

  aerospace-10-00377




aerospace-10-00377







Aerospace 2023, 10(4), 377; doi:10.3390/aerospace10040377




Article



Towards Accurate Vortex Separation Simulations with RANS Using Improved k-kL Turbulence Model



Erdem Dikbaş 1,2[image: Orcid] and Özgür Uğraş Baran 2,*[image: Orcid]





1



Defense Industries Research and Development Institute (TÜBİTAK SAGE), Gökçeyurt mah., Mamak, Ankara 06270, Türkiye






2



Mechanical Engineering Department, Middle East Technical University, Üniversiteler mah. Dumlupınar Blv. No: 1, Çankaya, Ankara 06800, Türkiye









*



Correspondence: ubaran@metu.edu.tr







Academic Editor: Zhijin Wang



Received: 7 December 2022 / Revised: 9 January 2023 / Accepted: 12 January 2023 / Published: 18 April 2023



Abstract

:

In this study, we present our improved RANS results of the missile aerodynamic flow computation involving leading edge vortex separation. We have used our in-house tailored version of the open source finite volume solver FlowPsi. An ongoing study in the NATO STO Applied Vehicle Technologies Panel (AVT-316) has revealed that a highly maneuverable missile configuration (LK6E2) shows unusual rolling moment characteristics due to the vortex–surface interactions occurring during wing leading edge separation of vortices. We show the performance of the recently developed k-  k L   turbulence model for this test problem. This turbulence model is shown to have superior capabilities compared to other widely used turbulence models, such as Spalart–Allmaras and shear stress transport. With the k-  k L   turbulence model, it is possible to achieve more realistic computational results that agree better with the physical data. In addition, we propose improvements to this turbulence model to achieve even better predictions of rolling moment behavior. Modifications based on turbulence production terms in the k-  k L   turbulence model significantly improved the predicted rolling moment coefficient, in terms of accuracy and uncertainty.
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1. Introduction


Computational fluid dynamics (CFD) is a widespread practice for predicting the flow field around military air vehicles. Nowadays, CFD applications are not limited to the analysis of certain flow conditions; hence, CFD has become a standard design tool with the advancing computer technologies. One of the few exceptions is the applications sensitive to separation and vortex features. Standard, relatively low-cost CFD tools have not been proven to perform adequately for the separated flows with vortex features [1,2,3]. More challenges are experienced when vortex interactions with other flow features, such as shock waves in transonic and supersonic speeds, are considered [4]. Likewise, the interactions between multiple vortices, incorporated in most high angle of attack flows, are challenging to resolve with standard CFD techniques [5].



The NATO Science and Technology Organization (STO) Applied Vehicle Technology (AVT) panel established a Task Group identified as AVT-316 (Vortex Interaction Effects Relevant to Military Air Vehicle Performance). A branch of the group was devoted to the assessment of the current capabilities of CFD to predict missile aerodynamic characteristics for flows containing multiple vortex interactions. LK6E2 was one of the research test cases developed to investigate vortex interactions on highly maneuverable transonic missiles. The initial collaborative analysis of the test case was published during special sessions at AIAA 2022 SciTech Conference [6,7]. It was shown that the flow solver and the turbulence model greatly impact the prediction of the flow field and aerodynamic coefficients of these missiles at high flow angles and transonic speeds. Notably, the variation in the rolling moment coefficient resulting from different computations was huge, which would potentially cause misleading stability and control assessments during the design and analysis of similar transonic missile airframes.



During the NATO STO AVT-316 work, to which the authors of the current paper have contributed, it was observed that nearly all statistical turbulence models fail to make accurate predictions of the flow field around an LK6E2 missile in certain flow conditions [6,8]. Higher order turbulence models, where the elements of Reynolds stress tensor are computed, e.g., (algebraic) RSM methods, provide more realistic predictions. However, these turbulence models are more difficult to apply and require significantly more computational resources. Apart from those, hybrid RANS-LES methods consume even more computational sources. Hence these methods are still considered impractical for simulation sets of multiple flow conditions, though they have been shown to compute better results [7,8]. For these reasons, the current study put effort into achieving improved RANS results within the bounds of the statistical turbulence models, which are considered more productive in practice.



In the CFD simulations of industrial-scale airframes, turbulence physics still has to be modeled by RANS or hybrid RANS-LES methods, due to the limitations of today’s computing capabilities. The hybrid RANS-LES approach can only be utilized for much fewer conditions, compared to the whole range of flight conditions. Therefore, RANS modeling is considered the standard practice, and it will remain in its position in the near future. For this reason, investigations in this study are limited to RANS-based computations. Within the RANS context, our group explored a turbulence model that will perform better in vortical flow simulations. We have found an old, but understudied, model by Rotta, which was rediscovered by Menter et al. [9,10] and improved by Abdol-Hamid [11,12] in recent years. The k-  k L   model is based on the turbulence length scale, and Menter claims that the model has LES-like qualities in separating flow simulations. This characteristic may solve the inadequacies of common RANS methods in separated flows.



Vortex capturing capabilities of our in-house flow solver have recently been improved by the implementation of the k-  k L   turbulence model [13,14]. The new implementation has been verified using the results of model developers [11]. The first results have been obtained on the fin trailing vortex case, which was experimentally studied by Beresh et al. [15,16,17]. This test case is worthwhile for assessing the vortex simulation capabilities of the turbulence models, since the test data involve detailed particle image velocimetry measurements of a fin-tip vortex for several downstream stations. Therefore, the decay of the vortex core can be observed in detail. It was shown that flow variables within the vortex core are more accurately predicted. The vortex is better preserved along the downstream path using the k-  k L   turbulence model, compared to other equation models based on the Boussinesq hypothesis [14].



These promising results motivated us to employ the k-  k L   turbulence model in the NATO STO AVT-316 study. Significant improvements in the LK6E2 test case results are observed over the standard models. A parallel study with several correction methods on the k- ω -SST model was also conducted. The latter study also the improved k- ω -based solutions. Therefore, the turbulence production term-based varieties and compressibility correction methods are implemented on the standard k-  k L   model to further improve the model.



