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Abstract. Compressed air equipments are widely used in research and industry. The present contribution deals with
numerical and experimental studies of the compressibility phenomena that occurs in fluid jets with the formation of
shock waves. Numerical simulations based on finite volume integration were performed for a compressible gas flow
over a nozzle using the CFD software OpenFOAM. The effect of working parameters, such as nozzle diameter and flow
rate for an air jet was analyzed. The smaller the nozzle diameter the greater the occurrence of shock waves. Higher
flow rates also favor the appearance of shock waves. The Schlieren method of visualization was adopted to obtain the
images of the shock waves with a CCD camera. The experimental results presented a good accuracy to the numerical
ones, what validates the model proposed to describe the jets.
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1. INTRODUCTION

Compressible phenomena can take place in many compressed air devices depending on upstream conditions of
pressure and temperature. When the downstream pressure is approximately the half of the stagnation pressure, it is
possible to verify that the flow is chocked. If the downstream pressure decreases,  the flow remains chocked and a
supersonic flow can be identified in  the fluid jet  at  the nozzle  exit.  A test  bench  for  flow visualization using the
Schlieren  method can  be  used  to  observe  the  supersonic  effects  that  occur  in  such  jets  (Vieira  et  al.,  2000 and
Staschower et al., 2002). This method is similar to the shadowgraph technique and relies on the fact that light rays are
bent whenever they encounter changes in density of fluid. Parallel to this experimental setup, CFD (Computational
Fluid Dynamics)  has been a widely adopted numerical  analysis tool  to study such systems, enabling to reveal  the
parameters that influence mostly the flow features.

There are works that show underexpanded jets (Anderson, 1990 and Munson et al., 2002). In others studies there are
authors that investigated this subject and obtained a correlation of any gases of the rate of upstream and downstream
pressure with the distance of Mach disk that is a frontal shock wave of jet (Crist et al., 1966). The structure of jet have a
complex format because in exit nozzle there are expansions waves that coalesce in the oblique shock wave of the
compression that follows of the interior jet (Crist et al., 1966). This oblique shock wave maintains supersonic velocity
after wave in which undergo a new compression with other oblique shock wave. 

The numeric simulation must have capability to capturing shock wave in supersonic flow (Anderson, 1995). The
OpenFOAM software has several examples to validate the code and any are supersonic flow examples that appear the
occurrence of shock waves (OpenFOAM, 2017). Wüthrich (2007) utilizes OpenFOAM to simulate any cases of the
supersonic flow. Additionally, Fuszko and Olšiak (2016) obtained numeric results of the behavior coaxial flow. Their
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model is axisymmetric and uses OpenFOAM code and is included the turbulence term in simulation. In the study of
CFD and OpenFOAM, Samel (2011), Tridal (2015), Taludkar (2015) and Zang et al. (2017) report studies with good
solutions that analyze underexpanded jets.

2. OPTICAL SYSTEM

The optical system was designed with the Schlieren method in  the “Z” configuration. Parabolic mirrors were used
for the subject of obtaining a parallel light beam covering a 10 cm diameter circular region. There are spatial filters or
pinholes that have diameters between 0.3 and 1.0 mm. It was found that a regular 40W automotive light bulb was
suitable as a lighting source.  A monochromatic CCD camera (Coastar, model CV-M50) imaged the region of interest
obtaining frames at a rate of 30 fps, as usual. However, the electronic shutter aperture operated at 0.1 ms. An image
acquisition system (Data Translator,  model DT-3152) captured the CCD images.  The shock waves appear the high
gradient of density in the flux of the stream line. (Liepmann and Roshko, 1957 and Thompson, 1972) and the Schlieren
method is the good system to visualize the shock waves position in the jets. This rig test is the same used in the work of
the Vieira et al. (2000) and Staschower et al. (2002).

