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Abstract: A jet pump operates under the Venturi effect, where a fluid enters through a primary nozzle and, when passing through 
a convergent-divergent nozzle, it reaches supersonic conditions, originating a vacuum pressure in a secondary fluid. Fluid-dynamics 
simulations of jet pumps are performed here using standard k- turbulence model. Numerical results are compared to those 
obtained with an analytical model previously developed, concluding that both approaches predict a similar behavior of Match 
number, fluid pressure and fluid velocity. A parametric study is done to determine the influence of inlet pressure and primary 
nozzle position in jet pump performance, Mach number field and total pressure profile. Both parameters have an important 
influence in those variables, but this is not monotonic in all cases. 

Keywords: Computational Fluid Dynamics, Analytical flow modeling, Inlet pressure, Primary nozzle position, Jet jump performance. 

 

1. Introduction 

A jet pump is a type of pump that operates under the principle of a high-pressure fluid jet and the Venturi effect that is generated 
in it. Some advantages of jet pumps are simplicity of construction, high reliability, low cost and wide range of operating conditions. 
The Venturi effect occurs when a fluid passes through a convergent-divergent nozzle, undergoing subsonic and supersonic 
conditions. In jet pumps, the motive or primary fluid enters the nozzle at high pressure and low speed, and, when arrives to 
convergent part of the nozzle, it accelerates, increasing velocity and reducing pressure; this in turns generates a suction or vacuum 
in another fluid originally at rest. The geometry, basic operation and main parts of a jet pump are illustrated in (Fig.1a), where the 
behavior of the fluid pressure and speed along the jet pump is observed. According to [1,2], when the motive fluid reaches sonic 
velocity at the nozzle throat (P1), a supersonic speed is achieved at the nozzle outlet (P2), as long as the ratio of areas is suitable; 
this leads to an important pressure drop and therefore, to a high drag coefficient , w. It is important to mention that w is defined as 
the ratio between the mass flow rate of the secondary fluid and the mass flow rate of the primary one. The mixing process in a jet 
pump is not simple, as experimentally verified by an optical method [3]. This method allowed precise visualization of two high-
speed flows inside the jet pump, by associating Rayleigh scattering, laser induced fluorescence and image processing. Recently, 
using computational fluid dynamics (CFD), processes of dragging and mixing of fluids in jet pumps were analyzed, concluding that 
the position of nozzle outlet affects the critical back pressure and the drag ratio [4]. Geometrical parameters are critical for an 
appropriate design of jet pumps. In this sense, several authors [5,6] have carried out CFD simulations changing the geometry of the 
primary nozzle in order to study its influence in the drag coefficient, w, obtaining some geometries where w exceeds 0.5. On the 
other hand, CFD simulations were conducted in [7] for the transport of solid particles in a jet pump, using the Lagrangian-Eulerian 
approach; these authors used different flow densities and obtained the mass flow rate of solid particles at the pump outlet, as well 
as the maximum fluid flow velocity, which was found three times less than the motive fluid velocity. Additionally, it was proposed 
a methodology that predicts the conditions of pressure drooping of the motive fluid, for both over-expanded and under-expanded 
fluid flow conditions [8]. Several fluid dynamics simulations were performed using CFD software [8], concluding that regulation of 
the driving pressure and controlled modifications in the nozzle throat can prevent the onset of a blockage condition in the jet pump. 

One of the most important applications of the jet pump is the cooling systems; therefore, a lot of work has been focused on this 
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issue. For example, ANSYS FLUENTTM was used to simulate the flow in a variable-area ejector and compare its operating efficiency 
with a conventional constant-area ejector, concluding that the pressure-rise ratio increased up to 40% [9]. On the other hand, the 
performance of a jet pump for refrigeration, in terms of  the diffuser throat and diffuser divergent lengths, was analyzed by means 
of ANSYS FluentTM  in [10], obtaining optimal values for these lengths of 0.3376 m and 0.844 m, respectively, for a vacuum gauge 
pressure of -100.288 kPa. Other authors [11] presented a model of a jet pump to determine the design area ratio (defined as the ratio 
of the area of constant section of the suction chamber to the area of the nozzle throat) that optimizes the jet pump performance in 
a refrigeration system. Moreover, an experimental study about the influence of the primary nozzle geometry on the performance 
of the jet pump in R141b ejector refrigerators was conducted by [12]. Other authors have found that the change in the length of the 
constant section of the diffuser influences the performance of the jet pump. For example, some authors [13]found that, even though 
this change in length does not significantly influence the drag coefficient, it affects the back pressure of the mixture, causing its 
increase. Considering that the jet pump efficiency significantly depends on its geometry, some researches has conducted parametric 
studies about this aspect. For example, some authors [14]performed geometrical optimizations of a jet pump by means of CFD 
software, achieving an improvement in pump performance from 29% to 33%, with a consequent reduction in energy consumption 
of 20%. The k- turbulence model was used in that work. That model is suitable for fluid flow simulations in jet pumps because is 
able to predict parameters of overall pump performance, such as the drag coefficient and pressure-rise ratios. Similarly, the 
influence of some transient phenomena on the jet pump performance using the k- model was studied in  [15], finding that eddy 
flows arising in the secondary fluid near the wall can cause the reduction of the drag coefficient. Using four different turbulence 
models (k- standard, k- realizable, RSM and SST), CFD simulations were conducted in ANSYS FluentTM [16] in order to determine 
how the scaling increase and reduction affects the energy efficiency of the pump, finding a maximum efficiency of 38.46% for an 
optimum design area ratio of 4.61. Similarly to the present work, the influence of several geometrical parameters (jet pump area 
ratio, nozzle position and length of mixing chamber) on the jet pump performance was studied in [16]; the parameter to assess the 
pump performance in that work was the energy efficiency, as defined by the multiplication of the mass flow ratio and pressure 
ratio, whereas, in the present work, three output parameters are considered: drag coefficient (w), ratio between inlet and nozzle 
throat pressure (Pp/Pg), and nozzle throat velocity (Vg). This three-parameter based analysis allows discriminating several 
phenomena involved in the jet pump performance, as shown later. 