In the current study, we have two objectives. Our primary objective is to assess the performance of the k-  k L   turbulence model on the prediction of vortex separation occurring on the wings of the selected transonic missile case. The other objective is to improve the k-  k L   turbulence model capabilities on the same problems using the experience on the improvements on other turbulence models. This paper presents the results of LK6E2 test case computations conducted with our in-house flow solver. The benchmark results between k-  k L   and k- ω -SST turbulence models are also presented to show the achievements with the k-  k L   turbulence model, including the improved versions developed within the current study. Comparisons are made against available experimental aerodynamic coefficient data where applicable. Our improvements resulted in significantly better results in flows with vortices.



The research questions arise from the NATO STO AVT-316 study, which is further validated by the study of the authors:




	
The effect of the vortices on the aircraft body is often insignificant on aircraft aerodynamics, due to the location and sizing. Most turbulence models are not calibrated for such configurations. However, these contributions are important for missiles with multiple lifting surfaces on high-incidence angle conditions. What is the prominent turbulence model to be employed for these problems?



	
The underlying problem for the inaccuracies of classical turbulence models at vortical flows is the excessive turbulence production, as shown in Ref. [14]. Is this problem the source of inaccuracies in the roll moment of the simulations in the NATO STO AVT-316 group?



	
What is the state-of-the-art turbulence model for accurate vortex predictions? Can we provide a remedy to excessive turbulence production on this model and further improve these predictions?









2. LK6E2 Test Case and the Problem Description


The LK6E2 model was developed by the German Aerospace Center (DLR) to investigate wing vortex interactions. The test model has a body starting with a blunt nose and ending with a boattail at the rear. The model has a considerably large wing set and a second fin set at the rear with a small wetted area. As seen in Figure 1, LK6E2 is a representative model for a transonic missile concept designed for the bank-to-turn control method [6] with large wing-like fins in the middle section. To improve the lifting surface area, the angle between sideward wings/fins is 60°, while this angle between upper/lower wings/fins is 120°. As the model is intended to undergo a wind tunnel testing activity, it is defined as a scaled model (1:3), with body diameters and lengths of 5 and 50 cm, respectively. Other geometric details are given in Figure 1. The coordinate frame is fixed to the body. The X, Y, and Z axes point to the nose-tip, starboard side, and downward, respectively.



In external aerodynamic flows, it is a common practice to define the flow conditions through the free stream Mach number, thermostatic conditions (pressure and temperature), and flow direction. Although there are several ways to define the free stream flow direction, the pitch-roll ( σ - λ ) arrangement was adopted for the LK6E2 test case. The velocity components of the missile expressed in the body coordinate frame are denoted as u, v, and w, which make up the velocity vector, with respect to the flow. The relation between pitch-roll (or incidence-roll) angles and velocity components is given in Equation (1).


     u / V    =    cos ( σ )       v / V    =    sin ( σ ) sin ( λ )       w / V    =    sin ( σ ) cos ( λ )     



(1)







As a result of the high maneuvrability requirements of the LK6E2 missile concept, the airframe needs to be exposed to flow conditions with a high angle of incidence during critical stages of the flight. The high incidence angle leads to inevitable local separations on the flow field surrounding the missile surface, which results in non-linearities in the aerodynamic coefficients with changing inflow conditions. An illustration of these characteristics was experienced during LK6E2 wind tunnel tests in the transonic wind tunnel of Göttingen (TWG) and the high-speed wind tunnel (HST) in Amsterdam. The test results obtained from both wind tunnel agree that the rolling moment coefficient shows a non-linear behavior at 45-degree roll orientation and incidence angles between 15 and 20 degrees [6]. The flow condition range where this non-linearity is observed was determined as the test condition for LK6E2, as some challenges in the numerical simulations arose. The flow condition range of interest is summarized in Table 1.



The flow over LK6E2 geometry involves the interactions of multiple vortices at these conditions. The initial computations with the freestream conditions given in Table 1 resulted in the flow topology shown in Figure 2 [6]. Wing leading edge vortices are pronounced for Wing 2 and Wing 4 (WLEV2 and WLEV4). These vortices are effective throughout their respective wing surfaces. Therefore, the pressure distribution on these wings and, consequently, the rolling moment are very sensitive to vortex predictions, as will be shown later in this paper.



The NATO STO AVT-316 study shows that current turbulence models especially fall short of predicting the rolling moment at the angle of attack zone shaded in Figure 3. The only SST-based result agreeing with the experimental data is evaluated as an outlier, since all other solutions, including ours with the SST model, show similar behavior. Indeed, no clear reason for this difference could be found by the NATO STO AVT team [6]. The AVT-316 team reported strong vortex–vortex and vortex–body interactions at this zone. This behavior is shown to be independent of mesh resolution. Although the missile geometry and flow conditions are generated and ’tailored’ for this study, the reported issue is not a fabricated problem. We have seen similar discrepancies between the wind tunnel data and CFD results in our missile development programs. Therefore, the STO AVT-316 study leads our team to a captivating problem of turbulence models capable of capturing vortex mechanisms. The model should be capable of predicting the sudden drop in the roll moment around 17 degrees incidence angle, hence the complex vortex–surface interactions at this zone.




3. Flow Solver


The flow solver utilized in this study is a tailored version of the open source code FlowPsi, which is a compressible RANS solver based on the finite volume method [18]. Extensive information on the theory and methods behind the code is provided in the user manual available with the source distribution [19]. The solver uses a second-order Crank–Nicholson time-stepping for time integration. Inviscid fluxes are discretized with a second-order HLLC scheme, an upwind method developed by Toro et al. [20]. A low dissipation kinetic energy consistent flux discretization is also available. Inviscid flux extrapolation is limited by Venkatakrishnan [21,22] or Barth–Jespersen [23] limiters, alternatively. The code accepts unstructured meshes with various types of element topology co-existing, as it has a cell-centered formulation. The SST-2003 [24] is one of the turbulence models that has been utilized in the current study. The k-  k L  -MEAH2015 [12] model is implemented by the authors of this article.



Our solver already had a number of turbulence models. We initially tested the Spalart–Allmaras and k- ω  models in the early phases of the NATO-AVT study. Considering the large computational mesh sizes, we have eliminated the Spalart–Allmaras model and narrowed our presented results to k- ω  SST. Note that our SA and SST results are in line with other AVT participants. Therefore, our solver and turbulence model implementations are verified. Our results of the SA and SST turbulence models with the results of other AVT study are reported, and our solver is shown to agree with other studies [6].




