
IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551    Please cite this article as: K. Bouaraour, N. Hebbir, Numerical Study of Twin Jets Interactions using Realizable Model, International Journal of Engineering, Transactions C: Aspects  Vol. 35, No. 03, (2022)   544-551   International Journal of Engineering  J o u r n a l  H o m e p a g e :  w w w . i j e . i r    Numerical Study of Twin Jets Interactions using Realizable Model  K. Bouaraour*a, N. Hebbirb  a Laboratory of Materials, Energetic Systems Technology and Environment, University of Ghardaia, Ghardaia, Algeria b University of Larbi ben M’hidi, Oum Elbouaghi, Algeria   P A P E R  I N F O    Paper history: Received 11 August 2021 Received in revised form 27 November 2021 Accepted 13 December 2021   Keywords:  Nozzles Turbulent Flow  Merging Point Combined Point    A B S T R A C T    In the present study, we numerically investigated the twin turbulent jets characteristics and turbulent quantities when a solid object is placed between the two nozzles. The two jets are assumed to be isothermal, incompressible and fully developed. Turbulence is modeled by the k-ε Realizable model. The set of Reynolds averaged Navier Stokes equations are solved iteratively by the Fluent software. The numerical model is validated with the experimental results available in the literature. For many Reynolds numbers, it was found that velocities and its gradients decay along the longitudinal direction. The placement of a solid object between the twin jet affects the flow structure behind nozzles due to the curvature effect of the solid object. The converging region is disappeared and the combined points axial position increases with Reynolds number. The evolution is almost linearly with an increase in Reynolds number. The effect of  turbulence intensity at the exit of the nozzle is also examined. For a fixed Reynolds number, the axial combined position increases almost linearly with turbulence intensity. doi: 10.5829/ije.2022.35.03c.06   NOMENCLATURE S Distance betweeen nozzles centrline (m) U, V Mean velocity in the horizontal and vertical directions respectively (m/s) K Turbulent kinetic energy (m²/s²) Ui Mean velocity in the xi direction (m/s) x, y Horizontal and vertical coordinates (m) Greek Symbols  ℓ Turbulent length (m) ρ Density (kg/m3) g Gravity( m/s2) µ Dynamic viscosity (kg/m.s) d Distance between nozzles (m) ε Dissipation rate of K (m2/s3) P Pressure (Pa) ν Kinematic viscosity (m2/s) Re Reynolds number Subscripts  PK Turbulent generating source in K equation (kg/m.s3) 0 Related to the outlet of nozzles ui Turbulent fluctuation in xi the direction (m/s) t turbulent  1. INTRODUCTION1  Two jets interactions have many practical engineering applications as in the injection systems, burners, mixing and drying processes. Behind the nozzles, interaction between the two jets passes throw many steps until it merge to a single flow. Tanaka [1, 2] has found that flow field of twin jets interaction is characterized by three distinct zones: The converging zone, the merging zone and the combined zone. The converging zone is located between nozzle exit and the point where the inner shear                                                            *Corresponding Author Institutional Email: bouaraourk@yahoo.fr  (B Kamel) layers of the jets merge.  The location where the velocity at the symmetry plane reaches its maximum is called the combined point and denotes that the merging region ends and the combined region begins [3, 4]. The combined zone is downstream of the combined point where the two jets begin to resemble a self-similar single jet. The schematic of the flow field is given by Figure 1 [5]. When Reynolds number is greater than 2000, jets become turbulent as experimentally indicated by Kwon and Seo [6]. Inorder to increase the mixing and combustion efficiencies, Ali et al. [7] have investigated numerically   



K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551                                  545  the flame holding capability of a supersonic combustor by varying the distance of injector position. Results show that for moderate distance of injector position, large and elongated upstream recirculation can evolve which might be activated as a good flame holder. Three different numerical models were used to investigate the interaction of twin plane parallel jets [5]. Results showed that position of merging and combined points are strongly affected by the velocity ratio and nozzles spacing. Correlations between the merge and combined points position are also made. Many experimental and numerical studies focused on the interference region between the twin jets, by varying velocity ratio of the two jets [8], or by varying some geometrical parameters, such as nozzles spacing (S/d) [9-11]. Also, effect of different parameters on the flow structure is studied by Abdel-rahman [12], particularly initial and boundary conditions. Pandey and Kumar [13] studied the effects of pressure ratio and Mach numbers on the flow field along with the flow and lateral directions were examined. The main finding results was that the width of the twin jets spreads linearly downstream and grows with nozzles spacing and the merging length of the two jets can be increased either by reducing nozzles spacing or increasing Mach number. More recently, a numerical study focused on the characteristics of self-oscillating twin jets using the Reynolds Stress Turbulence Model [14]. Many nozzles spacing are used