ANSYS FluentTM was used by [17] to study the influence of scaling and size of roughness on the jet pump performance, finding 
that energy efficiency considerably increases up to a determined scale size when absolute roughness is constant, whereas it can be 
considered independent of scaling at constant relative roughness. Differently to the present work, the transition k- STT model 
was selected in the referred work [17]on the basis of preliminary experimental tests of a full-scale water pump. Up-scaling and 
down-scaling of the jet pump were implemented by the authors, but, contrarily to the present work, the relative positions between 
the parts comprising the jet pump was kept constant in all cases. On the other hand, a numerical two-phase analysis of a jet pump 
with saturated steam was performed in [18] using the eulerian two-phase model of ANSYS FluentTM and a direct-contact 
condensation model. Two parameters were considered to account for the pump performance: mass ratio (drag coefficient), which 
is considered in the present work as well, and suction lift, defined as the theoretical depth from which the pump is able to suck the 
fluid under certain operating condition. Input parameters in that work were the primary nozzle pressure and suction nozzle 
pressure, finding an increase of the mass ratio and a decrease of the suction lift when increasing both input parameters. A unique 
geometry was considered in that work [18] and numerical results were validated with experiments in a real-scale prototype. In the 
present work, primary pressure is considered as an input parameter as well, but the suction nozzle pressure is fixed at a certain 
value to allow the ethanol distillation (8 kPa). Additionally, distance between primary and secondary nozzle is modified here in 
order to study its influence on the pump performance. 

In [19], a newly designed jet pump was compared with two existing classical designs in terms of three performance parameters: 
mass flow ratio (drag coefficient), pressure ratio (quotient between the subtraction of discharge and suction pressures and the 
subtraction of drive nozzle and discharge pressures) and efficiency (multiplication of the former two parameters). The RNG k ε−  
model with scalable wall functions for near wall treatment of ANSYS CFXTM was used for fluid-dynamics simulations, obtaining a 
better global performance for the new design. Three different cases were considered in the mentioned work [19] changing the inlet 
mass flow rate and keeping constant the remaining boundary conditions; then, for one of these cases, an erosion analysis was 
carried out combining a particle-tracking model for trajectory of sand particles and the Finnie´s model for erosion prediction. In the 
present work, the parametric analysis developed comprises 18 working cases and considers a pressure type condition at the primary 
nozzle. A comparison between four different turbulence models commonly used in fluid-dynamics simulations of jet jumps, namely, 
standard k- , realizable kε - , εK-  ωSTT and RMS, was carried out in [20], finding that, according to experimental tests, the K-ω STT was 
the most suitable model for the working conditions considered there. One of the most important contributions of that work was 
the development of a method to estimate the location and shape of the shock-mixing layer; this allowed approximating the point 
along the pump length where the secondary and primary fluid fully mix each other. On the other hand, some authors [21] carried 
out a flow analysis of a fuel ejector pump using CFD, in order to systematically determine the appropriate values of constants of 
the standard K-  turbulence model. Considering that the ε standard k-  turbulence model is widely employed iε n fluid dynamic 
simulations of jet pumps, this is used in the present work. 

In 2013, William Orozco [22,24], co-author of the present work, developed a unidirectional analytical model to obtain the 
optimum geometry and dimensions of a jet pump used in vacuum distillation of ethanol; this distillation consists of lowering the 
pressure and the temperature at which ethanol azeotropically distills, that is, using pressures below 101.3 kPa and temperatures 
below 78.6 °C, ethanol azeotrope can break and distillation can occur to obtain mix- purities higher than 95/5% ethanol / water [23]. 
Fig.1b shows the industrial scheme of the use of a vacuum pump (jet pump). 

The model developed in [22,24], allows finding, among other parameters, the ideal diameter of the nozzle throat in order to 
generate a vacuum pressure of 8 kPa in the secondary fluid, for certain conditions of pressure and mass flow rate of the primary 
fluid, and keeping constant the drag coefficient in w=0.5. The general behavior of the fluid flow along the jet pump, in terms of the 
pressure and Mach number, as obtained from the previously developed 1D model, can be observed in (Fig.1a). The present work is 
focused on performing CFD simulations of a jet pump used in the vacuum distillation of ethanol, using the standard k-  turbulence ε
model and the classical mass and energy conservation equations, for several purposes. Firstly, to compare the 1D analytical model 
previously developed in [22,24] with three-dimensional CFD simulations to assess whether the simplifications and assumptions of 
the 1D analytical model are pertinent in light of the more realistic, CFD results; it is evaluated the reliability of the more simplistic, 
analytical model to determine the optimum geometry and the field variables behavior of the jet pump. The second purpose of CFD 
simulations is to perform a parametric analysis about the influence of two critical parameters, such as the primary or motive fluid 
pressure (inlet pressure) and the location of the primary nozzle regarding the secondary one, in the pump performance. The pump 
performance is studied in terms of the drag coefficient and the behavior of the match number and total pressure over the fluid 
domain. 
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a) b) 

Fig. 1. a) Scheme of basic parts and field variables behavior of jet pump [22,24] b) Industrial scheme of the use of a vacuum pump (jet pump) [23] 

 

Fig. 2. Main dimensions for the geometric characterization of the jet pump [22]. 

2. Analysis Methodology 

2.1. Unidirectional analytical modeling 

In 2013, Orozco et al. [22,24] developed a 1D analytical model of a jet pump based on classical models for compressible gases, 
taking into account the characteristics of the primary and secondary fluids, as well as the variables involved in the vacuum 
distillation of ethanol. Using Matlab® software and following a methodology shown later, 1D simulations were performed using the 
developed model, finding the jet pump geometry that leads to optimum operating conditions. As a major contribution, results were 
compared with experimental tests previously reported in literature, finding errors lower than 10 %. Accordingly, the formerly 
obtained analytical model is employed here to define the geometric characteristics and determine the fluid flow behavior in a jet 
pump for vacuum distillation applications. The main assumptions of this model, as well as the literature that supports them, are 
summarized below: 
 The pressure of both fluids (primary and secondary) at the mixing zone is the same; the best operating condition of the jet 

pumps is reached for that situation  [25].  

 Flow can be considered stationary and one-dimensional, since the primary and secondary fluid come from large containers 
[26].  

 Fluid is adiabatic, since the pump can be considered thermally insulated [27].  
 Wall shear stresses can be neglected in short Venturi tubes [28].  
 Fluid in the pump behaves as ideal gas, since the air temperature is maintained in the range between 277.85 K and 558.65 K 

[28].  
 Fluid is isentropic, because it traverses short sections in the convergent-divergent ducts, is adiabatic and frictionless [29]. 
 Both fluids are reversible from their respective origin to the zone where mixing takes place, since friction effects are neglected 

due to the short sections of the convergent-divergent ducts [28].  
 Mixing is complete and the speed is supersonic at the inlet of diffuser throat; the best operating condition of the jet pumps is 

reached for that situation  [29].  
 Speed of compressed mixture at the diffuser outlet is negligible compared to the other speeds [29]. 
 The pressure of both fluids at the mixing zone is smaller than the lower flammability limit of ethanol to avoid an explosive 

mixture [30].  
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The geometric optimization of the jet pump is carried out in terms of the variables shown in (Fig. 2), whose meaning is 
mentioned in the nomenclature table at the end of the manuscript. This geometric optimization focuses on obtaining some pump 
dimensions to achieve a drag coefficient of w=0.5. The analytical procedure that allows calculating the optimum dimensions of 
some parts of the jet pump is shown in (Fig. 3a).  Details of this procedure can be found in [22,24].  