4. An Improved Vortex Separation Capable  k - kL  Turbulence Model


As reported in Section 2 and Figure 3, both the Spalart–Allmaras and Shear Stress Transport turbulence models fail to predict vortex interactions at moderate to high flight angles. The members of the AVT-316 group consistently made the same observation, apart from one outlier. We have proposed a few methods to improve the prediction performance. Then, we combined these to achieve better results. The first method is the application of well-known rotational corrections. Applying these corrections improved the   k  -ω-based results at the mentioned flow range, but the improvement did not resolve the problem, as will be shown in Section 6.4.



We have experimented with the idea of using a more vortex-capable turbulence model. One notable candidate is Rotta’s   k L  -based model [25]. Menter and Egorov implemented a new turbulence model based on Rotta’s original idea [9] and claimed that the new model has LES-like properties [10,26]. This feature is promising for the vortical flows, since the separated flows are often simulated better with LES-based methods. The k-kL method is developed and reported by Abdol-Hamid, and compressible extensions are provided [11,12]. Therefore, we have implemented and tested Abdol-Hamid’s method on a compressible separated flow around a missile fin [14].



4.1. Verification of the Implementation


The k-kL-MEAH2015 turbulence model formulation, development procedure, and extensive reference data for the validation cases were provided by Abdol-Hamid et al. [11,12,27]. The model formulation is available on the NASA Turbulence Modeling Resource website, which forms a valuable collection and classification of standard turbulence models [28]. The authors of the article followed the available documentation, while implementing the model into their solver. The formulation of the implemented model is given in (2) and (3). The turbulence quantities influence the flow variables via the turbulent viscosity parameter, computed as    μ t  =  C  μ   3 / 4     ρ ( k L )   k  1 / 2     .


    ∂ ( ρ k )   ∂ t   +   ∂ ( ρ  u j  k )   ∂  x j    = P −  C  μ   3 / 4   ρ   k  5 / 2    ( k L )   − 2 μ  k  d 2   +  ∂  ∂  x j      ( μ +  σ k   μ t  )    ∂ k   ∂  x j      



(2)






    ∂ ( ρ ( k L ) )   ∂ t   +   ∂ ( ρ  u j   ( k L )  )   ∂  x j    =  C  ( k L ) 1     ( k L )  k  P −  C  ( k L ) 2   ρ  k  3 / 2   − 6 μ   ( k L )   d 2    f  k L   +  ∂  ∂  x j      ( μ +  σ  k L    μ t  )    ∂ ( k L )   ∂  x j      



(3)







The production term of the turbulence transport equations is calculated by (4). The major component of turbulence production is the term containing the local shear strain appearing in the standard version. According to this formulation, the major component of the turbulence source is    μ t   S 2   , given that    S  i j   =  1 2     ∂  u i    ∂  x j    +   ∂  u j    ∂  x i      .


  P =  τ  i j     ∂  u i    ∂  x j    ;   τ  i j   =  μ t   2  S  i j   −  2 3    ∂  u k    ∂  x k     δ  i j    −  2 3  ρ k  δ  i j    



(4)







We have followed the verification steps in the original studies of Abdol-Hamid. The implementation was verified with the standard test case simulations for which the computational data are available [28]. Verification with the 2D flat plate and 2D bump cases was reported previously by the authors [14]. Verification data is composed of pressure and skin friction distributions throughout the wall surface and the velocity and turbulent parameter (k,   k L  ) profiles within the boundary layer extracted at a couple of sections. The published verification cases were run using the CFL3D and FUN3D codes, maintained by NASA, and the TAU code, maintained by the German Aerospace Center (DLR). All flow field parameters were very close to those calculated by the other three codes. An extensive discussion regarding the verification of our implementation of the k-  k L  -MEAH2015 model is given in the study of Dikbaş and Baran [14].



The results of the k-  k L   model for standard turbulence test cases are in-line with other standard models, showing that the k-  k L   model is a reliable turbulence model. In order to reveal the scale-adaptive characteristics of the model claimed by Menter et al. and also to evaluate the model’s performance in vortical flows, the implemented model was further validated with a simplified vortical flow case. The reference experimental study conducted by Beresh et al. [15,16,17] investigates the dynamics of a single vortex that is separated from an isolated fin exposed to an external flow. The authors of the current paper showed that the k-  k L   turbulence model predicts more realistic turbulent characteristics within the vortex core, compared to other equation models. Therefore, better agreement with the experimentally determined flow field could be obtained. These validation results can also be seen in Ref. [14]. The results show that the vortex core originating from the fin is preserved much better with the k-  k L   method than with the standard models. The study claims that the k-  k L   model prevents excessive turbulence production at the vortex core, unlike the SA and SST models.




4.2. Overview of Improvements on the k-  k L   Model


As the second step in our search for a better vortex-capable turbulence model, we have implemented the k-  k L   turbulence model, a relatively new method tested for the current type of problem for the first time. As it will be shown in Section 6, the results were surprisingly good, yet there is room for improvement. To achieve more accurate predictions for the transonic flow problems involving strong vortex interactions, we have put effort into the optimization of the k-  k L   turbulence model.



Several sources of error in the flowfield calculations involving vortical compressible flows are as follows:




	
The prediction of vortex flows is extremely sensitive to domain resolution and numerical settings [5,29,30].



	
The turbulence models estimate excessive turbulent viscosity and, therefore, tend to dissipate the vortex rapidly. Therefore, the dissipation characteristics of the numerical model are also important [5,6,31].



	
A shear layer is formed between the vortex and the freestream flow, and the interaction effects with shock waves and surfaces should be considered carefully [32].








We are addressing these three problems in our research program. The third problem is determined as the main focus of this paper; therefore, improvements of the k-  k L   turbulence model are sought with the aim of enhanced RANS simulations for the described test problem. With the application of different turbulence production formulations and compressibility and free jet corrections, more realistic predictions could be made, as presented in Section 6.