3. NUMERICAL SIMULATION

For Wolfram (2002) the Navier Stokes equations are differential equations describing the flow of fluids and are the
partial derivatives that allow determining the fields of velocity and pressure in a flow. They were named after Claude-
Louis Navier  and George  Gabriel  Stokes developed a set  of equations that  would describe  the movement  of fluid
substances such as liquids and gases. These equations establish that changes in momentum and acceleration of a fluid
particle are simply the result of changes in pressure and viscous dissipative forces (similar to friction) acting on the
fluid. This viscous force originates in molecular interaction.

These equations are obtained from basic principles of conservation of mass, momentum and energy. To make it
easier to apply these principles it is useful to consider a finite arbitrary volume, called control volume. The control
volume remains fixed in space or can move like fluid, which leads to special considerations.

For a simulation in CFD, we have to do a modeling compatible with the physics of the problem, having to take the
necessary actions and thus know the limitations of the simulation, as well as the possible errors and the degree of
precision of the results compared with the experimental one. This is the only way to validate the simulation and the
results obtained. First, it is chose an equation or equations that will serve as a mathematical model of the physical
problem, and from this model to perform discretization of the geometric model. The mesh should always be compatible
with the problem physics to be simulated. To solve the problem, we adopted a two-dimensional and axisymmetric mesh,
which is a structured mesh and qualitative classification, with a better organization in its appearance and the desired
format. Given the axisymmetric geometry, the mesh has an inclination of 5 degrees around the longitudinal axis or axis
of revolution (x-axis). For mesh generation, it is used “blockMesh” module of the OpenFOAM.

With the mesh characterized,  next  step is  the discretization of  the differential  equations,  that  is,  the numerical
method to be performed, this step is performed automatically in the chosen "solver". This discretization has already
been done by the developers who implemented in the source code of OpenFOAM, what is necessary to know are the
equations and the transitions of them. In this step, the numerical method is chosen and as it is OpenFOAM, it is the
finite volume method, which is the most suitable for fluid mechanics. From this point on, the appropriate solver is
chosen through the User's Guide (OpenFOAM UserGuide), which provides the "solvers" and their available equations.
For each case, the relevant boundary conditions are determined as well as certain physical properties, such as viscosity
of the constant fluid or non-slip condition in the wall of the conduit.

3.1 Mathematical equations

The constitutive equations in Fluid Mechanics.  In this initial  approach,  the equations are shown in a Cartesian
system of three dimensions (three-dimensional), which will later involve replacing these differential equations with a
system of algebraic equations,  represented by a matrix conservation system of mass, Navier-Stokes equations,  and
conservation of energy.

As the mass of the system remains constant with the variation of time, assuming the constant volume of an element,
we have represented in “Eq. (1)”.

∂ ρ
∂ t

+∇⋅( ρ V⃗ )=0
(1)

By  the  conservation  equation  of  linear  momentum  (Newton's  2nd  Law)  in  differential  form,  for  Cartesian
coordinates can be written as “Eq. (2)”.
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∂( ρ V⃗ )

∂ t
+∇⋅( ρV⃗ V⃗ )=−∇ p+∇⋅τ+ρg (2)

The principle of energy conservation (1st Law of Thermodynamics) applied to a fluid element that moves with the
flow is given by the equality of the energy variation in the element and the sum of the resulting heat flow into the
element plus the rate of work performed on the element by field and surface forces. The following equation is given in
the conservative form, adding the equation of continuity “Eq. (3)” multiplied by the internal energy, e (Fortuna, 2012).
The viscosity of fluid was considered null which is other simplification this numerical solution.

 
∂ρ .e
∂ t

+∇[V (ρV )]+∇(V . p)+∇(τ V )=0 (3)

The flow is considered adiabatic and therefore it  is possible to simplify hypotheses for the energy conservation
equation with the absence of external and internal sources of heat.

3.2 First Structured Mesh

The creation of the mesh requires some attention since its language must be well elaborated and plausible in the
considerations. The model that will be shown below was used in the simulation of this work. “Fig 1” shows a schematic
drawing of the vertices of the simulation mesh.