Summary of equations corresponding to procedure shown in (Fig. 3a) is presented as follows: 
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On the other hand, the analytical procedure to obtain the fluid flow behavior of the jet pump, once its geometry is defined, is 
presented in (Fig. 3b). This procedure is based on the semi-empirical model of [29]. Details of this procedure can be found in[22,24]. 
Summary of equations corresponding to procedure shown in (Fig. 3b) is presented as follows:  
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2.2. Computational fluid dynamics analysis 

2.2.1. Geometric modeling and material definition 

The modeling of the fluid domain was carried out in the CAD software SolidWorks, considering the geometry and dimensions 
of a jet pump for ethanol distillation previously obtained in [22]. The basic geometry and dimensions of the jet pump can be 
observed in (Fig. 4a and 4b); distance between primary and secondary nozzle, Xp, which is considered variable in the present study, 
is represented in (Fig. 4b). In addition, it can be seen that only half of the fluid domain was modeled considering that the pump is 
symmetric with respect to a longitudinal plane. Regarding some geometric details and their effect on the results, it is important to 
highlight that considering a large number of details may result in a higher computational cost due to the appearance of numerical 
singularities, without significantly improving the accuracy of numerical results. Therefore, geometry shown in (Fig. 4b) obviates 
some constructive details of the jet pump without affecting the numerical analysis. 

 

 

(a) (b) 

Fig. 3. a) Analytical procedure to obtain optimum dimensions of jet pump, b) Procedure to obtain non-dimensional fluid flow variables of the jet 
pump [18]. 
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a) b) 

Fig. 4. a) Symmetry plane of jet pump, b) Basic geometry and dimensions for CFD simulations. 

 

Fig. 5. Mesh size of fluid domain. 

Computational fluid dynamics simulations were carried out in ANSYS Fluent™. It was considered an air domain governed by 
the ideal gas law, whose properties are: specific heat of Cp=1006.43 J/kgK, thermal conductivity of K=0.0242 W/mk, viscosity of 
μ=1.79E-05 kg⁄ms, molecular weight of 28.96 g/mol. In the present work, as in the ones published in [22,24], species transport 
phenomenon is not simulated (ethanol + air + water mixture), but it is considered an air domain where the suction pressure of the 
secondary fluid must be maintained at 8 kPa to permit ethanol distillation. 

2.2.2. Definition and analysis of mesh quality 

The size and quality of the mesh elements must guarantee the convergence and stability of the numerical solution. In this 
particular case, the type of element used for the fluid domain is linear tetrahedral, with three different mesh sizes: 4 mm in the 
nozzle zone and the suction chamber, 4 mm in the mixing section and 6 mm in the diffuser, as can be seen in (Fig. 5).  The total 
number of finite volumes and nodes are 409181 and 80313, respectively. The characteristics of this mesh were obtained after 
performing a convergence analysis, which can be seen in (Fig. 6a), where the L2 relative error norm for the Mach numbers and the 
computation time, in terms of the number of nodes, are reported. In this case, L2 relative error norm is computed as follows: 
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where ���
���  and ���

��� are the Mach number at point “j” of the fluid domain corresponding to two subsequent mesh 

configurations represented by 2 (finer mesh) and 1 (rougher mesh), respectively, whereas m is the number of points used to compute 
��, which, in the present case, are taken as the points of the finer mesh. As can be seen in (Fig. 6a), an increase from the selected 
mesh (80313 nodes) to the immediately superior mesh (145673 nodes) means a variation in the L2 relative error norm of 37.92%, at 
the expense of an increment in the computation time of 172.34%, indicating that this mesh refinement is not practical. 

The mesh quality is evaluated in this work considering the mesh skewness. This mesh quality parameter indicates how similar 
the actual element is to an ideal element; in this case, an ideal element is an equilateral tetrahedron. Skewness of zero indicates 
that the element is ideal, while a skewness of one means that all nodes of the element are coplanar (this is known as degenerate 
element). Table 1 shows the elements assessment according to their skewness. For tetrahedral elements, skewness is obtained as: 

( )opt real

opt

V V
Skewness

V

−
=  (26) 

where Vreal is the volume of real element, while Vopt is the optimal volume, defined as the volume of an ideal element with the 
same circumradius to the real element. As can be seen in (Fig. 6b), most of the elements are in the range of excellent to moderate, 
which denotes an acceptable mesh quality that can lead to acceptable interpolation errors. 
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Table 1. Assessment of element quality according to the skewness. 

Skewness Value Element Classification 

0 Ideal 

>0-0.25 Excellent 

0.25-0.5 Good 

0.5-0.75 Moderate 

0.75-0.9 Moderate to bad 

0.9-<1 Bad 

1 Degenerate 
 

 

 

 

 

a) b) 
Fig. 6. a) L2 relative error norm and computation time for CFD mesh, b) Skewness distribution of mesh element. 

2.2.3. Governing equations, reference values and convergence monitors 

Three types of governing equations must be taken into account in the computational simulations of the jet pump: mass 
conservation, momentum conservation (k- turbulence model) and energy conservation. The standard mass conservation equation 
used in ANSYS Fluent™ is as follows: 

* mv S
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δρ
ρ

δ
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�
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where 	, 
⃗ and �
  represent density, velocity vector and a source term to quantify mass transfer between phases (which is 
null in this case), respectively.  On the other hand, the energy equation solved by ANSYS Fluent™ has the following generic form: 
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where E is the total energy, Keff is the effective thermal conductivity (incorporates the turbulent thermal conductivity), hj and �⃗� 
represent the enthalpy and diffusive flux of species (null in this case), �̿��� ∙ 
⃗  is the dissipation viscous term and �� is the source 
term. The above energy equation already contains the coupling between fluid velocity and static temperature, and it is not necessary 
to activate this manually. As mentioned above, the k- turbulence model has been previously used for fluid-dynamic simulations 
of jet pumps  [4][5][7][14,15]. The governing equations of this model are shown below: 
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where k is the turbulent kinetic energy and  is its corresponding dissipation rate, whereas Gk and Gb are generation terms of 
turbulence kinetic energy, the first one associated to the average velocity gradients and the second one, to buoyancy. The velocity 
field is represented by µ�, the density by  and the turbulent viscosity by ��. The latter is calculated using the following equation: 

2

t

k
Cµ ρ µ
ε

=  (31) 