For this purpose, we have implemented the k-  k L   model to allow modifications to the turbulence production term. The new implementation permits choosing alternative production formulations. These production formulation alternatives may make use of either local strain magnitude (S), local vorticity magnitude ( Ω ), or both S and  Ω . The original implementation of Abdol-Hamid [11] is based on total strain tensor magnitude. We have adopted different production formulations based on the reference works done for other turbulence models for the   k − k L   turbulence model. The designations associated with each option are recommended considering the principles endorsed in NASA Turbulence Modeling Resource [28]. In this study, we have replaced the major component of the production term with Kato’s [33] formulation. Therefore, the major total strain term,    μ t   S 2   , in the original model is replaced by    μ t  S Ω  . Likewise, another alternative that uses only vorticity magnitude can be generated, i.e.,    μ t   Ω 2   . We expect that the employment of the vorticity magnitude in the calculation of turbulence production helps avoid the unphysical accumulation of computed turbulent quantities caused by shear stress.



The k-kL model implemented in our solver also supports the vorticity corrections [34,35] widely used for a broad range of rotational flows. Among these, we have adopted the rotation/curvature (RC) correction, which is the one customized by Menter et al. [36] for the two-equation SST model. We have also refined the RC correction for our k-kL turbulence model implementation. It has already been shown that the vorticity corrections are able to provide better vortex predictions via compensation of the over-dissipative character of Boussinesq hypothesis-based turbulence models [31,37]. The present test case, however, will give the opportunity for the performance evaluation of the RC correction in the context of the prediction of the formation of a leading edge vortex. Table 2 summarizes the alternative turbulence production and vorticity correction formulations.



Another improvement to the k-  k L   model in our implementation is the support for different types of compressibility corrections. In our solver, the compressibility correction is accompanied by free shear correction, as suggested by Abdol-Hamid [12] in their jet correction definition for the k-  k L  -MEAH2015+J turbulence model. The formulation of the compressibility correction in the current implementation is generalized with modifiable coefficients. As given in Equation (5), the coefficients of destruction terms in k and   k L   equations are increased by factors depending on the compressibility correction parameter,   f c  . This parameter is given in Equation (6) as a function of the turbulent Mach number,   M t  . In order to eliminate low subsonic speeds from the compressibility correction, a cut-off value for   M t  , denoted as    M  t , 0   ,   may be used as suggested by Wilcox [38]. The original formulation of Sarkar et al. [39] does not contain such a threshold. The free shear correction is active unless the compressibility correction is turned off. Table 3 summarizes some alternatives that can be applied with the improved k-  k L   model. The modified Wilcox correction represents the alternative, described by Abdol-Hamid et al. [12], as k-  k L  -MEAH2015+J.


   C k  =  C  μ   1 / 4    ( 1 +  f c  )  ,   C  ( k L ) 2   =  ζ 3  +  ξ  k L    C  μ   3 / 4    f c   



(5)






   f c  = ψ  (  M  t  2  −  M  t , 0  2  )  H  [  M  t  2  −  M  t , 0  2  ]  ,   M t  =    2 k   a 2     



(6)







It should be noted that the alternative production formulations actively change the turbulence model only at high-curvature or high-vorticity flows. These formulations do not alter the results for standard turbulence configurations, as several earlier studies have suggested (see, e.g., [40,41,42]). We have repeated our validation test campaign as discussed in Section 4.1. The standard compressibility correction is already verified in our previous study. New compressibility corrections simply change the parameters, and they are only effective in higher Mach numbers and jet flows. Hence, they do not alter the results in the standard test case, either.





5. Computational Setup


The computational domain is a typical external flow configuration. Thus, it consists of the missile wall surface, the far-field boundary and the fluid region between these two surfaces. The computational meshes are the ones shared by DLR during AVT-316 activity [6,8]. The meshes have a hybrid topology, where multiple types of elements co-exist. The number of hexahedral elements is maximized in the boundary layer and other near-body regions (see Figure 4). This topology is suggested for its superiority in vortex flows and used as common grids during AVT-316 studies [6,29,30]. Three mesh levels have been used in the study and are named as coarse, medium, and fine meshes. The numbers of nodes and elements in each level are shown in Table 4.



The boundary condition on the missile surface was defined as the no-slip adiabatic wall, where the velocity components were set to zero. The free stream flow variables were imposed via farfield type of boundary condition. Simulations were initialized from free stream values. The solver was run in steady mode, which enables local time-stepping for faster and stabilized convergence. The CFL number, which limits the time step in each individual computational cell, was chosen as 10. Line symmetric Gauss-Seidel (LSGS) was utilized for solutions of linear systems. For the inviscid flux discretization, the HLLC scheme was used [20]. Venkatakrishnan slope limiter [21,22] was employed to enable second-order spatial accuracy. The maximum time step is limited to   5 ×  10  − 4     s.




6. Results and Discussion


As mentioned in the description of the LK6E2 test case, the rolling moment loses its linearity at the aerodynamic roll angle ( λ ) of 45° and total incidence angles ( σ ) roughly between 17° and 21°. A series of simulations have been conducted to investigate the prediction performance of different turbulence models. We have tested variants of k- ω -SST and k-  k L   turbulence models in this context. The results are presented in the following subsections. Firstly, we present the primary differences in the aerodynamic characteristics of the missile, as predicted by different turbulence models. Therefore, Section 6.1 covers an initial comparison between standard versions of k- ω -SST and k-  k L  . Then, we aim to present the insight about the predicted flow features that lead to variation in the aerodynamic predictions in Section 6.2. The individual effects of alternative turbulent production formulations, rotational corrections, and compressibility and free shear corrections are presented in Section 6.3, Section 6.4 and Section 6.5, respectively.



