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Prediction of the laminar-to-turbulent transition position on a helicopter rotor blade with cyclic pitch variation

This work aims at assessing different laminar-to-turbulent transition models with different CFD codes for unsteady cases of a helicopter rotor with cyclic pitch variation. ONERA evaluates with elsA code the semi-empirical transition criteria-based approach and the Langtry-Menter model, while US Army investigates two versions of the Langtry-Menter model available in the Helios/Overflow code. The experimental transition position measurements provided by DLR show a complex hysteretic behavior of the transition front motion. The simulations show that Langtry-Menter model can reproduce this hysteresis with a satisfactory agreement, if spatial accuracy is maximized using refined meshes and minimized numerical dissipation. The numerical results are then used to identify the transition mechanisms involved and the unsteady effects at the origin of hysteresis.

NOTATION

𝑎𝑎 ∞ freestream speed of sound, m/s b number of blades c blade chord, m 𝐶𝐶 𝑓𝑓 skin friction coefficient, 𝜏𝜏 𝑤𝑤 /[0.5𝜌𝜌 ∞ (𝑟𝑟Ω) 2 ] 𝐶𝐶 𝑇𝑇 /𝜎𝜎 rotor thrust coefficient, 𝑇𝑇/[𝜌𝜌 ∞ 𝑆𝑆𝜎𝜎(𝑅𝑅Ω) 2 ] 𝑀𝑀²𝐶𝐶 𝑛𝑛 section normal force in the local airfoil frame 𝑀𝑀 local Mach number, 𝑟𝑟Ω/𝑎𝑎 ∞ 𝑀𝑀 75 Mach number at 0.75𝑅𝑅, (0.75𝑅𝑅Ω)/𝑎𝑎 ∞ 𝑅𝑅 75 Reynolds number at 0.75𝑅𝑅, 𝜌𝜌 ∞ (0.75𝑅𝑅Ω)c/μ R rotor radius, m 𝑟𝑟 radial coordinate, m S rotor disk area, 𝜋𝜋𝑅𝑅 2 𝑇𝑇 𝑢𝑢 freestream turbulence level, % 𝑈𝑈 ∞ freestream axial velocity, m/s 𝑥𝑥 𝑡𝑡𝑡𝑡 transition position in the chordwise direction, m 𝜃𝜃 75 collective pitch angle at 𝑟𝑟/𝑅𝑅 = 0.75, ° 𝜃𝜃 1𝑠𝑠 cyclic longitudinal pitch angle, ° 𝜆𝜆 axial advance ratio, 𝑈𝑈 ∞ /(𝑅𝑅Ω) 𝜇𝜇 molecular viscosity, kg/m/s 𝜇𝜇 𝑡𝑡 eddy viscosity, kg/m/s 𝜌𝜌 ∞ freestream fluid density, kg/m³ 𝜎𝜎 rotor solidity, 𝑏𝑏𝑅𝑅𝑏𝑏/𝑆𝑆 𝜏𝜏 𝑤𝑤 wall shear stress, N/m² 𝜓𝜓 blade azimuth, ° Ω rotor angular velocity, rad/s

INTRODUCTION 1

Laminar-to-turbulent transition process can have a strong impact on helicopter rotor performance. In hovering flight, laminar boundary layer regions can be observed on a very large part of the lower side of the blade and on the leading-edge area of the upper side. Due to the reduced levels of skin friction in these laminar regions, the blade profile power is decreased which has a beneficial effect on the Figure of Merit. In forward flight, the blade sections see such large variations of both relative speed and local angle of attack that the transition position is expected to significantly vary with azimuth. However, the boundary layer transition is still often neglected in most of CFD simulations where the flow is usually assumed as fully turbulent. Consequently, the rotor torque is often overestimated with respect to experimental measurements. Turbulence transition models do exist but still suffer from a lack of validation for helicopter rotor applications, mainly because experimental measurements of boundary layer transition position on helicopter rotor blade are challenging and still few in the public literature.