On the other hand, YM represents the contribution of fluctuating dilatation to the overall dissipation rate, while C ε1 , C ε2  and C ε3  
are characteristic constants of the model. Due to the presence of supersonic flows in some zones of the pump, the air 
compressibility can significantly affect the turbulence field variables. For that reason, it should be assured that term YM is present 
during the whole simulation by activating the compressibility correction offered by ANSYS FluentTM [31]. On the other hand, Prandtl 
numbers for k and ε are σk and σε, respectively, while Sk and Sε are source terms. More details about the meaning of these parameters 
can be found in [32,33]. Default values of some parameters are considered in these simulations, that is: C ε1  = 1.44, C ε2  = 1.92, Cμ = 

σ0.09, k σ= 1.0 and ε = 1.3. To relate the solution variables in the cells adjacent to walls with the corresponding variables of the walls, 
ANSYS FluentTM software has several semi-empirical formulae for the average velocity, temperature and turbulent quantities, called 
Wall Functions. For the present simulations, the standard wall functions proposed by Launder and Spanding are selected [34,35]. 
The reference values used in the computation of the derived physical quantities and the dimensionless coefficients in the 
postprocessing stage are: density of 7 kg/m3; area of 1 m2; enthalpy of 0 J/kg; viscosity of 1.79E-05 kg/ms; length of 1 m; pressure of 
0 Pa; temperature of 288.16 K; velocity 1 of m/s; radio of specific heats of 1.4. On the other hand, the convergence monitors and their 
respective allowable residuals are: Continuity (1E-06); Velocity-X (1E-06); Velocity-Y (1E-06); Velocity-Z (1E-06); Energy (1E-06); K 
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parameter (1E-06); Epsilon parameter (1E-06).  

 

a) 

 

b) 

 

c) 

Fig. 7. Boundary conditions of CFD simulation. a) Symmetry, b) Inlet and secondary pressures, c) Outlet pressure and wall-type condition. 

2.2.4. Prescription of boundary conditions 

Boundary conditions are prescribed at the domain faces as shown in (Fig. 7a-c). Symmetry condition is considered in the 
longitudinal plane of the pump, where normal flow and tangential tractions are zero (Fig. 7a). At inlet of primary fluid, absolute 
pressure condition is assigned (Fig. 7b), which was modified from 50 kPa to 300 kPa, at 50 kPa intervals, to perform a parametric 
study. In that inlet, air temperature of 298 K is considered. Additionally, the option “Prevent reverse flow” is activated to avoid 
backflows during iterations that can disrupt the numerical solution. For the turbulence intensity of the k-ε model, a value of 5% is 
considered. On the other hand, absolute pressure of 8 kPa is assigned at the inlet of secondary fluid (Fig. 7b). Air temperature of 
secondary fluid is considered as 295K, “Prevent reverse flow” control is assigned as well, and turbulence intensity value of 5% is 
considered. Over the face corresponding to diffuser outlet (Fig. 7c), initial pressure condition of 4.5 kPa, temperature of 295K and 
turbulence intensity of 5% are assigned, but these conditions are modified as the simulation is executed, according to the governing 
equations. Finally, a wall-type condition (sliding and zero penetration) is prescribed over the external faces of the domain (Fig. 7c). 

2.2.5 Initialization and solution methods 

To initialize the numerical solution, a hybrid scheme with 20 iterations and the default turbulence parameters of software for 
the k-ε turbulence model (turbulence intensity of 5% and viscosity ratio of 10) is used. A coupled Pressure-Velocity solution scheme 
is selected, with a second order, upwind spatial discretization method for scalar variables (pressure, density, momentum, turbulent 
kinetic energy, turbulent dissipation rate and total energy) and gradient calculation by least squares based on cells. The relaxation 
factors used in the numerical simulation are: 0.5 for pressure; 0.5 for moment; 1 for density; 1 for body forces; 0.75 for turbulent 
kinetic energy; 1 for turbulent dissipation rate; 0.75 for Energy. 

2.2.6. Set of computational simulations 

The position of the primary nozzle with respect to secondary one, represented in (Fig. 4b) by Xp, is modified in order to study 
the influence of such position on the performance and fluid flow behavior of the jet pump. Three positions are considered, that is, 
Xp= [8.5 mm, 10.5 mm, 12.5 mm], and for each one, 6 simulations are performed corresponding to the following inlet pressures of 
the primary fluid: Pp = [50, 100, 150, 200, 250, 300] kPa. An additional CFD simulation, for comparison purposes with analytical results, 
is performed with an inlet pressure of 70 kPa, where a drag coefficient very close to � = 0.5 is achieved. In all simulations, inlet 
pressure of the secondary fluid is maintained at Ps = 8 kPa and pressure at diffuser outlet at Pc = 4.5 kPa. 

Several woks of fluid-dynamic simulation of jet jumps focused on studying their performance are presented in Table 2, where 
input and output parameters, boundary condition types, numerical methods, turbulence models and solution settings are 
identified; the principal characteristics of the CDF simulations performed here are reported as well in order to show the principal 
differences and similitudes with previous works. As can be observed, there are some common aspects between present work and 
other researches: the substantial use of k-  turbulence models and ANSYS Fluent to carry out the numerical siε mulations, the use 
of pressure type boundary conditions for the motive, suction and discharge fluid, the implementation of coupled pressure-velocity 
solution scheme and pressure-based solver type in most of works, among others. Nevertheless, some differences between present 
work and other researches allow identifying the main contributions. Firstly, in the present work, the influence of the combination 
of two input parameters on the jet pump performance is taken into account, namely, the motive fluid pressure and the position of 
the primary nozzle; as can be observed in some works of Table 2, these parameters have been previously considered by apart, but 
not at the same time. Additionally, output parameters considered here to quantify the jet pump performance are drag coefficient 
(mass flow ratio), inlet to nozzle throat pressure ratio and nozzle throat velocity. As can be seen in Table 2, the first parameter has 
been widely used in other works, but this is not enough to evaluate the Venturi effect arising in the jet pump and two additional 
parameters are considered here; as shown later, the increase of drag coefficient does not necessarily imply the increase of the other 
two parameters since several phenomena involved in the jet pump performance are not deemed by this first non-dimensional 
parameter (mass flow ratio). The detailed analysis of Mach number and total pressure contours to determine whether jet pump is 
operating or not under normal conditions for any combination of primary nozzle position and inlet pressure signifies another 
contribution of the present work. 

Table 2. Summary of works of fluid-dynamic simulation of jet pumps. 