with a fixed Reynolds number (Re = 27000). Numerical results show that for nozzle spacings of up to four, the two jets merge downstream and oscillate as an equivalent single jet, but for higher nozzle spacing, the two jets do not merge but oscillate separately. Nozzle shape is also examined, but it does not significantly affect the jet decay. In addition, twin oscillating jets produce higher spread and turbulence intensity over a wider area,     Figure 1. Schematic diagram of dual jet  which may be beneficial for cooling of hot devices in industrial applications. In order to investigate the spatial evolution of a dual-plane jet flow and to contribute to a better understanding of the dual-plane jet flow, DNS was performed by Hao et al. [15]. For a fixed nozzle spacing, the combination of transport, convection, production, pressure, and viscous dissipation is well explained in the different flow regions. It is demonstrated that even in the highly intermittent region, the characteristics of small-scale motions are already close to the fully developed flow. CFD software was used to solve a three-dimensional flow situation [16].The studied configuration is formed by nine impinging jets in a square array used to cool a plate maintained at constant heat flux. Numerical code has been executed using three k-ε models and the SST k-ω model. Numerical results show that this last has been noticed to be in maximum agreement with the experimental results, and the local heat transfer coefficient has been declining with the rise in separation distance. In spite of numerous experimental and numerical investigations of turbulent jet flows, few studies focused on the investigation of flow characteristics when an obstacle is placed between the two jets, because of the difficulty of accurately predicting the interaction of the flow structures.  The aim of this study is to investigate numerically the effect of surface curvature when placing different solids bodies between the two parallel jets. The Fluent software was used to solve the governing dynamic equations, due to its efficiency to provide reasonable solutions in many earlier studies [17-20]. Turbulent velocities and turbulent fields were examined and compared with the configuration without obstacle.   2. GEOMETRICAL CONFIGURATION  The studied geometrical configurations are shown in Figure 2. We consider two parallel turbulent jets where the distance between nozzles centerline is S and nozzles width is d, where S/d=6. Dimensions adopted in the transverse and longitudinal directions are respectively 100d and 200d. Configurations are respectively denoted by A and B. The Configuration B is characterized by the placement of a a half-circle object between nozzles compared to the configuration A. The working fluid is air, which is assumed to be incompressible and with constant thermo-physical properties. Reynolds numbers based on the inlet velocity and the nozzle width varied from 2000 to 8000.   Turbulence intensity distribution at the nozzles exit section is uniform and takes different values (1, 3 and 6%). 



546                                 K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551     Figure 2. Geometrical configurations   3. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS   The governing equations for turbulent flow are described mathematically by the Reynolds averaged Navier-Stokes equations (RANS). The flow is assumed to be steady, two dimensional, and fully developed at the exit of the nozzles. Turbulence intensity at the exit of the nozzles varies from 1 to 6%. The RANS equations can be written as follows: ������ � 0 (1) ��	
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!  (3) The Kronecker delta is given by δij =1 if (i=j) and δij =0 if (i ≠ j), and the turbulence viscosity is defined as: �� � "# $%&   (4) Turbulence is modeled with the Realizable model [21] based on the k-ε model derived from the stationary Reynolds average Navier-Stokes equations. The Realizable model is an eddy-viscosity model similar to the standard k-ε model, which perform better results than the standard k-ε model when flow separation and recirculation occur. The concept of realizability introduced by Lumley signifies that the model must respect asymptotic situations. For exemple K and ε must never be negative. This model seems well adapted to circular jets, boundary layers with strong adverse pressure gradients, flows with strong curvature and vortex flows. ���	
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, � "&� &$ -$ � ."&� &%$1√3&	  (6) The analytical derivation results in a model with constants that are different from those employed in the standard k- ε model, where Pk is the sheer production of turbulence kinetic energy.  "# � �56157	∗+0  (7) 9: � √6<=>∅  (8) with: ∅ � �� <=>@��√6A�  (9) A � B��B�CBC�/BE  (10) And the strain tensor is defined as: B�� � �� ��	
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�  (11) BE � FB��B��  (12) �∗ � GB��B�C � ΩI��ΩI��   (13) ΩI�� � Ω�� � 2K��LC  (14) Ω�� � Ω������ � K��LC  (15) Where ωk is the angular velocity and ijΩ is the rotation coefficient tensor. The constants of this model are presented in Table 1.    TABLE 1. Constants of the Realizable k-ε model A0 C1 C2 σk σε 4.04 1.42 1.68 1 1.2 



K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551                                  547  The boundary conditions for the considered problem can be expressed as: 
� The velocity at the exit of the nozzles is:  U=U0 and V0=0.  
