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Abstract

:

An experimental and numerical investigation of the flow near a blunt body has been conducted in this study. Most experimental methods of flow studies use flow visualization and probes introduction into the flow field. The main goal of this research was the development of a new methodology to analyze flows, and to measure flow characteristics without taking into account the distorting effects of measuring probes. A series of experiments were performed on a ground surveillance radar in the Price-Païdoussis subsonic wind tunnel. Forces and moments were measured as functions of wind speeds and angular positions by the use of a six-component aerodynamic scale. A Computational Fluid Dynamics three-dimensional model was employed to analyze the wake region of the ground surveillance radar. A turbulence reduction system was proposed and analyzed in this research. The use of the proposed turbulence reduction system was found to be an effective way to reduce turbulent flow intensity by 50%, drag coefficients by 9.6%, and delay the flow transition point by 7.6 times.
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1. Introduction


Blunt body flow analyses are very important in Engineering. Most bodies and structures do not present a streamlined shape; for this reason, an accurate analysis of wake regions would lead to a major understanding of turbulence flows and turbulence reduction mechanisms [1]. Blunt bodies in turbulent flow conditions can lead to material fatigue and damage, and therefore, to increased drag and energy consumption. There are few studies, both in theoretical and in experimental research related to methods of studying flow behaviors in the presence of blunt bodies [2,3]. A methodology to measure and analyze the flow characteristics near a full-size “Ground Surveillance Radar” without introducing probes into the flow field, that would affect its structure, to the best of our knowledge, has not been described in the literature. The proposed methodology employs a quantitative approach [4] to analyze the wake region to evaluate the turbulence intensity, drag coefficient, pressure distribution coefficient, and boundary separation of a flow near a blunt body. A procedure to quantitatively validate numerical models using experimental data from wind tunnel tests, including an analysis of a proposed “turbulence reduction system” is also part of this research.



The experimental tests were performed for the ground surveillance radar in the Price-Païdoussis subsonic wind tunnel at our Research Laboratory in Active Controls, Avionics and Aeroservoelasticity LARCASE. The LARCASE laboratory is one of the few multidisciplinary aerospace research laboratories in Canada that has four pieces of state-of-the-art research equipment, such as a Cessna Citation X Business Aircraft Research Flight Simulator, a Bombardier series regional jet CRJ-700 Research Flight Simulator, an Autonomous Aerial System UAS-S4 from Hydra Technologies and a Subsonic Wind Tunnel Price-Païdoussis. At the LARCASE, new methodologies in the aeronautical industry have been developed in the areas of actuated morphing wings and wing-tip systems [5,6,7], upper surface optimization of wing shapes for unmanned aerial systems [8,9,10,11], and Computational Fluid Dynamics models validations with experimental results from subsonic wind tunnel tests [12,13].




2. Literature Review


2.1. Wake Characteristics of Blunt Bodies


The boundary layer at the blunt body surface can be described in terms of flow separation, shear layers, vortex shedding, flow recirculation, and vortex formation, which may lead to a high surface drag coefficient. The reason is that the sharp edges of blunt bodies accelerate a transition to turbulent flow and a flow separation dominated by vortices and eddies [14,15]. The “ground surveillance radar” in this study had the same characteristics as a blunt body while the wake region had a turbulent flow behavior. The “ground surveillance radar” will be shortened by “radar” in the following sections. Figure 1 illustrates the flow behavior at the wake on a blunt body (radar), as explained in experimental research papers done on blunt bodies. On the left side of Figure 1, the radar model is visualized, while on its right side, the flow starts to separate, and then reattach on the radar upper surface, but the viscous forces and shear layers are not strong enough [16,17]. The detached shear layer path was indicated by number 1. At the wake region, a closed boundary would form; the length and width increase as the recirculation regions indicated by number 2, and the separation regions indicated by number 3 grow at the rear of the blunt body.




2.2. Turbulence Model


Most common flows encountered in nature and industrial applications are three-dimensional, and they are turbulent. There are the Reynolds-Averaged Navier-Stokes (RANS) one-equation turbulence models, such as the Spalart-Allmaras model, that are useful in wings and wing tip CFD simulations [18], and two-equation models such as k-ε models and k-ω models. In the next section, only the k-ε turbulence model will be used. The k-ε turbulence model predicts the flow behavior by solving the RANS equations where k is the turbulence kinetic energy and ε represents the rate of dissipation of turbulence kinetic energy; it is also a suitable model for solving external flow problems with complex geometries where the wall function and y+ values have to be carefully considered for each type of simulation [19,20]. Solving at the flow smallest scales, near the wall region, as well as at the flow largest scales, has led to the development of hybrid models, which combine the best properties of RANS with those of Large Eddie Simulation (LES). One of these hybrid techniques is the Detached Eddy Simulation (DES) model, where the regions close to the walls are solved using a RANS model, while the rest of the flow is solved with an LES approach [21,22].



The choice of a hybrid model was the best option to solve the flow model of the radar in this paper, because of the fact that important pressure gradients, eddies, and vortices were expected.




2.3. Model Validation


According to the ASME’s guide [23], uncertainties should be taken into account during the validation process of a numerical model. To validate a model, a specific metric is not imposed by ASME, but this metric should “be equal to zero” when the data is identical to the experimental results.



The “Area Metric” method allows the comparison of simulation results with experimental data. Moreover, this metric meets all the ASME’s requirements including the uncertainties modeling. This method has an important advantage with respect to classical methods for being able to evaluate and subsequently refuse or accept the proposed model [24,25]. This method is robust, as it provides quantitative measures of differences between the predicted and experimental data, and enables a graphical representation of these differences in the same physical units as for experimental data [26,27]. The measurement of the error d(P,O) is evaluated using Equation (1) on the entire range of the distributed data, where P(x) are the predicted values and O(X) are the observed values obtained during wind tunnel tests. This method is applied using the Cumulative Distribution Function (CDF) of experimental and numerical model data. Both CDFs are step functions and the variable A represents the difference between the model and the experimental test data.