Research 
work 

Input 
parameters 

Output parameters 
Boundary 

condition types 
Numerical 

method 
Turbulence 

models 
Solution settings 

Present 
work 

* Primary or 
motive fluid  

pressure 
* Position of 
primary nozzle 

* Mass flow ratio or drag 
coefficient. 
* Ratio between inlet and 
nozzle throat pressure. 
* Nozzle throat velocity  
* Mach number and total 
pressure contours 

* Primary or motive 
fluid: Pressure. 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite volume 
method  

(ANSYS  

Fluent) 

k-ε  

standard 

* Solution scheme: Coupled 
pressure-velocity  
* Solver type: Pressure-
based 
* Spatial discretization: 
Second order upwind 
* Near Wall treatment: 
Standard wall functions 
* Gradient calculation: Least 
squares based on cells 
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Table 2. Summary of works of fluid-dynamic simulation of jet pumps. (Continued) 

Research 
work 

Input 
parameters 

Output parameters 
Boundary 

condition types 
Numerical 

method 
Turbulence 

models 
Solution settings 

Yapici and 
Aldas [16]  

* Jet pump area 
ratio. 
* Nozzle  

position. 
* Length  

of the  

mixing  

chamber. 

Energy efficiency * Primary or 
motive fluid: 
Pressure. 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite 
volume 
method  

(ANSYS  

Fluent) 

* k-ε  

standard 
* k-ε  

realizable 
* RSM  
* k-ω SST 

* Solution scheme: Coupled pressure-
velocity  
* Solver type: Pressure-based 
* Spatial discretization: Quick scheme 
* Near Wall treatment: Not reported 
* Gradient calculation: Not reported 

Aldas and  

Rapici [17] 

* Pump  

scaling 
* Absolute and 
relative 
roughness 

Energy efficiency * Primary or 
motive fluid: 
Pressure. 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite 
volume 
method  

(ANSYS  

Fluent) 

k-ω SST * Solution scheme: Coupled pressure-
velocity  
* Solver type: Pressure-based 
* Spatial discretization: Second order, 
upwind 
* Near Wall treatment: Standard wall 
function 
* Gradient calculation: Least square 
cell-based method 

Shah, 
Chughtai and 
Inayat [18] 

* Primary or 
motive  
fluid  
pressure 
* Secondary or  
suction  
fluid  
pressure 

* Mass flow ratio or 
drag coefficient 
* Suction lift 

* Primary or 
motive fluid: 
Pressure. 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite 
volume 
method  

(ANSYS  

Fluent) 

k-ε  

realizable  

* Solution scheme: Coupled pressure-
velocity  
* Solver type: Simple couple implicit 
* Spatial discretization: First order and  

second order, upwind, and Power law 
* Near wall treatment: Not reported 
* Gradient calculation: Least square 
cell-based method 

Song et al. 
[19] 

Inlet mass flow 
rate 

* Mass flow ratio or 
drag coefficient 
* Pressure ratio 
* Efficiency 

* Primary or 
motive fluid: 
Mass flow rate 

* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite 
volume 
method  

(ANSYS  

CFX) 

RNG k-ε  

model  

* Solution scheme: Coupled pressure-
velocity  
* Solver type: Not reported 
* Spatial discretization: Not reported 
* Near Wall treatment: Scalable wall  

function 
* Gradient calculation: Not reported 

Dong, Wang  

and Tu [20]  

Back  
pressure 

Location and shape 
of shock mixing 
layer 

* Primary or 
motive fluid: 
Pressure. 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite 
Volume 
method 

(ANSYS 

Fluent) 

* k-ε  

standard 
* k-ε  

realizable 
* RSM  
* k-ω SST 

* Solution scheme: Coupled pressure-
velocity  
* Solver type: Simple coupled implicit 
* Spatial discretization: Second order 
upwind for convection terms and 
central  

difference scheme for diffusion 
* Near Wall treatment: Enhanced wall  

functions 
* Gradient calculation: Not reported 

Zheng, Li and 
Qin [4] 

* Inlet  
velocity of 
primary  
fluid 
* Secondary or  
suction  
fluid  
pressure 
* Mixture outlet  
pressure 

* Axial velocity  
* Volume ratio of 
primary and 
secondary fluid 
* Axial temperature 
* Entrainment ratio 

* Primary or 
motive fluid: 
Velocity 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite 
volume 
method 

(ANSYS  

Fluent) 

k-ε  

standard 

* Solution scheme: Coupled pressure-
velocity  
* Solver type: Pressure-based 
* Spatial discretization: Body force 
weighted for pressure, second order 
upwind for momentum, energy and 
turbulent kinetic 
* Near Wall treatment: Standard wall 
functions 
* Gradient calculation: Not reported 

Deng et al. [5]  Geometry of 
mixing  
chamber 

Air entrainment * Primary or 
motive fluid: 
Velocity 
* Secondary or  

suction fluid:  

Velocity 
* Discharge fluid:  

Pressure 

Finite 
Volume 
Method  

(ANSYS  

Fluent) 

* k-ε  

standard 
* k-ε  

realizable 
* k-ε RNG  

* Solution scheme: Coupled pressure-
velocity  
* Solver type: Simple coupled implicit 
* Spatial discretization: Second order 
upwind 
* Near Wall treatment: Standard wall 
functions 
* Gradient calculation: Not reported 

Varga et al. [6] Inlet cross 
section of 
primary  
nozzle 

* Primary flow rate 
* Secondary flow 
rate 

* Primary or 
motive fluid: 
Pressure 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite 
Volume 
(ANSYS  

Fluent) 

k-ε  

realizable 

* Solution scheme: Coupled pressure-
velocity  
* Solver type: Pressure-based 
* Spatial discretization: Not reported 
* Near Wall treatment: Not reported 
* Gradient calculation: Not reported 

 

 



Analysis of a Jet Pump Performance under Different Primary Nozzle Positions and Inlet Pressures 1237 
 

Journal of Applied and Computational Mechanics, Vol. 6, No. SI, (2020), 1228-1244 

Table 2. Summary of works of fluid-dynamic simulation of jet pumps. (Continued) 

Research 
work 

Input parameters 
Output 

parameters 
Boundary condition 

types 
Numerical 

method 
Turbulence 

models 
Solution settings 

Thongtip and  

Aphornratana 

[12] 

* Area  
ratio of  
primary  
nozzle 
* Throat diameter 

* Primary flow 
rate 
* Secondary flow 
rate 
* Entrainment 
ratio 
* Mach number 
contours 

* Primary or motive 
fluid: Pressure 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite volume 
method  

(ANSYS  

Fluent) 

k-ε  

realizable 

* Solution scheme: Coupled 
pressure-velocity  
* Solver type: Density-based 
implicit 
* Spatial discretization: Not 
reported 
* Near Wall treatment: 
Standard wall faction 
* Gradient calculation: Not 
reported 

Masud and  

Inram [21]  

Constant  
parameters of k-ε 
standard model 

* Primary flow 
rate 
* Discharge flow 
rate 

* Primary or motive 
fluid: Pressure 
* Secondary or  

suction fluid:  

Pressure 
* Discharge fluid:  

Pressure 

Finite volume 
method  

(ANSYS  

Fluent) 

k-ε  

standard 

* Solution scheme: Coupled 
pressure-velocity  
* Solver type: Pressure-
based implicit 
* Spatial discretization: Not 
reported 
* Near Wall treatment: 
Standard wall  

function 
* Gradient calculation: Not 
reported 

Table 3. Comparison between analytical and CFD results of some non-dimensional variables. 