6.1. Overall Aerodynamic Coefficients


The variations of aerodynamic coefficients (  C x  ,   C y  ,   C z  ,   C l  ,   C m  ,   C n  ) are reported at first. The results of the CFD simulations are plotted in Figure 5, together with experimental data collected in high-speed wind tunnel (HST) [6]. The experimental axial force coefficient (  C x  ) is not given in the plots because the data associated with it are not available. The behaviors of   C y  ,   C z  ,   C m  ,   C n   coefficients against the incidence angle are similar amongst themselves, as these four coefficients are monotonic for the given flow condition range. Both RANS models can predict the slope within an acceptable margin. The difference between the RANS predictions and measurements increases for incidence angles larger than 16.0°. This condition corresponds to the location where a   C l   coefficient slope (  ∂  C l  / ∂ σ  ) changes its sign. At this angle of incidence, the results obtained with two turbulence models disagree substantially. It is clearly seen that the newly implemented k-  k L  -MEAH2015 turbulence model captures the non-linearity and the sign change in the rolling moment slope, while the k- ω -SST2003 model does not. Various research groups in the AVT-316 study reported the same discrepancies with various Spalart Allmaras and k- ω  variants. Therefore, our k-  k L  -MEAH2015 implementation stands out amongst the RANS simulations.



Figure 6 compares the numerical results with different turbulence models and mesh sizes with the wind tunnel data from the TWG and HST experiments [6]. The deviation from the experimental results for the computational data accumulated around   σ =  17.5 °    can be observed more evidently. According to these results, the SST model cannot even sense the loss of linearity. This behavior is the same even when the fine mesh with 228 million elements is used. The k-  k L   model, on the other hand, makes much closer predictions, provided that the simulation is conducted with the medium or fine mesh. Despite the downside of not observing proper mesh independence up to this level of mesh density, the positive slope prediction of the rolling moment with medium and higher-density meshes is very encouraging.



The variation in rolling moment predictions is associated with the estimation of the interaction between the vortices and lifting surfaces of the missile. In order to investigate the origins of the large variation in the predictions made with different turbulence models, the rolling moment contributions from the wing and fin components are examined. Figure 7 illustrates the total rolling moment contribution of each wing and fin set. As shown in the figure, the difference in the contribution of fins to the rolling moment coefficient is insignificant and does not contribute to the slope change. On the contrary, the impact of wings on the rolling moment coefficient shows a much more sensible change in the behavior of the rolling moment coefficient with increasing incidence angle. The k-  k L   model precisely predicts the same trend we have observed in the overall rolling moment coefficient. We conclude that a shift in the rolling moment stems from the prediction of the flow over wings for incidence angles larger than 16°. The flow characteristic over the wings causes the non-linearity and slope reversal of the overall rolling moment.



The analysis is extended by an examination of the contributions of individual wings, as illustrated in Figure 8. The contributions of wings numbered 1 and 3, which are approximately in line with the transverse component of relative flow velocity for the given aerodynamic roll angle (  λ =  45 °   ), are minimal compared to the other two wings. Though two turbulence models very differently predict the contribution of Wing 3 (leeward wing), a small portion of the difference is budgeted from Wing 3 (~0.03 out of ~0.20). The prediction differences of the wings numbered 2 and 4, which are located nearly horizontal with respect to flow, are much higher. Slopes of   C l   coefficient contributions by both wings are exposed to a significant change around the incidence angle of 16°. For Wing 2, this slope change occurs in the reverse direction. However, slope change in   C l   of Wing 4 has a more dominant influence, as the magnitude of the difference is more prominent. As a result, the slope change in the rolling moment contribution of Wing 4 is evaluated as the major effect on the shift in the overall rolling moment coefficient.




6.2. Wing Surface Flow Field


This section is devoted to investigating the difference in the estimation of the rolling moment contribution of the wings numbered 2 and 4, with different turbulence models, among which the latter is of more interest. For this purpose, the surface flow visualizations were applied to attain a better understanding of the flow features occurring simultaneously around this test case. Figure 9 illustrates the pressure distributions and streamlines extracted from the wall shear stress vectors on the leeward side of each wing. The flow incidence angles selected for this analysis are 15.0° and 17.5°, determined as the representative conditions “before” and “after” the rolling moment shift. At 15.0° incidence, the pressure fields on Wings 2 and 4 are fairly in balance, on which predictions of SST and k-  k L  -MEAH2015 turbulence models agree.



On the contrary, the pressure distribution and vortex path on Wing 4 significantly change in the 17.5° incidence case in the k-  k L  -MEAH2015 prediction. SST simulation, on the other hand, results in a completely different pressure distribution and vortex path for Wing 4. To summarize, the primary vortex of Wing 4 predicted by the k-  k L  -MEAH2015 model travels towards more inboard, compared to the same vortex predicted by the k- ω -SST2003 model. This pressure distribution difference explains why the k-  k L  -MEAH2015 predictions are more in line with the experimental aerodynamic coefficients.



The discussion of vortex–surface interaction effects leads us to a more careful assessment of boundary layer characteristics. Figure 10 depicts the shear stress distributions on the same wings for cases with 15.0° and 17.5° incidence angles. It is observed in the k-  k L  -MEAH2015 simulation that a large portion of Wing 4 is subject to a lower magnitude of shear stress at 17.5° incidence.



The explanation for this sudden change in the flow field within a few degrees of incidence is not straightforward. One explanation may be that the lower shear stress field is caused by the dissipation of the Wing 4 vortex at the 17.5° incidence. The turbulent kinetic energy (TKE) field in the mid-wing transverse plane is provided in Figure 11, in order to support this idea. As seen in this figure, the k-  k L  -MEAH2015 model predicts a higher TKE in the shear layer formed at the edge of the vortex than in its core. The k- ω -SST2003 model, on the other hand, predicts a much higher TKE. Low TKE at the vortex core allows preservation of the strength of the vortex; hence, larger vortices are observed in the k-  k L  -MEAH2015 case.



Furthermore, the vortex over Wing 4 is larger than Wing 2 because of the angular orientation of the wing. Therefore, the edge of the Wing 4 vortex is in contact with the body in k-  k L  -MEAH2015 results. Then, the TKE at the edge of Wing 4 vortex diffuses in the circumferential direction. Consequently, a large portion of the wing becomes subject to a less turbulent or “stabilized” flow field. In other words, as soon as the edge of the Wing 4 vortex reaches the missile body, the turbulent character of the vortex behind the wing decreases, and this causes dramatic changes in the flow field on the wing surface. Therefore, the behavior change across   σ = 15.0   ∘    and   σ = 17.5   ∘   , which is observed in Figure 9, is associated with the turbulent characteristics of the flow. The reason why the k- ω -SST2003 model cannot resolve this effect is related to the unphysical prediction of the TKE field, starting from the leading edge of Wing 4. It was shown by the authors in another study that the k- ω -SST2003 turbulence model fails to predict turbulent quantities accurately in a vortical flow field [14].