� Turbulent kinetic energy and its dissipation rate at the exit of the nozzles are respectively: K0=1.5(U0I0)2 and ε0=K01.5/ℓ. ℓ: is a turbulent length scale (ℓ=d/10 m) and I0 is the inlet turbulent intensity. 
� At the gap of the outlet, gradients of all variables in the y- direction are set to zero. 
� The velocity boundary conditions were fixed to zero over the solid walls.  
� Symmetry condition is applied on the horizontal axis between nozzles.    4. NUMERICAL METHODS  The governing equations are discretized using finite volumes schemes and the solver is the commercial CFD code FLUENT 6.3.26. The velocity components are calculated at a staggered grid while the scalar variables are calculated at the main grid (not staggered). For coupling of mass and momentum equations, SIMPLEC algorithm is used [22]. The discretization of pressure is based on the PRESTO! scheme. The Green-Gauss cell based scheme is used for gradient discretization. Second-order upwind central differencing is used for flow terms, while first order upwind central differencing is used for turbulent kinetic energy and turbulent dissipation rate. The convergence criterion was taken 10-4 for the normalized residual of each equation. We have used relaxation factors of 0.7 for velocities, 0.8 for turbulent quantities and 0.3 for the pressure.   5. VALIDATION AND GRID INDEPENDENCE  To validate the mathematical model and numerical methods, it has been tested with the experimental results reported by  Anderson and Spall [23]. The configuration of Anderson and Spall is like the configuration A with a nozzles spacing (S/d =9). Dimensions along the transverse and longitudinal directions are 100d and 150d, respectively. The Reynolds number was set at 6000 and the turbulent intensity at the outlet of the nozzles was 3.6%. Numerical simulations are obtained with non-uniform meshes of different grid sizes: 450 × 168, 480 × 252 and 600 × 336 (see Figure 3). The deviation between the two last meshes was less than 1.23% for the maximum vertical velocity and less than 2% for the maximum turbulent kinetic energy. The maximum turbulent viscosity deviation reaches 0.95%, so mesh 3 was adopted (see Table 2). Our numerical results show a good agreement with the experimental data, as indicated in Figure 4.  Figure 3. Computational grid structure   TABLE 2. Deviation between meshes  Mesh1 Mesh 2 Mesh 3 Vmax (m/s) 1.51 1.615 1.63 Kmax (m²/s) 24.28 27.73 28.27 νt max (m2/s3) 1.789 1.772 1.789     Figure 4. Axial mean velocity distribution along the symmetry axis for S/d=9      6. RESULTS AND DISCUSSION  We Considered two plan jets (S/d=6), where the Reynolds number was varied from 2000 to 8000. Turbulence intensity at the inlet of nozzles was varied from 1 to 6%. Figure 5 shows the evolution of the axial mean velocity on the symmetry axis (y=0) for different Reynolds numbers. The merging point is determined by the stagnation point, where the mean velocity is zero in the symmetry axis.  6. 1. Configuration A           The mean axial velocity distribution at the symmetry axis is indicated in Figure 5. Since the velocity ratio is one (the same exit velocity for the two nozzles), the axial location of merge and combined points always occurs in the symmetry axis (y=0) as mentioned by Lin and Sheu [24], and by Anderson and Spall [23]. 0 20 40 60 80
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548                                 K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551  For a fixed Reynolds number, a very slight effect has been detected on the velocity profiles only for high Reynolds numbers, as indicated in Figure 6.    Figure 5. Axial mean velocity distribution along the symmetry axis for I0=1%    (a)  (b) Figure 6. Intensity effect along the symmetry axis for:(a) Re=2000,(b) Re=8000  6. 2. Configuration B           For the chosen Reynolds numbers, the figure below shows the evolution of the axial velocity at the symmetry axis for different turbulence intensities.  From Figure 7, we can see that velocity profiles maintain their self-similarity behaviour. We can also see that  the combined point axial position increases with Reynolds number. The locations of combined points are illustrated in Table 3. We have varied the intensity of the turbulence at the exit of the nozzles from 1 to 6%. For a fixed Reynolds number (Re=2000), no significant effect is observed on   I0=1 %  I0=3%  I0=6%  Figure 7. Axial mean velocity distribution along the symmetry axis  0 1 2 3 4