Dynamic variable Unidirectional analytical model CFD simulation Relative difference, d (%) 

��� 1.867E+00 1.515E+00 23.241 

�� 1.263 E+00 1.763E+00 28.329 

�� 6.420 E-01 9.930E-01 35.347 

�� ��⁄  1.980 E+00 1.451E+00 36.427 

3. Results 

3.1. Comparison between unidirectional analytical model and the CFD numerical simulations. 
 

As previously discussed in section 2.1, the unidirectional analytical model provides two types of results: some optimal 
dimensions of the jet pump to obtain an ideal drag coefficient of w=0.5 under certain operating conditions (Fig. 3a), and some field 
variables that describe the fluid flow behavior of jet pump (Fig. 3b). In the CFD simulations, for the position of Xp = 8.5 mm and inlet 
pressure of primary fluid of 70 kPa, a drag coefficient of w = 0.5 is obtained. If the same pump operating conditions are considered 
in the analytical model and it is iterated over the mass flow rate of the primary fluid, �� � ," "#, to obtain similar pump dimensions to 
the ones considered in the CFD simulations, a value of �� � ," "# = 7.790 × 10+� kg/s is reached using procedure of (Fig. 3a). On the 
other hand, the value of this variable in the CFD simulation is �� � ,,-. = 8.586 × 10+� kg/s. Defining the relative difference as 3 =
4�� � ," "# − �� � ,,-.4 �� � ,,-.6 × 100%, a value of 3 = 9.15% is obtained, showing that analytical model, dispite its simplicity, is able to 
obtain similar results to the more complex 3D, CFD simulations for this global variable. Then, using analytical procedure of (Fig. 3b), 
the following non-dimensional local variables can be computed: Mach number of secondary fluid at nozzle outlet (����, maximum 
Mach number of diffuser throat (���, Mach number at outlet of diffuser throat (��) and ratio between pressure at outlet and 
minimum pressure of diffuser throat (�� ��⁄ �. In the 1D, analytical model, these local variables are constant in the transverse plane, 
but in the 3D, CFD simulations, changes are obtained in such plane; for comparison purposes, averages are reported for the CFD 
variables. Bearing this in mind, in Table 3, the analytical and CFD values of these four non-dimensional variables are compared in 
terms of the previously defined relative difference, d. As observed, important differences are obtained between the 1D, analytical 
model and the 3D, CFD simulation, but some common behaviors are predicted by both approaches. For instance, the maximum 
Mach number, ��, is not present at inlet or outlet of diffuser throat, but at an intermediate location where a supersonic fluid flow 
is obtained, i.e, �� > 1. Additionally, according to value of �� in both approaches, subsonic fluid flow is reached at outlet of diffuser 
throat. On the other hand, both approaches predict that minimum pressure at diffuser throat, ��, coincides with maximum Mach 
number, �� (this is not obvious in this case since fluid flow is compressible); in addition, ratio �� ��⁄  has the same magnitude order 
in both approaches (analytical and numerical), in spite of the difference of d=36.43%. As shown later in the CFD contour plots of 
Mach number and total pressure, significant transverse variations of the local variables can be obtained in some longitudinal 
locations of the pump domain, being this one the main causes of dissimilarities between the analytical and numerical results.   
 

3.2. Influence of position and pressure of primary nozzle on the performance of the jet pump 
 

One of the fundamental parameters to quantify the performance of the jet pump is the drag coefficient (w), defined as the ratio 
between the mass flow rate of secondary fluid (suction flow rate) and the mass flow rate of primary fluid (motive flow rate). These 
mass flow rates were obtained directly from the computational simulation in ANSYS FluentTM for each one of the pressures and 
positions of the primary nozzle, achieving the results shown in the (Fig. 8). As can be observed, Xp does not have a significant effect 
on w, which decreases with Pp. In (Fig. 8), a power fitting curve for all data is shown, with its respective coefficient of determination, 
R2. According to the value of R2, the behavior of w with Pp can be considered decreasing potential. As expected from the power curve 
behavior, the decrease of w with Pp is more important as Pp is smaller. For example, when Pp increases from 50kPa to 100kPa, w 
experiences an average decrease of 51%, whereas when the same absolute increment is considered for Pp, but this time from 250 
kPa to 300 kPa, the average decrease of w is 24.61%. It is worth noting that for the present geometric configuration of the jet pump, 
CFD simulations generate very low values of w for inlet pressures greater than 250 kPa.  
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Fig. 8. Plots of drag coefficient (w) vs. Inlet pressure (Pp). 

  

(a) (b) 

Fig. 9. a) Pressure at nozzle throat (Pg) vs. Inlet pressure (Pp), b) Velocity at nozzle throat (Vg) vs. Inlet pressure (Pp). 

Another important parameter in the performance of the jet pump is the pressure at the nozzle throat, Pg. Results of Pg as a 
function of Pp and Xp, are represented in the (Fig. 9a). The fitting curves that adjust well the behavior of Pg vs. Pp are second order 
polynomial curves. In general terms, the variation of Pg with Pp depends on Xp, being decreasing for Xp = 12.5 mm, and not 
monotonous for Xp = 10.5 mm and Xp =8.5 mm. In general, the Venturi effect for very low inlet pressures (from 50 kPa to 
approximately 75 kPa) is very small, since ratio Pp /Pg is below 2, which indicates that although the drag coefficients, w, are the 
higher for these pressures, see (Fig. 8), secondary fluid suction is not caused mainly by the Venturi effect, but instead by the low 
inlet pressure of the primary fluid. Given this condition, although w is good, the mass flow rates are very small. For Pp between 75 
kPa and 100 kPa, the ratio Pp /Pg ranges between 2 and 3 and drag coefficients remain above w = 0.3, which can be considered 
acceptable. For Pp between 100 kPa and 150 kPa, Venturi effect is more significant (Pp / Pg is between 3 and 6.5), but drag coefficients 
are lower. From 150 kPa onwards, a significant Venturi effect is present (Pp / Pg is between 6.5 and 16.5), but drag coefficients are very 
small for the jet pump to be considered efficient. In (Fig. 9a) it is also important to notice that the position of the primary nozzle, 
Xp, has a greater influence on the pressure obtained in the nozzle throat, Pg, as the inlet pressure, Pp, increases. In general, for a 
same value of Pp, the larger the distance between the primary and secondary nozzle, Xp, the lower the pressure in the nozzle throat, 
Pg, namely, the higher the Venturi effect (Pp /Pg). 

