.4 mm is suitable in the present work since 
the Grid convergence Index (GCI) is very close to 1 
for all convergence parameters (Cd, PR and η). 

 

 
Fig. 5. Grid Convergence Index (GCI) for the 

convergence parameters (Cd, PR and η) 
 

     The histogram of skewness of the mesh elements 
is shown in Fig. 6. According to [6], skewness of 
excellent quality elements ranges between 0 and 
0.25, good quality elements between 0.25 and 0.50, 
and moderate-quality elements between 0.50 and 
0.75. As can be appreciated in Fig. 6, most of the 
elements lie in those ranges, denoting an acceptable 
mesh quality. 

 

 
Fig. 6. Histogram of skewness of mesh elements. 
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B. Computational setup         
As formerly mentioned, ANSYS Fluent is used here 
to carry out the CFD simulations of the jet pump. 
Therefore, the finite volume method is implemented 
and seven governing equations are solved for each 
control volume (mass, momentum in x, y, and z, 
energy, and two turbulence equations). According to 
previous works [6], [12], the k-ε turbulence model is 
very suitable for fluid flow simulations in jet pumps, 
and this is the model deemed here. Accordingly, two 
conservation equations are solved                                                         
for the turbulence modeling:  
Conservation equation (8) for the turbulent kinetic 
energy, κ:                                                                                       

( ) ( ) ( ) ( )t
i

i j k j

k b M K

k ku k
t x x x

G G Y S
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+ − − +             (8) 
 
Conservation equation (9) for the turbulent 

dissipation  
rate,  ε:             
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Where the turbulent viscosity is calculated as 
follows 

2

t
ku C 


=
 

In the present work, fluid is air, which is governed by 
the ideal gas law and has the properties presented in 
Table 1. The activation of the compressibility 
correction of ANSYS Fluent is convenient here 
because the fluid is compressible and flow can be 
supersonic in some zones of the domain; this allows 
considering the contribution of fluctuating dilatation 
to the overall dissipation rate, YM. The parameters 
of the k-ε turbulence model used here are shown in 
Table 2. 
 

TABLE 1 
STROUHAL NUMBER FOR DIFFERENT GEOMETRIC 

CASES 
Property Value and units 
Specific Heat (Cp) 1006.43 J/kg. 
Thermal 
conductivity (K) 

0.0242 W/my 

Dynamic viscosity 
(μ) 

1.79E-05 gums 

Molecular Weight 
(Mw) 

28.96  g/mol 

 
 
 

TABLE 2 
CONSTANTS OF THE K-Ε TURBULENCE MODEL 

Symbol Value 
Ch 0.09 
C1ε 1.44 
C2ε 1.92 
σκ 1.0 
σε 1.3 
Prt 0.85 

 
Following a recently published work [15], the 
Enhanced Wall Treatment method is considered to 
relate the solution variables in cells adjacent to walls 
with the corresponding variables of the walls. To 
guarantee the location of the first cell in the log-layer, 
it is recommended to keep the dimensionless wall 
distance of this cell, y+, between 30 and 300. For the 
inflation mesh represented in Fig. 4, y+ for the first 
cell ranges between 62 and 85 in all simulations 
considered here, complying this; additionally, the 
inflation controls (growth rate, transition ratio and 
number of layers) allow a smooth transition between 
the wedge inflation mesh and the tetrahedral one.   
In addition to the classical convergence monitors 
used in this kind of problem (continuity, velocity in 
x, y, and z, energy, turbulent kinetic energy, and 
turbulent dissipation rate), the three performance 
parameters considered here (Cd, PR, η) are 
monitored during the simulation as well, specifying 
permissible residuals of 1x10-6 as convergence 
criteria. 
The initialization of the numerical solution is done 
with a hybrid scheme with 20 iterations and the 
default turbulence parameters. The principal 
characteristics of the solver are shown in Table 3. 

 
TABLE 3 

PRINCIPAL CHARACTERISTICS OF THE SOLVER 
Characteristic of the 
solver 

Option 

Solution scheme Coupled pressure-
velocity 
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Spatial discretization 
method

Second Order Upwind 
Gradient calculation 
method

Least-squares based 
on cellsRelaxation factor for 

pressure
0.5 

Relaxation factor for 
momentum 

0.5 

Relaxation factor for 
density

1 
Relaxation factor for 
body 
forces

1 
Relaxation factor for 
turbulent 
kinetic energy

0.75 

Relaxation factor for 
turbulent dissipation 
rate

1 

Relaxation factor for 
energy 

0.75 

C. Boundary conditions
The boundary conditions of this problem are shown 
in Table 4, where the boundary region, condition 
type, value, and characteristics are identified. The 
boundary regions are shown in Fig. 7. 

TABLE 4 
SUMMARY OF THE BOUNDARY CONDITIONS 

Boundary 
Region 

Conditio
n Type 

Value/Characteristics 

Primary 
port 

Gauge 
pressure 

55 kPa @298 K, Pressure 
at laboratory scale. 
Manometer Features: 
Pressure Transducer 
Sensor 1/4 inch, 5V, 0 – 
1200 kPa, at the 
compressor outlet. 

Prevent Reverse Flow is 
activated in the inlet 
boundary condition. 

Secondary 
port 

Absolute 
pressure 

8 kPa @295 K Pressure 
for azeotropic distillation 
of ethanol at ambient 
temperature Prevent 
Reverse Flow is activated 

Outlet 
port 

Initial 
gauge 
pressure 

4.5 kPa This pressure 
continuously changes as 
the simulation is 
executed. 