  A = d   P , O   =   ∫   − ∞  ∞    P  x  − O  x      d x  



(1)








2.4. Vortex Detection


A vortex detection technique would greatly improve the results obtained in our research. There are a few vortex techniques developed in the last years, but the classical and more used vortex techniques are Q-criterion, Delta-criterion, and Lambda2-criterion [28]. The vortex detection technique lambda2 (suggested by the reviewers) is used mainly for body shapes where multiples vortices are presented. The radar body is a symmetric blunt body with one main vortex created by the boundary layer at its upper surface. We have consulted the suggested articles, as well as other articles in which various vortex techniques were used, and we found that the Q-criterion applies to the shape of the radar, and to the subsonic flow velocity in this study, and is less time consuming than the lambda2 criterion.



Largely steady or recirculation vortices at the wake region can orientate the flow in different directions and change the pressure distribution around the blunt body surface. Unsteady vortices can store energy and dissipate it in the wake flow, thus increasing the induced drag of the blunt body. Besides using the flow variables, such as velocity, pressure, and vorticity, it is challenging to analyze vortices at the surface and the wake region of a blunt body. From the classical vortex detection techniques [28,29] studied in the literature, the Q-Criterion [30] was found to be well suited to accurately identify vortex location, strength, and behavior in the flow field encountered in the radars wake region. The Q-Criterion vortex representation technique shows the variation of the rotational and deformation components of a fluid element in the flow field.



Equation (2) was programmed in the CFD model, in which Ω is the vorticity magnitude and S is the rate of strain.


  Q =  1 2     W 2  −  S 2     



(2)







The vortex detection technique Q-Criterion shows the local balance between the shear strain rate and the rotation rate or vorticity magnitude near the wake region of the radar. The Q-Criterion allows separating the region of the location where the strength of rotation overcomes the strain rate of a flow field. The threshold applied to the Q-Criterion plays an important role in detecting the outer shell of the vortex, as well as the strength of the vortices. The threshold values for Q-Criterion 101 < Q ≤ 106 were chosen to account for the highest velocity of the flow inside the wind tunnel (15 m/s), the large size of the radar, and the fully turbulent flow at the wake region.



The vortices made up sheering motion, as well as their inviscid part cannot be captured using the Q-criterion. Most of the classical vortex detection techniques are limited to the narrow core region of vortices and are not applied outside it. Classical vortex criteria are tools to capture the topological structures of the flow rather than to extract and quantify values of individual vortices [31,32]. We are presenting results obtained using the Q-criterion for the original radar without a turbulence reduction system and for the radar with a turbulence reduction system.




2.5. Wind Tunnel


There are two main factors to be considered in a wind tunnel test procedure for blunt bodies; the “blockage constraint” of a closed test section and the Reynolds number. Different techniques and methods were established to measure, and thus to reduce the impact of blockage constraint on experimental data. It was found that the blockage area ratio should be 10% to remove wall interference and to calculate the wind tunnel empirical factor ω needed to remove the blockage constraint from aerodynamic coefficients. The Reynolds number plays an important role in experimental testing because of the fact that flow separation and turbulence are often dependent on the Reynolds number [33].





3. Research Objectives


The research objectives are:




	(1)

	
The design of a new methodology for numerical and experimental analysis of turbulent flows.




	(2)

	
The quantitative metrics consideration to measure flow analysis improvements.




	(3)

	
The analysis of a “turbulence reduction system” for blunt bodies.










4. Apparatus and Instrumentation


The Applied Research Laboratory in Active Controls, Avionics, and Aeroservoelasticity LARCASE team obtained the Subsonic Wind Tunnel Price-Païdoussis for numerical model validation and testing in the Aerospace field. The details of this Blow-Down Subsonic Wind Tunnel, the aerodynamic scale, as well as the instrumentation used in this research are described in this section.



The Price-Païdoussis Open Return Subsonic Wind Tunnel shown in Figure 2 is a research apparatus for the validation of Computational Fluid Dynamics (CFD) models of various geometrical shapes and dimensions. The wind tunnel consists of a centrifugal fan, a diffusing and settling chamber, a contraction section, and a test chamber or test section, as shown in detail in Figure 3. The air supply enters the wind tunnel by two inlets located on opposite sides of the centrifugal fan. The engine and the centrifugal fan are protected from dust particles inside a closed area.



An important step to perform before experimental tests is the “calibration phase”, in which the flow conditions inside the test chamber are obtained. The main parameters to characterize the flow during a wind tunnel test are: (1) the total, static and dynamic pressures; (2) the temperature variation during the test; (3) the controlled flow speeds, and finally the Reynolds number. The internal filters shown in Figure 3 are dissipating the flow turbulence, and the laminar flow enters the contraction section where the flow speed increases. The large test chamber for full-scale models has a height, width, and length of 1.5 × 2 × 4 m, respectively, a maximum speed given by Mach number M = 0.05, and a maximum Reynolds number of 105.



The “aerodynamic scale” was designed and built in-house. It has three strain gages that convert force into ‘electrical resistance’, which can be used to measure forces and moments values in all three coordinates. The output signal from strain gages is amplified and filtered, and the overall noise is minimized. The LARCASE aerodynamic scale can measure Fx and Fy forces up to 2500 N with an accuracy of 1/2N and can support full-scale models with an Fz of up to 6250 N with an accuracy of ¾ N. The maximum values of Mx, My, and Mz moments are 400 Nm with an accuracy of 1/20 Nm. The radar was fixed to a pan/tilt device by use of eight screws, which lead to a ground clearance of 0.38 m and 360° operational range. The scale can measure three forces (lift, drag, and side) and three moments (pitch, roll, and yaw) and it was mounted between the pan/tilt device and a high-grade steel tripod screwed to the floor. The pan/tilt device allows the variation of the yaw angle within ±0.01°. Two circular aluminum plates were used as interfaces and manufactured for this study. They were rigidly coupled to align the pan/tilt device, the aerodynamic scale, and the tripod. The pan/tilt device is a cube with a constant surface area on its front, back, and both sides [34].



The temperature and pressure readings are important for calculating the air density and flow speed during wind tunnel tests. The sensor used in the wind tunnel for measuring the temperature is a thermocouple type K with its accuracy of ±0.5 per degree Celsius. The Pitot tube inside the test section measures the flow static and the total pressures. The holes on the Pitot tube surface that are perpendicular to the speed direction are used for static pressure measurements, and the hole at the tip of this tube is used for total pressure measurements [35].