The turbulent kinetic energy field was also predicted with the hybrid RANS-LES method in another study conducted by others on the LK6E2 test case [43]. Due to the lack of experimental data, hybrid RANS-LES solutions are used as the reference results, as the turbulent content is resolved in these analyses. Figure 12 compares two different RANS methods with the hybrid RANS-LES computation. As evident in this figure, the turbulent kinetic energy fields in the leeward neighborhood of Wing 2 and Wing 4 are dissimilar, as predicted with hybrid RANS-LES. Wing 2 generates significantly higher turbulence, generated by the leading edge and spread over the leeward surface, while on Wing 4, the TKE level is significantly low and prominent on the vortex sheet. A similar distribution could be predicted with k-  k L  -MEAH2015. The TKE prediction of k- ω -SST2003 does not show the dissimilarity between the wings numbered 2 and 4. For this reason, this model does not capture the difference in the pressure and wall shear stress fields shown previously in Figure 9 and Figure 10. Neither RANS model can predict the turbulence generated by the forebody of the missile. However, this fact does not cause critical consequences on aerodynamic coefficients, since this turbulent field does not influence Wings 2 and 4.



It should be noted that the k-  k L   model does not provide any measurable benefit or weakness over the standard models at low vorticity flows or at flows where no significant vortex–body interactions are observed. From the engineering perspective, accurate predictions of the vortex characteristics are often insignificant, since they often do not alter the aerodynamic force predictions.



We have shown that the k-  k L   model is significantly better in predicting vortical flows. If those vortices interact with the body, the utilization of the k-  k L   model is advisable. The results show that, albeit the standard model produces significantly less TKE, further developments in the model may improve the vortex simulation capability.




6.3. Improvements via Alternative Turbulent Production Formulations


The key modification, with respect to the original k-  k L  -MEAH2015, is the formulation of the turbulence production. The details of this modification were already provided in Section 4.2. In this section, simulations with the original k-  k L  -MEAH2015 turbulence model are also presented. Figure 13 summarizes the rolling moment coefficient data obtained with both k-  k L   variants, in comparison with the reference wind tunnel measurement data. Both variants performed with inadequate accuracy when coarse mesh (36 mil. elements) was used. For higher-density meshes, both models were able to catch the non-linearity. However, k-  k L  -MEAH2015-KL resulted in data closer to the experimental with medium mesh (113 mil. elements). Additionally, the sign change of the rolling moment slope was not captured by k-  k L  -MEAH2015 with this level of mesh. Though both fine mesh results showed an overshoot, the k-  k L  -MEAH2015-KL result was much closer to the experimental data. Moreover, k-  k L  -MEAH2015-KL performed better, in terms of mesh independence. The difference between medium and fine mesh results was almost half of the same set of k-  k L  -MEAH2015 results.



For 17.5 degree incidence, k-  k L  -MEAH2015-V provided better agreement with physical data with medium mesh. On the other hand, the fine mesh results of k-  k L  -MEAH2015-V and k-  k L  -MEAH2015-KL are so close to each other. Therefore, the evaluations made for k-  k L  -MEAH2015-KL in the previous paragraph are also valid for k-  k L  -MEAH2015-V.



Mesh sensitivity is evaluated along with the experimental uncertainty. Figure 13 also shows the extended experimental data obtained from symmetric attitude conditions [44]. Mesh dependence is observed at   σ = 17.5   ∘    in the results of all variants of the k-  k L   model, even between the medium and fine levels. However, the improved models (k-  k L  -MEAH2015-KL and k-  k L  -MEAH2015-V) show less sensitivity. Indeed, the difference between the medium and fine mesh results for these models is comparable to experimental uncertainty.



The improvement obtained from the turbulence production formulation is interesting. Our results show that all formulations yield the same moment coefficient behavior as the mesh is refined further from the medium mesh. This is expected, since the k-  k L   model provides better length scale estimates as the mesh gets finer, and no corrections are required as the length scale is resolved. In practice, the mesh densities finer than those given in this study are not applicable, due to concerns about computational resources. Our improvements provided a better estimation for medium and finer meshes.




6.4. Influence of Rotation Corrections on the SST and k-  k L   Computations


As shown in several recent studies on external aerodynamic flow with vortex development [31,45,46,47,48], the RANS models result in inaccurate predictions of vortex dynamics, as a result of over-prediction of turbulent quantities. Spalart suggests that this shortcoming arises since the vortex effects were not included in the development and calibration procedures of turbulence models [45]. Some of the recent research has focused on the performance of rotational corrections applied to the RANS models, where a certain level of improvements have been achieved for the prediction of downstream vortical flow properties [31,45,49]. Nevertheless, the influence of rotational corrections has not been clearly identified for the vortex separation. This section of the paper focuses on whether the rotational corrections cause any improvement in the RANS predictions of vortex separation on transonic missile wings. In order to assess the capabilities of rotational corrections in the reduction of the excessive turbulence production at the vortex core, the rotation/curvature (RC) [35] type correction was applied to the k- ω -SST2003 and k-  k L  -MEAH2015-KL turbulence models.



The LK6E2 test case was first run using the RC correction-applied k- ω -SST2003 model, which was expected to provide a reduction of computed turbulent quantities within the vortex core. However, this functionality does not unconditionally work as the vortex developed on Wing 4. As shown in Figure 14, the RC correction comes across with a limited reduction in the computed turbulent content near the leading edge. As observed in this case, the turbulent kinetic energy diminishes down to the level of what k-  k L  -MEAH2015-KL computes for only matured zones of the vortex, e.g., downstream of the wing (  x = 8.0 D  ). In the vicinity of the wing surface, however, TKE fields and, consequently, the vortex sizes computed by k- ω -SST2003 with and without RC correction are close and significantly different from the k-  k L  -MEAH2015-KL case, which best agrees with the experimental results. Since the vortex flow field in the vicinity of the wing surfaces does not change significantly, RC correction does not improve the prediction of vortex separation and, hence, the rolling moment coefficient (Table 5).