Another important parameter to evaluate the performance of a jet pump is the fluid velocity at the nozzle throat, Vg. According 
to several authors [12, 13, 18, 21, 23], an acceptable performance of the jet pump occurs when Vg is supersonic. In (Fig. 9b), the 
variation of Vg with Pp is shown, and data fit well to second order polynomial curves. The larger the inlet pressure, Pp, the higher 
the nozzle throat velocity, Vg. Regarding the distance between primary and secondary nozzle, Xp, numerical results indicate that 
the closer the primary nozzle is to secondary one, the higher the nozzle throat velocity, Vg, although in this case, results for Xp = 
10.5 mm and Xp =12.5 mm are slightly different. 

3.3. Influence of position and pressure of primary nozzle in Mach number and total pressure. 
 

To evaluate the influence of the position and pressure of the primary nozzle on the Mach number, the contour plots in the 
symmetry plane shown in (Fig. 10) are analyzed; in that Figure, rows refer to the pressure levels considered and the columns, to 
position of primary nozzle, Xp. It can be observed that for pressures of 50kPa and 100kPa, for all positions of the primary nozzle, Xp, 
the maximum Mach number takes place at the diffuser outlet, which does not correspond to normal operating conditions of the 
jet pump. For these inlet pressures, the distribution of Mach number field does not change significantly with the position of the 
primary nozzle, with exception of some localized zones; however, magnitudes of Mach number are noticeably modified. In general, 
the closer the primary nozzle is to the secondary one, the greater the Mach number at the diffuser outlet. In addition, it is observed 
that the minimum Mach number is present at the inlet of primary nozzle and, contrarily to maximum Mach number, it does not 
have a monotonic behavior with Xp, since the smallest value is obtained for the intermediate position (Xp=10.5 mm). It should be 
noticed that for these cases, flow in the throat is supersonic. Similarly, pressures of 150 kPa and 200 kPa are analyzed, where it can 
be perceived that maximum Mach number occurs between the outlet of the convergent-divergent nozzle and the inlet of the diffuser 
throat (jet pump operating in normal conditions). For these two inlet pressures (150 kPa and 200 kPa), an increase in the Mach 
number is generated in the nozzle throat with respect to previously analyzed pressures of 50 kPa and 100 kPa. As in cases of 50 kPa 
and 100 KPa, the minimum Mach number is present at the inlet of primary nozzle and its change with Xp in non-uniform. In a 
similar fashion as cases of 50 kPa and 100 kPa, the maximum Mach number increases as the primary nozzle is closer to secondary 
one. Additionally, for 150 kPa and 200 kPa, the throat flow is supersonic as well. 

For all cases corresponding to inlet pressures of 250 kPa and 300 kPa, the maximum Mach number also occurs between the 
outlet of the convergent-divergent nozzle and the inlet of the diffuser throat, but in these two cases, Mach numbers obtained at 
diffuser outlet are significantly lower than maximum Mach numbers of the domain (contrarily to cases of 150 kPa and 200 kPa). It 



Analysis of a Jet Pump Performance under Different Primary Nozzle Positions and Inlet Pressures 1239 
 

Journal of Applied and Computational Mechanics, Vol. 6, No. SI, (2020), 1228-1244 

is important to notice that the behavior of maximum Match number with the position of primary nozzle, Xp, is different for 250 kPa 
and 300 kPa. In the first case (250 KPa), in agreement with all the previous cases, this value is larger as the primary nozzle is closer 
to the secondary one, but, in the second case (300 kPa), an opposite behavior is obtained. The minimum Mach number is still present 
at the inlet of primary nozzle and its behavior with Xp is kept, namely, it is not monotonic. Nozzle throat velocity, Vg, remains 
supersonic. In (Fig. 10), it can be also observed that, for a given position of the primary nozzle, Xp, the increase in Pp generates an 
increase in the maximum Match number of the fluid domain. 

 

Fig. 10. Contours of Mach numbers for different inlet pressures and positions of primary nozzle. 
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The total pressure contours are represented in (Fig. 11). For all cases, the maximum pressures are given near the inlet of the 
primary fluid. For the first two inlet pressures considered, 50 kPa and 100 kPa, it can be seen that the distribution of the total 
pressure field does not considerably change with the position of the primary nozzle, Xp. For the remaining pressures, this 
observation is not applicable since the pressure distribution is significantly modified, especially between the outlet of the 
convergent-divergent nozzle and the outlet of the diffuser throat. As expected, in (Fig. 11), it can be observed that, for a particular 
position of the primary nozzle, Xp, the magnitude of the total pressure at each point of the fluid domain increases with the inlet 
pressure of primary fluid, Pp (with exception of the secondary fluid inlet where the pressure is kept at 8 KPa). 

 

Fig. 11. Contours of pressure for different inlet pressures and positions of primary nozzle 
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Fig. 12. Pressure profiles for different inlet pressures and positions of primary nozzle. 

3.4 Influence of position and pressure of inlet nozzle on the longitudinal pressure profile. 

In Fig. 12, the change of pressure along the midline of the symmetry plane is depicted for all cases considered in the present 
work. As can be observed, for inlet pressures of 50 kPa, 100 kPa and 150 kPa, minimum pressure is reached at the diffuser outlet, 
with exception of case corresponding to Xp=8.5 mm (primary nozzle closer to secondary one) and 150 kPa, where minimum pressure 
is obtained near the inlet of diffuser throat (where convergent section of suction chamber ends). For pressures greater than 150 kPa, 
minimum pressure takes place near the inlet of diffuser throat as well, corresponding with normal operating conditions of the jet 
pump. Under these normal conditions, it is worth noting that minimum pressure along the midline decreases as the primary nozzle 
is closer to the secondary one.  

Outlet pressure of the diffuser is another important variable in the operation of the jet pump; in general, it must be lower than 
inlet pressure of primary fluid to avoid backflow towards the primary and secondary inlets. In the application considered in the 
present work (ethanol distillation), it is not necessary to obtain very high outlet pressures, oppositely to other cases, as fluid lifting. 
As expected, for a constant position of the primary nozzle (Xp), the larger the inlet pressure (Pp), the greater the outlet one (Pc); on 
the other hand, for a constant value of Pp, Pc increases as primary nozzle approaches to secondary one. 
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4. Conclusions 

Computational fluid dynamics simulations of a jet pump for vacuum distillation of ethanol were carried out in the present work 
using standard k-b turbulence model. Numerical results were compared with a previously developed unidirectional, analytical 
model to evaluate if this simple, low-cost model is able to reproduce similar results to the more realistic, time-demanding three-
dimensional CFD simulations. Both approaches predict a similar general behavior of the fluid variables (pressure, velocity, Mach 
number) in the longitudinal direction of the jet pump when it operates in normal conditions, and analogous values of the inlet 
mass flow rate of primary fluid. However, significant differences between analytical and numerical results for some local variables 
(Me2, M4, M5, P5/P4) were obtained. These differences are attributed mainly to the transverse variation of these variables, which can 
be significant according to numerical results; this is not captured in the analytical model.  