A multifunction data acquisition system USB-6210 from National Instruments (NI) was chosen to convert the analog signals of the aerodynamic scale into digital during the wind tunnel tests, and further to save them for their post-processing. The USB-6210 allows measurements of up to 16 analog inputs and does not require external power for its functioning. It reduces all input signals to a single USB cable, and can thus send the data from the force sensors to a remote PC. A custom interface was designed to acquire, visualize, and save data for post-processing. A video film was also recorded during the wind tunnel tests by use of the camera installed inside the test section. The aerodynamic data saved for each wind tunnel test were later imported in MATLAB 9.0 (2016b) for their analysis in the research post-processing phase. Each wind tunnel test was done at a sampling rate of 1000 Hz for pressure and temperature sensors, and 10,000 Hz for force and moment sensors.




5. Experimental Approach


For each wind tunnel test performed for this research, the authors measured and recorded the values of forces, moments, shedding frequencies, pressure, and velocity variations at the wake region of the radar. Before performing experimental tests, a structural analysis was done to evaluate the stress distribution on the radar at the flow speed of 15 m/s. The photograph of the radar tested at the LARCASE wind tunnel is illustrated in Figure 4. The dimensions of the radar are the following: the height H = 0.37 m, the length L = 0.75 m, and the thickness h = 0.16 m. The projected frontal area of the radar is Am = 0.278 m2 with an aspect ratio AR = H/L = 0.49. Experimental tests were conducted at the Price–Païdoussis subsonic wind tunnel in its 1.5 m × 2.0 m × 4.0 m test section with a frontal surface area Awt = 3.0 m2. The positions of the yaw angle were denoted by γ as they measured the angles in degrees between the airflow direction and the frontal area of the radar. The angles are positive in are oriented in the clockwise direction. An angle γ = 0° indicates that the radar maximum surface Am is perpendicular to the flow, and an angle γ = 90° indicates that the radar maximum surface rotates towards the right side wall of the test section while the radar’s smaller surface (side of the radar) is perpendicular to the airflow direction.



The radar was located at the center of the test section, where the blockage ratio      A m     A  w t       is equal to     0.278   3.0     = 9.27% for γ = 0°.



5.1. Empirical Equations


The flow speed  U  was determined by using the air density  ρ  and the difference between the total pressure    P t    and the static pressure    P s   , as shown in the Bernoulli equation [36].


   P t  −  P s  =  q c  =  1 2    ρ  U 2   



(3)







The Reynolds number [36]   R  e H    was calculated using the wind tunnel speed U, the radar height H, and the constant air kinematic viscosity   ϑ  T    at T = 22°:


  R  e H  =   U H   ϑ  T     



(4)







The drag coefficient [36]    C d    is a non-dimensional form of the drag force    F d    acting on the radar body and in the flow opposite direction. Equation (5) of the drag coefficient is given next:


   C d  =   2  F d    ρ  T   U 2   A m     



(5)







As the flow acts on the radar in the wind tunnel test section, a constraint occurs in the flow at the wake region. Equation (6) proposed and verified experimentally by Garner and Maskell [37] captures the blockage effects on bluff bodies. To determine the aerodynamic coefficients  C  without taking into account the constraints of the wind tunnel test section walls, the values of the uncorrected aerodynamic coefficients [37]    C u   , the blockage ratio      A m     A  w t       and the empirical value ω need to be calculated. Therefore   C   is obtained using the next equation:


  C = ω    C u       A m     A  w t        



(6)







The blockage factor for blunt-body [37] ω is an empirical value describing the effects of the rigid walls, and those of the blunt body stopping the flow lateral displacement. The ω value is calculated based on the pressure coefficient    C p    as follows:


  ω =  1    1 −  C p    2 − 1    



(7)







The pressure coefficient    C p    is a non-dimensional ratio between the local static pressure differences and the dynamic pressure of the incoming flow. The local static pressure    P i    is evaluated at various locations in the test section. The pressure coefficient    C p    measures the local static pressure relative to the freestream static pressure    P s    and the freestream dynamic pressure    q c   . The pressure distribution is therefore calculated with the following equation:


   C p  =    P i  −  P s     q c     



(8)







The dynamic pressure increase at the wake region produces a local reduction of the static pressure; therefore, the correction  C  presented in Equation (6) is applied to the aerodynamic coefficients    C u   . The corrected  C  values are given by the following equation:


  C = 0.942    C u   



(9)







The turbulence intensity I is the ratio between the velocity variation in the flow local components    u x   ,    u y   , and    u z    and the free stream velocity U inside the wind tunnel test section. The turbulence intensity values I were calculated with the following equation:


  I =     (  u x  +  u y  +  u z  )  2     U 2     



(10)







The Strouhal number (St) is the most important parameter associated with periodic vortex shedding, flow oscillations, and turbulence kinetic energy production at the wake region for blunt bodies [38]. At St ≥ 0.3, the flow is fully turbulent and dominated by periodic vortices shedding. For an intermediate range of Strouhal number 0.2 ≤ St ≥ 0.3, oscillations and periodic motions appear, and a turbulent wake forms behind the blunt body. At low Strouhal numbers (St ≤ 0.2), the oscillations and vortices are dissipated by the moving fluid. St is defined by the vortex shedding frequency f, the length H, and the free stream flow velocity U. The St value is calculated with the following equation:


  S t =   f H  U   



(11)








5.2. Experimental Data


The experimental data were collected in real-time as the radar changes its angular position. The unfiltered drag forces obtained for three flow velocities are presented in Figure 5. The drag force has a maximum value at γ = 0°, and has its minimum value at γ = 90°. It can be mentioned that as the cross-section surface of the radar decreases with the angular position γ, the drag force exerted on the radar body decreases independently of the flow speed. Figure 5 also shows the blunt body symmetry between its front and rear sides, as well as between its left and right sides.



For blunt bodies, the drag coefficient is independent of the Reynolds number because of the fact that in a turbulent flow regime, the wake region is dominated by sharp edges and blunt body shapes. The drag coefficient values variations were obtained using Equations (5) and (9) and they are presented in Figure 6. The experimental drag coefficient values were found to be close for each angular position, which meant that they were independent of the Reynolds number. Their non-dependence on the Reynolds number allowed the design and analysis of a system able to decrease the drag force for any flow speed encountered by the radar.