Weiss et al. from the German Aerospace Lab (DLR) recently proposed high-quality transition position unsteady measurements based on Differential Infrared Thermography (DIT) technique on a small scale dynamically pitching rotor

Presented at the Vertical Flight Society's 79th Annual Forum & Technology Display, West Palm Beach, FL, USA, May 16-18, 2023. This material is declared a work of the U.S. Government and is not subject to copyright protection in the United States. DISTRIBUTION STATEMENT A: approved for public release; distribution is unlimited. PR20230177. referred to as RTG hereafter (Ref. [START_REF] Weiss | Unsteady boundary-layer transition measurements and computations on a rotating blade under cyclic pitch conditions[END_REF]. CFD simulations were also performed in this article with the TAU code of DLR using URANS (Unsteady Reynolds-Averaged Navier-Stokes) modeling coupled with semi-empirical transition criteria approach. The experimental measurements show that the transition position as a function of the pitch angle exhibits a hysteresis loop, meaning that the transition position is different during the upstroke and the downstroke parts of the pitch cycle. The numerical simulation predicted well the transition position during downstroke but failed to accurately provide the transition during upstroke. One of the RTG test cases was later numerically investigated with transition modeling based on transport equations. Jain evaluated the Amplification Factor Transport (AFT) model and different versions of the Langtry-Menter model within Helios CFD code and showed very good prediction of the transition hysteresis loop (Ref. 2). Carnes and Coder also used the AFT model within OVERFLOW CFD code and paid a particular attention to the effect of freestream turbulence level (Ref. [START_REF] Carnes | Numerical Investigation of Unsteady Boundary Layer Transition on a Dynamically Pitching Rotor[END_REF]).

We propose here to push further the validation of the transition models by investigating two different test cases of the RTG database, and two different CFD solvers involving different transition models. After introducing the test cases and the numerical approaches, a numerical sensitivity analysis is performed in order to define the best numerical strategies. Then the numerical simulations are assessed by comparison with experimental data. In the last section, a discussion is conducted in order to clarify the transition mechanisms and the causes of hysteresis.

TEST CASES

The RTG rotor, defined in Table 1, is a four bladed rigid rotor with a radius R = 650 mm and a chord length c = 72 mm (Figure 1.a). The blades have a linear twist of -9.33°/R and are equipped with the DSA-9A airfoil (Figure 1.b). The rotor is operated with a small axial flow to prevent recirculation flow. The flow parameters of the two test cases considered here are presented in Table 2. Test case V gives a Mach number at r/R = 0.75 of 0.21 and cyclic pitch amplitude of 5.9° around a mean value of 9°. For test case II, the Mach number at 75% of radius is reduced to 0.11 while the cyclic pitch amplitude is decreased to 2.9° around a mean value of 10.1°. For both cases, the azimuthal variations of the transition positions on the upper side of the blade are measured by means of DIT technique as described in Ref. 1 (Figure 1.c). These experimental data will be used as reference for the validation of the CFD simulations.

NUMERICAL APPROACHES CFD solvers

Two different numerical approaches have been applied by the two partners of this joint research project.

US Army DEVCOM AvMC used the Helios software (Ref. 4). In Helios, Overflow (Ref. [START_REF] Nichols | OVERFOW User's Manual, Version 2.2[END_REF]) is involved for the blade body-fitted grids. Overflow used a Roe's 3rd-order upwind scheme using MUSCL (Monotonic Upstreamcentered Scheme for Conservation Laws) reconstruction for convective flux for both flow and turbulence. The 3rd-order flux used a 4th-order flux difference with a 3rd-order artificial dissipation term. Viscous fluxes were discretized using a second-order central discretization. The implicit time marching used the 2nd-order BDF (Backward Difference Formula). For temporal convergence, the Improved SSOR (Successive Symmetric Over-relaxation) scheme with 80 Newton iterations was employed. A time step size of 0.25° was used.

For the studies involving the effect of dissipation, the central difference scheme with different levels of dissipation was used for inviscid flux, as described later. For temporal discretization, the second-order diagonalized Beam Warming pentadiagonal scheme is used along with 80 dualtime stepping sub-iterations.

The off-body solver, SAMCART, is a structured, adaptive high-order Cartesian solver. The inviscid fluxes are discretized with a fifth-order central spatial scheme and a third-order explicit Runge-Kutta integration scheme is used for time advancement. The Helios simulations uses the Delayed-Detached Eddy Simulation (DDES) based on k-ω SST turbulence model coupled with Langtry-Menter (LM) transition model (Ref. 6). The initial LM model has been modified to guaranty Galilean invariance (Ref. 2) and to include crossflow transition correlation (Ref. 7). The Helios simulations based on Langtry-Menter with Galilean invariance is referred to as Helios-SST-LM-G and the simulations that also includes crossflow correlation are referred to Helios-SST-LM-G-CF in the following.