The RC was also tested for the k-  k L  -MEAH2015-KL turbulence model. The effect of RC on predicted TKE is found to be marginal within the wing surface. Parallel to this observation, there is a slight difference in the rolling moments coefficient computed by k-  k L  -MEAH2015-KL with and without RC correction. Likewise to the k- ω -SST2003 case, the effect of the RC correction is more pronounced for the matured vortex at the off-wing region. As a result, no significant contribution of RC correction is observed with regard to the leading edge vortex separation. The resultant rolling moment coefficients calculated using both turbulence models with and without RC correction are presented in Table 5. As seen in this table, the application of k-  k L  -MEAH2015-KL is recommended, regardless of whether RC is applied.



Our study showed that the vortical corrections (i.e., RC correction) do not improve the SST results in a case containing leading edge vortex separation, contrary to previous studies claiming a solution to the over-dissipation issue for separated vortices. As is known, the primary mechanism of the vortical corrections is to reduce the turbulence production at the regions where the vorticity magnitude is dominant over the strain invariant, i.e., the vortex cores. However, the flow field over the wings of LK6E2 is dependent on the turbulence initiated at the leading edges. As the vortices are not mature enough to possess a well-developed vortex core at this location, the vortical corrections cannot properly detect the vortex core and, hence, cannot provide the desired effect. The k-  k L   turbulence model inherently computes less turbulence in the vortex core, compared to the vortex sheet; therefore, this model is concluded as a powerful method in predicting such flow features.




6.5. Influence of Compressibility and Free Shear Corrections


Compressibility and free shear corrections may be significant modifications to enhance the performance of RANS models in off-body zones. Both corrections are usually applied together, as they make up jet correction. The influence of these corrections has been investigated for the LK6E2 problem to establish a complete modeling scheme. The primary function of compressibility correction is to reduce turbulence production to account for local compressibility. On the other hand, free shear correction is active on the diffusion term in the TKE transport equation. The influence of the jet corrections was previously shown by others for much simpler jet flow problems [12], yet this is the first time they have been tested for a large-scale vortex separation problem. In this regard, the k-  k L  -MEAH2015-KL turbulence model with a number of combinations of jet correction options has been analyzed for the LK6E2 problem.



The results presented in the other sections of the paper belong to the simulations, with Wilcox compressibility correction combined with free shear correction. In Figure 15, TKE predictions obtained with the same method are presented in comparison to the results of (i) modified Wilcox formulation described by Abdol-Hamid [12], (ii) Sarkar’s method with free shear correction, (iii) free shear method with no compressibility correction, and (iv) no jet correction. For all methods, TKE does not reach as extreme levels as k- ω -SST2003 predicts. However, the differences in TKE fields may result in crucial differences in the integrated rolling moment, as shown in Table 6. Obviously, any of the compressibility corrections enhance the results to agree with the experimental result much better than the results obtained without compressibility correction. This is achieved by a more realistically computed TKE field starting from the leading edge. The choice of compressibility correction method plays an insignificant role in the overall results. By the difference between only the free shear correction and the no-correction results, it can be inferred that free shear correction plays a minor role in the prediction of the TKE and, thus, the integrated rolling moment. By a similar assessment, the use of the original Wilcox correction, which defines turbulent cut-off Mach number as 0.10, provides a slightly more accurate result than the Abdol-Hamid’s modification, which suggests the use of the same parameter as 0.17. After all, enabling compressibility correction with Wilcox’s original parameters is recommended for computations of vortex separation problems to enhance the performance of the k-  k L  -MEAH2015-KL turbulence model.



This study verifies the necessity of jet corrections for the k-  k L   turbulence model in the cases of compressible flow problems, as also suggested by Abdol-Hamid et al. [12]. Our study reveals that a further marginal improvement can be achieved by using Wilcox’s original parameters, instead of Abdol-Hamid’s modified parameters.





7. Conclusions


This paper presents the CFD results obtained with the k-  k L  -MEAH2015 turbulence model for a flow field of a generic bank-to-turn concept transonic missile. The flow condition introduced a vortex separation on the wings, which is challenging to capture accurately for most of the RANS turbulence models. The computed flow variables in the leeward vortices on the wings strongly depend on the employed turbulence model. Likewise, the vortex paths are influenced by computed turbulent characteristics. The variation in the flow field, depending on the turbulence model, affects the computed rolling moment coefficient. Thus, the sign of the rolling moment derivative, with respect to the incidence angle, is altered. With respect to the experimental aerodynamic results, the k-  k L   turbulence model calculates much more credible predictions, compared to other turbulence models, such as SST.



The results of the k-  k L   turbulence model show that a statistical RANS model can model the vortex separation with adequate accuracy, contrary to previous studies suggesting higher-order models, such as the hybrid RANS/LES. k-  k L   turbulence model, and it stands out amongst the statistical turbulence models for the vortex flow problems similar to that studied in the current paper, as no other patch or remedy has been shown to improve another statistical turbulence model. For instance, rotational corrections do not enhance the performance of other failing turbulence models in the prediction of vortex separation physics.



The variants of the k-  k L   turbulence model family have been developed and tested for this complex flow problem. The Kato-Launder and vorticity-based production formulations (k-  k L  -MEAH2015-KL and k-  k L  -MEAH2015-V) have been shown to be better options than the original version, as they provide more accurate results and less sensitivity, with respect to mesh resolution. Apart from this, it has been shown that jet flow corrections involving compressibility and free shear corrections should be applied when the k-  k L   turbulence model is used. Compressibility correction especially plays an important role in avoiding excessive turbulent content prediction, which may lead to the inaccurate calculation of integrated aerodynamic coefficients. The turbulent cut-off Mach number parameter affects the effectiveness of the compressibility correction. The value of this parameter should be chosen as 0.10, as Wilcox described.



The AVT-316 study [8] revealed that popular turbulence models fall short in vortical flows and vortex–body interactions. The authors also showed that the major problem associated with this inaccuracy stems from excessive turbulence production at the vortex core. We suggest a state-of-the-art turbulence model and offer further improvements on this model to eliminate these shortcomings. Finally, we provide a refined methodology to be employed in accurate simulations in compressible vortical flows, which is one of the major outcomes of this study.