Periodic oscillations are present in the streamwise loads for the three flow regimes tested during the wind tunnel test of the radar. The experimental load Fx is characterized by a periodic motion, associated with oscillations in the wake region and provoked by the constant boundary layer separation at the upper surface of the radar, and by changes in the velocity of the flow field. Figure 7 presents the drag coefficient of the force Fx variation with time at the angular position γ = 0° collected for 10 s and for three flow velocities: 8, 12, and 15 m/s.



The Strouhal number (St) describes turbulent periodic flow characteristics of blunt bodies. The oscillations for the drag forces are composed of a spectrum of frequencies. To find the frequency distribution for each flow velocity, the drag coefficients values shown in Figure 7 are decomposed in discrete frequencies as seen in Figure 8, where the power spectrum for each drag coefficient is traced versus frequency. The fundamental frequency presented in the flow at a velocity of 8 m/s is 7.89 Hz; at a velocity of 12 m/s is 11.53 Hz and at a velocity of 15 m/s is 14.77 Hz. Using the dimensionless Strouhal number defined in Equation (11), the radar’s dimension normal to the flow direction H = 0.37 m and the fundamental frequencies for each wind tunnel test, the St number representing the vortex shedding on the radar blunt structure had three values   S  t  8 m / s   = 0.365 ;   S  t  12 m / s   = 0.356   and   S  t  15 m / s   = 0.364  . As a Strouhal number St ≥ 0.3, we can conclude that the wake region of the radar is turbulent and unsteady while flow separation and vortices shedding downstream occur.





6. Numerical Approach


The full-scale radar, the Price–Païdoussis subsonic wind tunnel, and the flow around the radar were all modeled, meshed, and solved using ANSYS Fluent. This section shows in detail the numerical approach needed to obtain the radar aerodynamics coefficients; also, it shows the verification and validation process following the ASME guidelines.



6.1. CFD Models Design and Grid Domain


The physical dimensions and shapes of the test section and the radar were used to design a numerical representation of these two models. The aerodynamic scale measures the forces and moments at the base of the radar system; therefore, the moments are calculated at the same location as the forces. The meshing process includes the next steps: (a) the design of an initial mesh, followed by an evaluation of its quality, and by specifications of its boundary conditions; (b) the improvement and repairing of the mesh discontinuities and space between its cells; (c) the generation of the volume mesh using Triangle and Quad elements and refining of the mesh density close to its boundary layer; (d) the exportation of the final mesh to a neutral format. Two meshes were designed separately and then merged into a single mesh for its use in the Finite Element Analysis and Computational Fluid Dynamics solvers.



The CAD of the original radar has been prepared for meshing by eliminating small details on the radar’s surface. The y+ value was an important parameter for mesh-size calculation in the near-the-surface-mesh design with a growth rate of 20% for the next mesh layers. The radar mesh at its surface was composed of 130,580 unstructured mesh elements; 97% of these elements were modeled by triangular prisms. The radar face and rear meshes can be seen in Figure 9.



A mesh with a higher resolution was designed around the radar to accurately capture the turbulent wake at the rear of the radar. The 3D mesh was called ‘InnerFluid’, and it was composed of 2,583,142 prisms and tetra unstructured mesh elements. To ensure an accurate simulation of the boundary layer flow near the model, 15 prism layers were used with the y+ calculated value as the first mesh size. The grid independence tests were performed with coarse, medium, and fine meshes; the forces and moments were not dependent on the mesh resolution [39,40].



The numerical model of the radar was constrained by four wall regions and two pressure regions (inlet and outlet) to simulate the flow conditions during wind tunnel tests. The flow direction, the radar position inside the test section, and the reference axis are shown in Figure 10.




6.2. Boundary Layer Region Thickness


Speed gradients are important for enclosed domains, such as wind tunnels, where the mesh resolution and number of inflation layers are critical [41,42]. The flow mesh inside the wind tunnel section was called ‘Inner_Fluid’ in the CFD software. An accurate mesh size and number of layers at the boundary layer near the four walls of the test section were needed to accurately simulate and describe the flow behavior in this region.



The resolution and size of the mesh (cells heights forming the mesh) and the number of cells-layers at the boundary layer were important for the turbulence model to accurately find the speed profile and further to predict the flow behavior. The CFD model allows modifying the mesh resolution and size, as well as the height of each cell by use of a non-dimensional distance y+. To accurately simulate a CFD model, the y+ distance must be calculated as a function of the (1) turbulence model, (2) Reynolds number defined by the experimental tests of the radar, and (3) flow behavior at the wake. In this study, the k-ε turbulence model was chosen to be used with Re > 105 and a wake region experiencing flow separation, recirculation, and vortices [43,44].



The turbulence model k-ε recommends y+ = 300 to define the boundary conditions at the wall. Since it is difficult to gauge the near-wall resolution requirements for the size of the radar, the y+ value was estimated inside the wind tunnel test section by use of a semi-empirical equation provided by ANSYS Fluent documentation [45].



For this study, it was important to calculate the height of the boundary layer inside the wind tunnel test section for the same flow conditions as the ones of the wind tunnel tests. The density was set to ρ(22 °C) = 1.196 Kg/m3 and the dynamic viscosity was set to μ(22 °C) = 1.822 × 10−5 Pa × s. The Reynolds number was calculated with Equation (5) for 15 m/s at the location of the radar L = 5 m, thus   R  e L    = 5 × 106 was obtained.



The turbulence thickness  δ  at the location L was calculated with Equation (12):


  δ =   0.382   L   R  e L 0.2     



(12)







The turbulence thicknesses  δ  at the locations L = 2 m and L = 5 m were    δ  L = 2     = 4 × 10−2 m and    δ  L = 5     = 9 × 10−2 m. The skin friction coefficient for a turbulent flow    C  f t     was calculated with Equation (13), thus    C  f t     = 2.7 × 10−3 for   R  e L    = 5 × 106.


   C  f t   =   0.0583   R  e L 0.2     



(13)







The wall shear stress    τ w    = 0.36 Pa was calculated with Equation (14).