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K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551                                  549  the mean axial velocity as indicated in Figure 8. The same behaviour is observed for the other Reynolds numbers. It’s noted that for a fixed spacing, combined point position is affected by turbulence intensity at the exit of nozzles. Combined point axial location increases almost linearly with turbulence intensity.  For a given turbulence intensity (3%), the x-velocity contours are given in Figure 9 for different Reynolds numbers. At the nozzle exit, high velocities lead to entrainment of fluid in the shear layers of the jets. Entrainment rates in the region between the two jets are high, which results in a region of very low pressure between the jets. The velocities and its gradients decay along x-axis. Due to the effect of entrainment in the shear layer, the velocity between two jets increases with x-axis. The Figure 10 demonstrates the vectors of mean velocity for Re=8000 and for I0=1%. It is observed that the width of twin jets increased further downstream. The region from nozzle outlets to the merge point is the merge region, which is characterized by reverse flow in this region.  From merge point inner shear layers of the jets begin to merge and are characterized as velocity is zero. The merge point is also  characterized by high pressure   TABLE 3. Locations of combined points for different Reynolds numbers  XCP(m) for I0=1% XCP(m) for I0=3% XCP(m) for I0=6% Re=2000 0.23 0.27 0.335 Re=4000 0.285 0.33 0.38 Re=6000 0.325 0.36 0.40 Re=8000 0.35 0.38 0.41    Figure 8. Axial mean velocity distribution along the symmetry axis for Re=2000. Re=2000Re=4000  Re=6000  Re=8000Figure 9. Axial velocity contours for configuration B    Figure 10. Vectors of mean velocity for Re=8000 and I0=1%.   0 1 2 3 4
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550                                 K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551  7. CONCLUSION  In this study, we have investigated numerically the effect of placing a solid object between nozzles in twin turbulent jets. The Realizable based k-ε model is used to describe turbulence, and the commercial Fluent 6.3.26 code is used for the resolution of the transport equations. The numerical model is validated with the experimental data available in the literature. Two different configurations have been tested: The configuration A, which is characterised by the presence of two similar nozzles, where the nozzles width is d and the nozzles centerlines is S (S/d=6). The configuration B differs from the first configuration by the placement of a solid object between nozzles. The Reynolds number at the exit of nozzles varies between Re=2000 and Re=8000. The flow structure for configuration B, is strongly affected behind nozzles compared to the configuration A.  Due to the curvature effect of the solid object, the converging region is disappeared and the combined points axial position is strongly affected. The evolution is almost linearly with the increase of the Reynolds number. Combined points axial positions increases with Reynolds number and velocities and their gradients decay along the longitudinal direction. The effect of the turbulence intensity at the exit of the nozzle is examined. Three values are tested: I0=1%, I0=3 and I0=6%. For a fixed Reynolds number, the axial combined position increases almost linearly with turbulence intensity.   8. REFERENCES  1. Tanaka, E.J.B.o.J., "The interference of two-dimensional parallel jets: 1st report, experiments on dual jet", Bulletin JSME,  Vol. 13, No. 56, (1970), 272-280, doi: 10.1299/jsme1958.13.272 2. Tanaka, E.J.B.o.J., "2nd report, experiments on the combined flow of dual jet", Bulletin JSME,  Vol. 17, (1974), 920-927, doi: 10.1299/jsme1958.17.920 3. Fairuzov, Y.V. and Arvizu, H.J.J.H.T., "Numerical solution for transient conjugate two-phase heat transfer with heat generation in the pipe wall", Journal of Heat Transfer,  Vol. 124, No. 6, (2002), 1213-1218, doi: 10.1115/1.1470170 4. Tenchine, D. and Moro, J.P., "Experimental and numerical study of coaxial jets",  Vol. 3, (1997), 1381–1387, doi: 10.1080/18811248.1998.9733851 5. Mohammadi, M., Samadi, S. and Najafpour Darzi, G.J.I.J.o.E., "Production of single cell protein from sugarcane bagasse by saccharomyces cerevisiae in tray bioreactor", International 
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