This problem often arises in missile development studies. As the NATO STO AVT-316 study demonstrated, vortices generated from the tips of lifting surfaces interact with the control surfaces that disturb the roll characteristics. These problems are often overlooked in CFD simulation and can only be captured with expensive wind tunnel tests. Our improved model improves the confidence in RANS-based CFD solutions in these flight regions. Please note that the improved k-  k L   turbulence model is computationally much cheaper than hybrid RANS/LES simulations.
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Figure 1. LK6E2 model geometry and axes definition (Adapted with permission from Ref. [6]. Copyright ©2022 by German Aerospace Center). 
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Figure 2. LK6E2 flow topology (   M ∞  = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   σ =  17.5 °   ,   λ =  45 °   ), (Adapted with permission from Ref. [6]. Copyright ©2022 by German Aerospace Center.) 
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Figure 3. Computational and experimental data at LK6E2 test conditions (   M ∞  = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ), Reprinted with permission from Ref. [6]. Copyright ©2022 by German Aerospace Center) 






Figure 3. Computational and experimental data at LK6E2 test conditions (   M ∞  = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ), Reprinted with permission from Ref. [6]. Copyright ©2022 by German Aerospace Center)



[image: Aerospace 10 00377 g003]







[image: Aerospace 10 00377 g004 550] 





Figure 4. Cross-sectional view of mesh topology. 
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Figure 5. Aerodynamic coefficients vs. incidence angle,  σ ;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   ; medium mesh. 
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Figure 6. Rolling moment coefficient predictions in comparison with experimental data;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   . 
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Figure 7. Rolling moment coefficient contributions of wing and fins;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   . 
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Figure 8. Individual wing contributions to rolling moment coefficient;  M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   . 
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Figure 9. Streamlines and static pressure distributions on leeward sides of Wings 2 and 4;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   . 
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Figure 10. Comparisons of Wing 2 and 4 leeward skin friction distributions;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   ; SOmega production. 
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Figure 11. Normalized turbulent kinetic energy field in mid-wing transverse plane;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   . 
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Figure 12. Comparison of RANS methods with available hybrid RANS/LES computation;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   ,   x / D = 4.5  . 
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Figure 13. Rolling moment coefficient predictions in comparison with experimental data;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   . 
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Figure 14. Normalized turbulent kinetic energy field in transverse planes;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   ; Row 1: k- ω -SST2003, Row 2: k- ω -SST2003-RC, Row 3: k-  k L  -MEAH2015-KL, Row 4: k-  k L  -MEAH2015-KL-RC. 
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Figure 15. Comparison of TKE field obtained with different compressibility correction settings;   M = 0.85  ,   R  e  d  R e f    = 5 ×  10 5   ,   λ =  45 °   ; Kato-Launder production; Row 1: modified Wilcox with free shear correction (described by Abdol-Hamid et al. [12]), Row 2: Wilcox with free shear correction, Row 3: Sarkar with free shear correction, Row 4: only free shear correction, Row 5: no correction 
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Table 1. LK6E2 test case flow conditions.
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Flow Similitude Quantities

	
Physical Quantities






	
Mach number

	
   M ∞   

	
   0.85   

	
static pressure

	
   p ∞   

	
47075 Pa




	
Reynolds number

	
   R  e  d  R e f      

	
   5 ×  10 5    

	
static temperature

	
   T ∞   

	
  270.0   K




	
incidence angle

	
  σ  

	
   15 °   –   20 °   

	
velocity

	
   V ∞   

	
  280.0   m/s




	
roll angle

	
  λ  

	
    45 °    
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Table 2. Turbulent production formulation and vorticity correction alternatives.
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	FlowPsi Production Formulation
	Recommended NASA Designation
	Major Component of Production Term
	Reference Work





	total
	k-  k L  -MEAH2015
	    μ t   S 2    
	[12]



	vorticity
	k-  k L  -MEAH2015-V
	    μ t   Ω 2    
	-



	SOmega
	k-  k L  -MEAH2015-KL
	    μ t  S Ω   
	[33]



	rotation curvature
	k-  k L  -MEAH2015-KL-RC
	    f  r 1    μ t  S Ω   
	[35,36]










[image: Table] 





Table 3. Compressibility correction option parameters in the current implementation.
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	Compressibility Correction
	   ψ   
	    M  t , 0     
	    ξ kL    
	Free Shear Corr.





	Wilcox
	   1.5   
	   0.10   
	   2.5   
	On



	modified Wilcox [12]
	1.5
	0.17
	2.5
	On



	Sarkar
	   1.0   
	   0.0   
	   2.5   
	On



	modified Sarkar
	   1.0   
	   0.0   
	   0.0   
	On



	only free shear
	   0.0   
	   0.0   
	   0.0   
	On



	custom
	adjustable
	adjustable
	adjustable
	On



	none
	   0.0   
	   0.0   
	0.0
	Off
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Table 4. Mesh parameters.






Table 4. Mesh parameters.





	Level
	Number of Nodes
	Number of Cells





	coarse
	   14 ×  10 6    
	   36 ×  10 6    



	medium
	   45 ×  10 6    
	   113 ×  10 6    



	fine
	   99 ×  10 6    
	   228 ×  10 6    
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Table 5. Computed rolling moment results with different rotational correction settings.
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	k-  ω  -SST2003
	k-  ω  -SST2003-RC
	k-  kL  -MEAH2015-KL
	k-  kL  -MEAH2015-KL-RC
	Experiment [6]





	rolling moment coefficient (  C l  )
	   − 0.847   
	   − 0.861   
	   − 0.657   
	   − 0.704   
	   − 0.595   



	difference btw. experimental
	   42.3 %   
	   44.7 %   
	   10.4 %   
	   18.3 %   
	-
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Table 6. Computed rolling moment results with different compressibility correction settings.
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	Modified Wilcox + Free Shear
	Wilcox + Free Shear
	Sarkar + Free Shear
	Only Free Shear
	No Correction
	Experiment [6]





	rolling moment coefficient (  C l  )
	   − 0.720   
	   − 0.657   
	   − 0.680   
	   − 0.755   
	   − 0.805   
	   − 0.595   



	difference btw. experimental
	   21.0 %   
	   10.4 %   
	   14.3 %   
	   26.9 %   
	   35.3 %   
	-
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