   τ w  =  C  f t   0.5   ρ  U 2   



(14)







The frictional velocity    U τ    = 0.55 m/s was obtained by use of Equation (15).


   U τ  =      τ w   ρ     



(15)







The estimated boundary layer thickness at the radar position had a height  δ  = 4 × 10−2 m. Therefore 15 mesh layers were installed at the boundary layer region to ensure accurate grid inflation on the whole mesh. The total height  δ  = 4 × 10−2 m of the boundary layer divided by 15 mesh gave the value y = 2.7 × 10−3 m for each mesh layer by use of Equation (16).


  y =   4 ×   10   − 2     15    



(16)







Then, Equation (17) was used to find    y +    for a cell height of y = 2.7 × 10−3 m.


   y +  =   ρ    U τ    μ   y = 96  



(17)







Therefore,    y +    = 96 for the radar’s wake region.




6.3. CFD Model Simulation Characteristics


The flow around the radar changes over time from laminar to turbulent flow with its recirculation and vortices emerging in the wake region; as a result, the CFD model of the radar was solved using a transient flow simulation. The solver was designed to simulate with a high degree of accuracy the wind tunnel tests performed on the radar. In this paper, the pressure-based method was used as it was mainly developed for incompressible low Reynolds number applications (Mach numbers below 0.3); in fact, the Pressure-Implicit with Splitting of Operators algorithm was used as a pressure-velocity calculation procedure for solving the Navier–Stokes equations. A k-ε model coupled with the Detached Eddy Simulation (DES) and a wall function with the above-calculated value of y+ were chosen for the flow analysis. The inlet x-velocity was set to its desired speed during the wind tunnel tests (8 m/s, 12 m/s, and 15 m/s). During these tests, the speed variation across the empty test section was 1% while the turbulence intensity was 0.3%; these values were used in the turbulence model. The outlet gauge pressure was set to atmospheric pressure as the outlet pressure of the wind tunnel. The radar transient simulations were calculated for more than 22,500 iterations for each case (1 case is considered for 1 flow speed and 1 angular position of the radar). To have information on the flow time variation, the simulation step time was set to a value of 10−4 s. The simulation time converged to an accurate solution after 2000 time steps, which corresponded to a total time of 2000 × 1 × 10−4 = 0.2 s. The Residual Convergence criteria were set to a value equal to 1 × 10−5, to obtain accurate forces and moments values.




6.4. CFD Validation


This sub-section provides the validation requirements of the ASME guidelines described in Section 2.3. In total, 15 test cases were performed during wind tunnel tests, in which three forces (Fx, Fy, Fz) and three moments (Mx, My, Mz) were measured by our in-house aerodynamic scale. The radar and aerodynamic scale were mechanically connected by a non-permanent joint consisting of a bolt flange and 4 bolts (each bolt of a diameter of 10 mm). This joint has not allowed any motion in the Fz direction and has not allowed any Mz moment between the radar and the aerodynamic scale. The values measured by the aerodynamic scale were found to be very low, Fz = 0.002 N and Mz = 0.001 Nm. These Fz and Mz values were observed during experimental tests for safety reasons, to ensure that the radar and aerodynamic scale were fixed together. These values were not calculated by use of CFD as they were very low and have not provided any information on the interaction between the radar and the flow. The Fx, Fy, Mx, and My values were calculated by CFD as they were the most important loads in this research.



6.4.1. Linear Regression Method


Linear Regression analysis [46] is a statistical process that allows for an estimation of the order of difference between the model’s predicted values and its experimental values. The correlation magnitude between the experimental values and the predicted values can be quantified by calculating the Adjusted R2 (R-squared) of the model. This value denoted the proportion of the variance in the experimental data that is predicted by the model data. An Adjusted R2 of 1 indicates that the model predicts very well all experimental data, but practically models are never perfect, therefore an Adjusted R2 has any value between 0 and less than 1. The Adjusted R2 values were 0.9986 for Fx, and 0.9945 for Fy, therefore the prediction for Fx was 99.86% and for Fy 99.45%. The moments Mx and My have an Adjusted R2 of 98.29% and 98.26% respectively, which suggested a very good agreement between the experimental data and the simulated data.




6.4.2. Area Metric Method


The Area Metric method [46] is part of the validation process required by the ASME guidelines when numerical models are used. This second type of validation measures the agreement between the simulated data and the experimental data by calculating the mismatch of the surface area between the two sets of data. The fact that this method allows validating a model when only a few experimental values can be measured is an advantage over other available validation methods. All experimental values were compared with the simulation values using the Area Metric method, as shown in Figure 11. This method measured a maximum difference of 2.34 N between the predicted Fx forces and the observed Fx forces. The Area Metric method, in a similar way, provided differences for Fy, Mx, and My which were respectively 3.43 N, 1.21 Nm, and 4.15 Nm, as shown in Figure 12, Figure 13, and Figure 14, respectively.



In conclusion, drag forces Fx were predicted very well with an accuracy of 99.86% (Linear Regression), and with a small mismatch of 2.34 N using the Area Metric Method.






7. Flow Analysis and Discussion


Literature review suggests that the flow behavior near blunts bodies have distinctive and recognized features contrasting those of streamlined bodies. Following flow disturbance on the blunt body, its motion can either continue developing its turbulent behavior at the wake or it can be damped by means of a turbulence reduction system. The CFD results have allowed analyzing the boundary layer behavior and unsteady wake flow region of the original radar and the radar with the turbulence reduction system. Figure 15 shows the main locations affecting flow behavior, the initial contact of the fluid with the upper surface of the radar, denoted by position 2, was called “leading edge” and the final contact point, denoted by position 4, was called “trailing edge”. The radar surface where most turbulence fluctuations occurred was called “upper surface” and represented by position 3. The “front region” and “rear region” are denoted by positions 1 and 5, respectively.



7.1. Original Radar Flow Analysis


The validated CFD model gave new insights to study the fluid in contact with the radar surface from its boundary layer separation to vortex formation and turbulent transition. This section describes the transitional state where a laminar flow interacts with a blunt body by provoking boundary layer separation, vortex formation, and flow instabilities. When the flow approached the radar blunt body, there was an increase in dynamic pressure at its upper surface and a sudden decrease in static pressure at the “front region” and at the “rear region”. The rapid increase in dynamic pressure at the upper surface of the radar produced a vacuum in the wake region shown in Figure 16 in blue color. As the flow moved forward, the main recirculation region started to form with a high rotation dynamic energy shown by red, yellow, and green colors. The fluid at the front and the rear of the radar moved slowly with respect to the rest of the flow by provoking the boundary layer to separate abruptly at the “leading edge”. The high flow velocity and dynamic pressure at the upper surface increased the turbulent energy in the wake region.