The “Fig.  2”  and  ”Fig.  3”  represent  underexposed  flow with  the  occurrence  of  shock  waves,  where  “Fig.  2”
represents the image of the simulation and “Fig. 3” represents the image of the experimental analysis.

  

Figure 1. Schematic drawing of the structured mesh, elaborated in blockMesh. In first image, it is showed the
discretization and other image is viewed the inferior face with fifty degree angle.

Figure 2. Simulation about fluid density that is an image obtained by Paraview.
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Figure 3. Experiment of fluid flow through the nozzle.

3.3 Second Structured Mesh

This was projected with refined mesh along the axis jet. This way, the result was nearest of the experimental jets.

Figure 4. Schematic drawing of the second structured mesh, elaborated in blockMesh. The arrow illustrates the direction
and position of central line of jet.

4. NUMERIC AND EXPERIMENTAL RESULTS

The stagnation pressure  and temperature  of the atmospheric air was measured at  upstream jet.  The air jet  was
discharged into the atmosphere and the environment pressure is equal to 98+/-1 kPa. Thus, it is showed the collected
data of runs in Tab. 1, which P0 is gauge stagnation pressure and T0 is stagnation temperature.

Table 1. Experimental results for underexpanded air jet.

Test Exit diameter nozzle P0 T0

A 2.5 mm 4.0 +/- 0.2 kgf/cm² 31.9 +/- 0.2 C⁰

B 3.2 mm 2.8 +/- 0.2 kgf/cm² 31.8 +/- 0.2 C⁰

C 3.2 mm 3.0 +/- 0.2 kgf/cm² 32.0 +/- 0.2 C⁰

D 5,0 mm 1.2 +/- 0.2 kgf/cm² 31,6 +/- 0.2 C⁰

In the  sequence  is  viewed the image obtained  from optical  schlieren  method for  the first  case  which the  exit
diameter nozzle is 2.5 mm (Fig. 5).  The other image in Fig. 5 is illustrated the simulation from OpenFOAM. The
maximum pressure this jet has the value of 258.3 kPa, approximately, that is equal the critical pressure the compressible

10 mm
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flow. Also, this figure shows the pressure establishing to the atmospheric environment.  Under the frequency of shock
wave forwards of the jet, the Fig. 6 illustrates the graphic that compare the simulation and photographic image this run.
Under the spatial shockwave frequency along the jet, Fig. 6 illustrates the graph that compares the simulation and the
photographic image of that run.

   

Figure 5. In left side is the photographic register of the air jet that used of 2.5 mm exit diameter nozzle (case A). The
other , it is viewed the pressure field in the flow.
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Figure 6. This graph compares the density changes along the central line jet with the collected data of pixels obtained
from photographic image (Fig. 5).

In other tests, the results are similar. In the Fig. 7, it is illustrated the jet of nozzle with 3.2 mm of diameter (case B).
How the case C uses the same nozzle, in the Fig. 8 is illustrated the comparative between case B and case C. It is
possible to conclude that the pressure increasing also leads a increment in distance of the axial shockwave. In Fig. 9, it
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is indicated the vortex formation to the case D. This is highlighted because the propagating of the vortex overlaps on the
shockwaves and in this way, the shockwaves have not sharpness in photographic register. 

     

Figure 7. The first image is the experimental test, the second image is the numerical result with pressure indicating in
flow and the last compares the previous images (case B). 

              

Figure 8. Comparative between case B and C. 

2.8 kgf/cm² 3.0 kgf/cm²
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Figure 9. Comparative between experimental and numeric solution from case D. In right image, the photographic
register not presents the sharpness shockwave formation.

5. CONCLUSIONS

The OpenFOAM demonstrated to be excellent to simulations that there are compressible phenomena. It was possible
to observe shockwave formation and the shape was consistent. To case B and C that there was a increment of the
pressure in upstream, the experimental and numerical solution obtained results that was sensible this change. In case D,
the numerical analysis demonstrated the propagation of vortexes that overlap on shockwave of the jet and thus optical
system could not register the sharpness of the shockwave shape.
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