On the other hand, CFD results were used to conduct a parametric analysis in terms of the inlet pressure, Pp, and position of the 
primary nozzle, Xp, and some general conclusions can be addressed from these results. Firstly, it is important to remind that the jet 
pump performance was quantified in the present work by three parameters: drag coefficient (w), Venturi effect as defined by the 
ratio between inlet and nozzle throat pressure (Pp/Pg), and the nozzle throat velocity (Vg). According to numerical results, for a 
constant value of Xp, the larger the inlet pressure, Pp, the lower the drag coefficient (w), the larger the Venturi effect (Pp/Pg) and the 
higher the nozzle throat velocity (Vg). This means that increasing the inlet pressure, Pp, does not necessarily improve all 
performance parameters of the jet pump, because even though Pp/Pg and Vg rises with Pp, the drag coefficient (w) decreases. A 
similar conclusion can be inferred for the position of primary nozzle, Xp, namely, a unique behavior of the pump performance, in 
terms of the three mentioned parameters, is not achieved. The closer the primary nozzle is to the secondary one, the larger Vg 
(increase of pump performance), but the lower the ratio Pp/Pg (decrease of pump performance), whereas the drag coefficient (w) is 
not considerably influenced by Xp. 

Location of maximum and minimum Mach number and total pressure are important factors that account for the normal 
operation of the jet pump. In normal conditions, maximum Mach number of fluid domain is located between nozzle outlet and 
inlet of diffuser throat; according to CFD results, this condition is not reached for the two lower levels of inlet pressure considered 
here, i.e., Pp=50 kPa and Pp=100 KPa, where the Venturi effect, as defined by Pp/Pg, is very low, and jet pump operation can be 
considered abnormal. Additionally, the minimum total pressure does not take place at the suction chamber in these particular 
cases. The minimum Mach number and maximum total pressure near the inlet of primary fluid, which corresponds to normal 
operating pump conditions, are obtained in all CFD simulations. Additionally, numerical results showed that maximum Mach 
number and minimum total pressure has an increasing behavior with the inlet pressure of primary fluid, Pp. In normal operating 
pump conditions, the closer the primary nozzle is to secondary one, the lower the minimum total pressure; on the other hand, a 
unique behavior of the maximum Mach number with Xp was not obtained for all values of Pp. 

Author Contributions 

W.O. Murillo developed the mathematical modeling, examined the theory validation. J.A. Palacio-Fernandez planned the scheme 
and analyzed the empirical results. I.D. Patiño Arcila compared the results of the numerical simulation with those obtained by the 
analytical model. J.S. Zapata Monsalve developed the 3D CAD model of the jet pump. J.A. Hincapié Isaza loaded the parameters of 
the computational simulation into ANSYS Fluent™. The manuscript was written through the contribution of all authors. All authors 
discussed the results, reviewed and approved the final version of the manuscript. 

Declaration of Competing Interest 

We declare that we have no significant competing interests including financial or non-financial, professional, or personal 
interests interfering with the full and objective presentation of the work described in this manuscript. 

Acknowledgement 

The authors are gratefully acknowledged to the Institución Universitaria Pascual Bravo, Facultad de Ingeniería, Semillero de 
Investigación Ambiental (SIA), Grupo de Investigación e Innovación Ambiental (GIIAM) and the Dirección de Tecnología e Innovación 
for their collaboration in the realization of this Project. We especially acknowledge to the industrial designer and teacher Nicolas 
Restrepo Henao of Institución Universitaria Pascual Bravo for their collaboration in graphics edition. 

Nomenclature 

2A  Area at the exit of nozzle [m2] pmɺ  Mass flow of primary fluid [kg/s] 

4A  Diffuser throat área [m2] 2pM  Mach number for isentropic air expansion at nozzle outlet. 

gA  Nozzle throat área [m2] 
*

2pM  Critical Mach number of primary fluids at nozzle outlet. 

pA  Nozzle entry área [m2] 2P  Absolute pressure of primary fluid at nozzle outlet [kPa] 

c  Velocity of sound at nozzle throat [m/s] 5P  Mixing pressure at outlet of diffuser throat [kPa] 

0D  Diameter of Diffuser discharge [m] cP  Mixing pressure at diffuser outlet [kPa] 

1D  Diameter of nozzle inlet [m] eP  Absolute secondary fluid pressure [kPa] 

2D  Diameter of nozzle outlet [m] pP  Absolute air pressure at the nozzle inlet [kPa] 

gD  Diameter in the throat of the nozzle [m] R  Gas constant [Nm/kgK] 

pD  Diameter of the suction chamber [m] dR  Length of divergent part of the diffuser [m] 

tD  Diffuser throat diameter [m] S  Model sensitivity 

k  Relationship of specific heats. 2T  Primary fluid temperature at the nozzle outlet [K] 

km  Relationship of specific heats of the mixture eT  Absolute temperature of secondary fluid [K] 

SK  Relationship of specific heats at secondary fluid gT  Primary fluid temperature at nozzle throat [K] 
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L  Straight part of the diffuser [m] pT  Air temperature at the nozzle inlet [K] 

1 gL −  Length of nozzle inlet [m] pV  Primary fluid inlet velocity [m/s] 

2gL −  Nozzle discharge length [m] w  Drag coefficient 

4M  Maximum Mach number at diffuser throat. X  Distance from the nozzle discharge to diffuser throat [m] 

*
4M  Critical Mach number at diffuser throat α  Convergence angle of the diffuser [degrees] 

5M  Mach number at outlet of diffuser throat β  Nozzle discharge angle [degrees] 

2eM  Mach number of secondary fluids at nozzle outlet gρ  Density of primary fluid at nozzle throat [kg/m3] 

*
2eM  

Critical Mach number of the secondary fluid at 
nozzle outlet. pρ  Density of primary fluid at the nozzle inlet (Stagnation conditions) 

[kg/m3] 

emɺ  Mass flow of secondary fluid [kg/s] θ  Angle of diffuser discharge [degrees] 

maxmɺ  Maximum mass flow through the nozzle throat [kg/s]   
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