It is known that the flow surrounding a blunt body is mainly formed by pressure drag, and a small fraction of it is due to friction drag. The flow structure seen in Figure 17 contains the major components of a turbulent flow calculated with fluctuations of the mean flow speed, as described by the turbulence intensity I in Equation (10). In Figure 17, at position 1, the flow separates from the radar surface, and the flow transitions to its turbulent state with its intensity close to 20.6%. At position 2, the separated shear layer gain momentum, and small irregular eddies appear with a high-intensity ratio I = 29.4%, as seen at position 5. High intensities regions are representing velocities fluctuations and vortices. The flow tries to reattach to the radar’s upper surface and also to its rear handles as shown at position 3. The main recirculation region is formed at a distance of 1 m from the radar location. The high velocities gradients at the wake and close to the upper wall (of the test section) are shown in green and yellow colors with their intensities ranging from 10% to 20% at position 4. At the main recirculation region, the high kinetic energy generates a vortex with a high turbulence intensity ranging from 10% to 29.4%, as shown at position 5. It is known that multiples recirculation regions occur on blunt bodies inside wall-bounded flows, as shown at position 6.



Immediately after contact with the blunt body, the fluid had changed to a fully turbulent flow. Figure 18 shows the streamlined directions and magnitudes of the fluid dynamic pressure field in the wake of the radar body. Initially, the flow separates abruptly at the “leading edge” of the radar due to a high range of dynamic pressures shown by cyan, yellow and orange colors in Figure 18; these high-pressure fields prevented the boundary layers to re-attach to the “upper surface” and thus, to produce two recirculation regions; the first recirculation region, shown by number 3, was attached at the rear of the radar surface, with the same diameter as the height “H” of the radar. The angular kinetic energy was not higher compared to that of the rest of the fluid in the wake region, but the local rotation was oriented in the opposite direction of the incoming flow (counter-clockwise rotation). The second recirculation region, shown by number 4, had a diameter three times higher than the height of the radar “H”, it was located at two lengths “H” from the rear of the radar, had high clockwise rotational direction and up to five times (2866/573 = 5 times) the dynamic pressure higher compared to the dynamic pressure of the rest of the flow. The pressure distribution at the front and back of the radar’s base produced two separation bubbles identified by number 1 at the “front region” and by number 2 at the “rear region”. The dynamic pressures, in these regions, were low and close to the stagnation pressure and local flows were moving in the clockwise direction.



The impact of the accelerated fluid on the surface of the radar has increased the turbulence production in the wake region; this flow transition to a turbulent regime can be observed and analyzed at the “upper surface” of the radar body. The original shape of the “upper surface” of the radar did not dissipate well the energy produced by the impact of the fluid with a blunt body into the fluid “kinetic energy”, therefore it created fluctuating instabilities and increased turbulence production.



Figure 19 shows the isosurfaces obtained using the Q-Criterion applied to the velocity flow of 15 m/s. The isovalues presented in Figure 19a–f show the longitudinal vortices variation in time at the wake region of the radar without a turbulence reduction system. The dominant vortices are emphasized and clearly predicted from the beginning of the simulation. The topology of the turbulent flow field at the wake region is well solved and visualized. A vortex structure is present at the upper surface and the base of the radar body. This vortex structure persists and gains in strength at the upper surface of the radar, and is developed into the main structure at the wake region. The boundary layer over the upper surface of the radar is believed to be responsible for the vortex growth and its intensity gain. It can therefore be concluded that there are no additional main vortex structures in the wake.




7.2. Radar Mounted with a Turbulence Reduction System Flow Analysis


In this section, the wake region of the radar mounted with a proposed turbulence reduction system was analyzed. The radar surface denoted by “upper surface” in Figure 15 by number 3 is the location where the turbulence reduction system was installed; in this location, the dynamic pressure was higher, flow separation was important and eddies started to occur.



Figure 20 shows the original radar geometry (a) equipped with the proposed turbulence reduction system (b); The sharp edge was changed to a streamlined edge, as shown by number 1; at the upper rear surface of the radar, a turbulence reduction system was positioned, as shown by number 2. The system had a length of 0.50 m and was inclined with an angle of 25° at the top of the radar. The turbulence reducing system could have a high impact on the reduction of abrupt pressure gradients at the surface of the radar, and an important decrease in vortices formation downstream the wake region. The size and location of the turbulence reduction system did not affect the weight or the operating behavior of the radar.



The optimization of the curvature of the front upper surface of the radar referred to in our article by “leading edge” was considered. The optimized radius of the leading edge should be calculated by considering a compromise between the CFD simulation models (using the same metrics presented in this paper to evaluate the turbulence reduction system) and the manufacturing tolerances needed for the prototype. It is well-known that in the field of experimental testing, the numerical model predictions have to take into account the fabrication (machining) limitations (tolerances) of a prototype.



The “leading edge” optimization shape algorithm has to take into account the fabrication limitations variables (constraints) to produce a viable solution. The development of a prototype with the proposed “turbulence reduction system” and with an “optimized leading edge shape” is part of future research.



It is important in this section to find a way to compare the performance of the turbulence reduction system on the original radar shape. Figure 21 shows the streamline dynamic pressures on the radar body mounted with the turbulence reduction system, which gradually increases from low-pressure regions visualized in blue color to higher pressure regions shown in orange and red colors. The four recirculation regions shown in Figure 18 are also presented in Figure 21. The main recirculation region indicated by number 4 in Figure 21 has reduced in size to a diameter of 1.4 times the height “H” of the radar. The secondary recirculation region indicated by the number 3 reduced in size to 0.3 times the height “H” and the two separation bubbles indicated by numbers 1 and 2 were reduced in size significantly.