Longitudi
nal plane 

Symmetr
y 
condition 

Non-flux, zero shear 
stress 

External 
walls 

Wall 
condition 

No penetration, no-slip, 
stationary 

Internal 
walls 

Wall 
condition 

No penetration, no-slip, 
stationary 

Fig. 7. Boundary conditions of the jet pump 

III. SIMULATION RESULTS

Fig. 1 shows the ideal operation of a jet pump. 
According to [2] and [13], when the driving fluid 
reaches sonic speed in the nozzle throat (point 1), 
supersonic speed will be obtained at the nozzle outlet 
(point 2), as long as suitable area ratios between inlet, 
throat, and outlet of the nozzle are present; in such a 
case, the greatest pressure drop will be obtained in 
ideal working conditions, as well as the highest drag 
coefficient, Cd, is this the best-operating conditions 
for the pump. Similarly, Fig. 1 shows the primary and 
secondary fluids involved in the process and their 
behavior throughout the device. 

In the present work, it is studied the influence of AR 
on the drag coefficient (Cd), pressure ratio (PR), 
Energy Efficiency (η), and maximum Mach number 
(Ma, max). In Table 5, the change of these 
parameters with the area ratio (AR) can be observed, 
with Cd, PR, and Ma, max as the sensitive 
parameters to the change of AR, whereas the energy 
efficiency (η) is not significantly affected for these 
particular geometric and operating conditions. 
Parameters Cd and PR continuously increase with 
AR, whereas the variation of Ma, max with AR is 
non-monotonic. Since larger values of performance 
parameters Cd and PR are obtained for the larger area 
ratio (AR=30), it can be inferred that the best 
performance of the jet pump occurs for such a ratio; 
despite the maximum Mach number, Ma, max, is not 
the greatest for such ratio (AR=30), it is larger than 
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1 (supersonic flow after nozzle outlet), which is by 
the normal working of the jet pump (see Fig. 1). 
 

 
TABLE 5 

 SUMMARY OF THE BOUNDARY CONDITIONS 
CASE  
STUDI

ES 

AR Cd PR η Ma, 
max 

1 10 0.22
1 

0.02
2 

0.22
4 

5.075e
+00 

2 15 0.23
8 

0.03
3 

0.23
0 

4.818e
+00 

3 20 0.24
5 

0.03
9 

0.23
5 

4.721e
+00 

4 25 0.24
8 

0.05
2 

0.24
0 

4.903e
+00 

5 30 0.25
0 

0.05
8 

0.23
3 

4.538e
+00 

 
 

Figs 8, 9, and 10 represent the Mach number 
contours, Mach number profiles along with the 
longitudinal directions, and field of velocity vectors 
for all cases of AR considered, respectively. As can 
be observed in Figs. 8 and 9, several peaks of Mach 
numbers can be appreciated in the mixing chamber, 
before the fluid flow enters the diffuser throat. This 
behavior of Ma takes place because, in this chamber, 
the mixing between primary and secondary fluids is 
not homogenized; in general, a suitable 
homogenization is obtained once the fluid flow 
passes through the diffuser throat [12], as can be 
confirmed in fig. 9 for all cases. The sharp reduction 
of Ma in those peaks is associated with the formation 
of shock waves. In all cases considered here, despite 
the abrupt reduction of Ma, especially in the peaks of 
the first, fluid flow remains supersonic just after the 
peak (Ma>1), as can be seen in Figs. 8 and 9, which 
allows inferring that shock waves are oblique [27]. 
This statement can be confirmed in Fig. 9, where it 
can be noticed that in the longitudinal positions 
corresponding to the peaks of Ma, notorious changes 
in the direction of velocity vectors can be 
appreciated, which is proper of the oblique shock 
waves [12]. 

 

 
Fig. 8. Mach number contours for all cases of AR. 

a) AR=10, b) AR=15, c) AR=20, d) AR=25, e) 
AR=30. 

 
Fig. 9. Mach number profile along the longitudinal 
direction for all cases of AR. a) AR=10, b) AR=15, 

c) AR=20, d) AR=25, e) AR=30. 
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Fig. 10. Field of velocity vectors for all cases of 

AR.a) AR=10, b) AR=15, c) AR=20, d) AR=25, e) 
AR=30. 

IV. CONCLUSIONS  
Computational Fluid Dynamics (CFD) was used in 

the present work to study the influence of the ratio of 
the inlet to nozzle throat areas (AR) on the 
performance of a jet pump used for vacuum 
distillation of ethanol. Results show that drag 
coefficient (Cd), pressure ratio (PR), and maximum 
Mach number (Ma, max) are influenced by AR, 
whereas the energy efficiency (η) is not considerably 
affected for these particular geometric and operating 
conditions. The best performance of the jet pump is 
achieved for the maximum ratio, AR=30.  

Additionally, results of Mach number contours, 
Mach number profiles along with the longitudinal 
directions, and field of velocity vectors allow 
inferring the arising of oblique shock waves in the 
mixing chamber where primary and secondary fluids 
are not fully homogenized. This is present for all 
values of AR, bringing about a change in the 
direction of velocity vectors; however, the fluid flow 
remains supersonic from the nozzle outlet to the 
diffuser outlet, which is beneficial for the jet pump 
performance.                                                                                     

The application of CFD in the study of the jet pump 
allowed identifying the fluid flow behavior and 
quantifying the jet pump performance in terms of Cd, 
PR, and η, demonstrating the importance of using 
CFD in the design and/or evaluation of jet pumps. 
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