The local turbulence intensity data in five locations inside the wake region of the original radar, and of the radar with the turbulence reducing system can be seen in Figure 22. These five locations behind the radar body and along the z-axis (vertical plane) were chosen because of the high-pressure gradients and important recirculation regions obtained numerically, and are also shown in Figure 18 and Figure 22. The five locations described the flow behavior at the radar rear (x = 0 m), at 0.2 m from the radar rear (x = 0.2 m), at 0.4 m from the radar rear (x = 0.4 m), at 0.7 m from the radar rear (x = 0.7 m) and at 1.2 m from the radar rear (x = 1.2 m) were calculated. The normalized values between 0 and 1 of the turbulence intensity I were calculated at five downstream locations for the two radar models. The original radar model was represented by a “solid” line and the radar with the turbulence reduction system was shown by a “circle dash” line. A significant decrease in flow turbulence was found for the radar with a turbulence reduction system at each of the five wake locations. In Figure 22, abrupt changes in turbulence intensities seen by “peaks” in the solid lines (original radar) for all locations were considerably reduced due to a gradual evolution of the turbulent flow behavior downstream the wake, which is shown by the “circle dash” lines (radar with the turbulence reduction system). The wake regions with the highest improvement in flow conditions were located above the “upper surface” of the radar, where the turbulence reduction system was installed. These locations above the radar, at heights between z = 0.6 m and z = 1.2 m, presented a turbulence intensity reduced by half (u2/U2 = 0.5).



The Q-Criterion separates very well the regions where the flow rotations are high. The Q threshold identifies the longitudinal vortices and allows one to find the main vortex structure in the wake region. The chosen upper and lower Q limits do not have any effects on the location or size of the detected vortex. The vortex structure shown in Figure 23 grows in size and strength as it spans downstream the radar body. The isovalues shown in Figure 23a–f show the longitudinal vortices variation in time and it can be noted that the vortex radius is higher when a turbulence reduction system is not installed on the radar. In the case of the radar with turbulence reduction system, the main vortex had moved closer to the reduced scale radar body. The boundary layer over the upper surface of the radar is still originated from the main vortex, but its kinetic energy is smaller than the kinetic energy needed for the vortex growth.




7.3. Metrics for Turbulent Flows


The flow differences in the wake regions of the original radar (a) and of the radar with the turbulence reduction system (b) were shown in Figure 24. The high-pressure gradients, the short transition length, the boundary layer separation, and the fully turbulent behavior at the time when the flow contacts the radar body can be seen in Figure 24a indicated by number 1. The proposed turbulence reduction system had a streamlined shape with a pre-determined flap that allowed the reduction of flow fluctuations and vortex shedding production. The improved flow behavior had also a positive impact on the turbulence intensity, the pressure distribution coefficient, the transition point, and the drag coefficient of the original radar shape. The number 2 indicated in Figure 24b presents the improved wake region of the radar with the turbulence reduction system.



The turbulence intensity I expressed in Equation (10) was one of the parameters used to measure the performance of the turbulence reduction system. Figure 25 shows the turbulence variation at the surface of the radar called the “upper surface”. At the initial point of contact location 0% at the surface of the radar, the turbulence intensity has increased to 15%, compared to the laminar incoming flow with lower turbulence intensity (I = 0.1%). For the first half of location 0% to 50%, it can be seen that the turbulence intensity values fluctuations range from 0.15 = 15% and 0.20 = 20%. At the second half of location 50% to location 100%, the numerical model predicts higher values of turbulence, up to 0.50 = 50%, the boundary layer can no longer reattach to the surface of the radar and the flow becomes fully separated, as seen on Figure 25.



Figure 26a shows the transition point on the original radar model, as another metric parameter needed to measure the improvement of the flow at the wake region. The boundary layer separates at the location 6.5% from the leading edge of the radar, shown by number 1. After this point, a flow in the opposite direction to the free stream creates a recirculation region, which keeps the boundary layer from reattaching to the surface. The turbulence reduction system allows the boundary layer to remain attached to the surface at a longer distance. The turbulence transition point had been delayed to the location 50% = 0.50, as shown in Figure 26b by number 2. The improvement of the transition point has been also shown in the numerical data presented in Figure 25. It has been observed that the transition point has been delayed by     50 %   6.5 %     = 7.6 times with the aid of the turbulence reduction system. After the location 50% = 0.50, the turbulence increased abruptly with high-intensity values, which indicates a fully detached turbulence flow.



The pressure coefficient    C p    contributed to the evaluation of the turbulence reduction system. The dimensionless values of    C p   , as expressed in Equation (8), can be used to determine the maximum flow speed locations and magnitudes of adverse pressure gradients, which are associated with regions of flow transition and boundary layer separation. The numerical data of pressure distributions at the surface of the original radar and the surface of the radar with the turbulence reduction system are presented in Figure 27. The pressure distribution changes abruptly from high static pressure to a low static pressure due to the radar blunt shape while the    C p    varies on a short distance because of the fact that the boundary layer could not develop gradually at the surface of the original radar, as indicated by the data shown in the “solid” line on Figure 27 by number 1. The “circle dash” lines on Figure 27 present pressure coefficients variation on the radar upper surface, that were obtained from the CFD model of the radar mounted with the turbulence reduction system.



A pressure gradient    C p  = − 4.67   that acts as a “suction force” of the boundary layer on the radar’s upper surface was found at the location 10.2%. This location of minimum    C p    also indicates the beginning of the “pressure recovery” region. After this    C p    value, the adverse pressure gradients keep increasing at the surface of the radar, but the high values of the local static pressure kept the boundary layer from its reattaching, as indicated by number 2 in Figure 27. The time when the boundary layer separated, and when the flow was unsteady and fully turbulent at the surface of the radar was indicated by number 3. Downstream this transition point, from location 45.5% to the trailing edge of the radar (location at 100%), the pressure coefficient was constant,    C p  = − 0.3  , the boundary layer thickness was very small, the local flow was moving slowly and the turbulence intensity values were the highest.



In this section, the drag coefficient was used to measure the drag force reduction of the radar body. The flow around a blunt body separates early, resulting in adverse pressure gradients at its surface by increasing the boundary layer separation and the contribution of pressure drag or “form drag” to the total drag of the body. However, the magnitude of the pressure drag can be reduced by improving the flow conditions at the wake region and by delaying flow separation. To evaluate the turbulence reduction system in terms of drag reduction, we had to use the experimental data collected for the original radar body, as presented in Figure 6. The angular position of zero degrees for the radar body and a flow Reynolds number of 4 × 105 was chosen because of the fact that these conditions are the most demanding and challenging operating conditions for the radar presented in this study. The drag coefficient for the original radar was Cd = 3.51 while Cd = 3.17 for the radar mounted with the turbulence reduction system.



The high effectiveness of the turbulence reduction system led to the turbulence intensity reduction at the surface of the radar, the flow transition delay, while the transition point moved downstream the surface of the radar and increased the boundary layer “suction force”; thus, major positive impacts were observed in the “form drag” produced by the blunt body. It is concluded that the turbulence reduction system has decreased the drag coefficient of the original radar by a percentage of     3.17 − 3.51   3.51   = − 9.67 %  .





8. Conclusions


The new methodology proposed in this paper allowed a detailed investigation of the wake region of the original radar body and the radar body with a turbulence reduction system. The numerical results obtained on the original radar’s wake region showed periodic vortex shedding, boundary layer separation, high levels of turbulence, and induced drag; The nature of the adverse pressure gradient and high turbulence intensity values at the radar surface needed a mechanism to reduce flow fluctuation and to allow the boundary layer to increase.



This study showed also the results of the Price-Païdoussis wind tunnel experiments for a large “ground surveillance radar”. The wind tunnel test data completed, and thus validated the numerical results obtained for the Strouhal number, Reynolds number, and drag coefficients values. Spectral analysis was also performed on the experimental data. The forces and moments data showed high dependency on the angular position of the radar and low dependency on the wind tunnel flow speed. Vortex shedding tended to occur at any angular position at different shedding frequencies. Based on experimental values, one shedding frequency and one high drag coefficient were obtained at Reynolds number 4 × 105 and when the radar was perpendicular to the flow. It was decided to measure the performance of the proposed “turbulence reduction system” for the same flow conditions.



The flow pattern at the wake region was identified in the absence of distorting effects of direct measurements using probes and visualization methods, such as “white smoke” and “tufts” attached to a wing model surface. It was demonstrated that a turbulence reduction system mounted on the radar surface can improve its behavior at all flow conditions. The CFD model was an important tool to understand and analyze the flow around the radar because of the fact that it indicated the regions where flow separated and then reattached; in these regions of stagnation and recirculation, eddies and vortices were formed. Using the CFD model data, a turbulence reduction system with an optimized upper profile and a streamlined flap surface was proposed.



Based on the CFD model results, it was concluded that the adverse pressure gradients have significantly decreased at the upper surface of the radar with its turbulence reduction system mounted. The proposed system strongly influenced the unsteady flow fluctuations and vortex shedding as the large turbulent motions were suppressed in the wake region. The numerical results showed an important reduction of the turbulence intensity as well as a growth in the boundary layer region compared to that of the original radar configuration. The pressure distribution developed by the proposed system helped the boundary layer to reattach to it. The turbulence reduction system produced a reduced recirculation region at the rear of the radar’s surface, due to a better control of the incoming flow.



As future work, the authors believe that the methodology proposed in this research will be useful to study and quantify unsteady flow regimes where experimental measurements of the flow are limited or difficult to obtain. A very good experiment would be able to describe and analyze the flow near a self-oscillating flexible membrane placed in a laminar flow; the proposed new method for flow analysis could evaluate if the vortices generated at the wake are contributing to the flapping oscillation of the membrane.



It would be also interesting to design an adaptive turbulence reduction system that will use a brushless motor to change its upper surface position. The research will also include a CFD analysis to measure the reduction of the drag coefficient, the flow transition delay, and the turbulence intensity reduction for different radar upper surface shapes and angle of attack.
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Figure 1. Flow behavior at the wake on a blunt body, a figure designed by the author. 
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Figure 2. Price-Païdoussis Blow Down Subsonic Wind Tunnel. 
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Figure 3. Price-Païdoussis Wind Tunnel schematic designed by authors. 
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Figure 4. Front and rear images of the full-size radar. 
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Figure 5. Experimental drag forces at various angular positions. 
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Figure 6. Experimental drag coefficients versus yaw angle and Reynolds numbers. 






Figure 6. Experimental drag coefficients versus yaw angle and Reynolds numbers.



[image: Applmech 02 00019 g006]







[image: Applmech 02 00019 g007 550] 





Figure 7. Time history of drag coefficients for angular position 0°. 
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Figure 8. Power spectrum frequencies on the radar drag coefficients. 
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Figure 9. Mesh resolution of the radar model. 
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Figure 10. Representation of the radar inside the wind tunnel test section for the numerical CFD model. 
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Figure 11. Area Metric results for Fx. 
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Figure 12. Area Metric results for Fy. 
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Figure 13. Area Metric results for Mx. 
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Figure 14. Area Metric results for My. 
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Figure 15. Flow interaction locations on the radar surface. 
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Figure 16. Simulation results of dynamic pressure at the wake region. 
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Figure 17. Simulation results of turbulence intensity I at the wake region. 
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Figure 18. Streamlines simulation of the dynamic pressure (Pa) for the original radar. 
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Figure 19. In plane Q-Criterion simulation results of vortices variation with time (a–f) on the original radar body for Q = [101 − 106]. 
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Figure 20. Original radar geometry versus modified radar geometry with turbulence reduction system with side view (a) and upper view (b). 
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Figure 21. Streamlines simulation of the dynamic pressure (Pa) for the radar with turbulence reduction system. 
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Figure 22. Turbulence intensity at five wake locations of the original radar and the radar with the turbulence reduction system. 
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Figure 23. In plane Q-Criterion simulation results of vortices variation with time (a–f) of the flow near the radar with a turbulence reduction system for Q = [101 − 106]. 
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Figure 24. Pressure gradients simulation on the original radar (a) and for the radar with turbulence reduction system (b). 
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Figure 25. Turbulence intensity at the upper surface of the radar with turbulence reduction system. 
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Figure 26. Transition point location simulation on the original radar (a) versus the radar with turbulence reduction system (b). 
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Figure 27. Pressure coefficients on the upper surface of the radar. 
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