ONERA applied the elsA solver (Ref. 8) which discretizes the Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations with finite volume approach. The temporal derivative discretization involves a second-order implicit Gear scheme, with an azimuthal time step of 0.25° and 80 sub-iterations. All the simulations are performed with the k-ω SST turbulence model (Ref. 9). Two different turbulence transition models are evaluated. The first one applies semi-empirical transition criteria (TC) approach (Refs. 10 and 11) to detect laminar regions where the eddy viscosity is set to zero. The semi-empirical transition criteria are not computed locally but deduced from the chordwise history of the boundary layer, along the wall grid lines. Once the transition is detected by one of the criteria, an intermittency function is defined on the blade wall surface. Then, following the wall normal direction, the intermittency is used as a weight in the calculation of the eddy viscosity of the turbulence model, in order to set to zero the eddy viscosity in the laminar regions. This approach is thus not based on additional transport equations. The details of this TC model can be found in Ref. 11. The second approach evaluated with elsA is the Langtry-Menter (LM) transition model which is, for its part, based on transport equations of two new variables as described in Ref. [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF]. For TC simulations, the convective flux is discretized with Jameson's cell-centered second-order scheme using second-and fourth-order artificial viscosity coefficients (Ref. 12). For LM simulations, the convective flux is discretized with a specific version of the second-order AUSM+(P) scheme (Ref. [START_REF] Liou | 30 th Computational Fluid Dynamics, chap. AUSM schemes and extensions for low mach and multiphase[END_REF]) that permits to reduce the numerical dissipation for low Mach number flows (Ref. [START_REF] Mary | Large Eddy Simulation of Flow around an airfoil near stall[END_REF]. The elsA simulations performed with LM model and TC approach will be referred to as elsA-SST-LM and elsA-SST-TC hereafter.

Grid parameters

An overview of the grids used for the different solvers is shown in Figure 2. All the simulations are based on overlapping grid strategy. The parameters of the blade grid and the background grid are detailed in Table 3 andTable 4 respectively.

With Helios (Figure 2.a), the blade grids are composed of a main grid of 14.1 million nodes, completed with overlapping tip and root caps, leading to a total number of 22 million nodes per blade. The center body is also included in the simulation with a body-fitted grid of 11.3 million nodes. The background Cartesian grid is composed of several blocks with several levels of resolution ensuring the finest grid resolution of 5% of chord around the rotor. It has 78 million points.

For elsA simulations, the rotor model is more simplified. First, the center body is not included as shown in Figure 2.b. Secondly, only the profiled part of the blade is meshed while the blade root is not considered. Two blade grids were built in order to investigate the sensitivity of the solution with respect to the grid resolution. The first grid (Figure 3.a), composed of 5.8 million nodes, has the same resolution as the grids classically used for rotor simulations at ONERA. It is referred to as "coarse grid" hereafter. The second grid (Figure 3.b) is significantly refined leading to a total number of 15.5 million points per blade. The background Cartesian grids are composed of 19 million nodes for the coarse grid and 48 million nodes for the fine grid (Table 4).

All the parameters of the blade grids used by the partners are compared in detail in Table 3. One can remark that the grid resolution in the chordwise direction is very similar between Helios grid and elsA fine grid, while elsA coarse grid is approximately coarsened by a factor two. In the spanwise direction, Helios grid is slightly finer than the two elsA grids. In the wall normal direction, the resolutions are similar between all grids, especially the wall normal spacing that has been chosen in order to ensure Δy + ≤ 1.

Extraction of the transition position

Estimating the transition location from a numerical simulation based on Langtry-Menter model is not straightforward. The value of the eddy viscosity ratio or the intermittency is imposed to zero at wall. Therefore, an extraction of the flow field on the blade surface cannot be useful to detect the transition. Thus, computing the transition position requires extracting a turbulent quantity at a certain distance from the wall that is to be defined by the user. Since the three CFD codes used here does not offer the same post-processing functionalities, each partner has defined his own strategy to estimate the transition position.

On ONERA side, the extraction of the transition position is done as follows: the flow field on the blade grids is stored at each time step. Then, a surface is extracted at a constant grid index in the wall normal direction (k). The value of the k-index is chosen to correspond approximately to the logarithmic region of the boundary layer. Then, at several blade sections, the transition position is defined as the first grid point in the chordwise direction where the eddy viscosity ratio gets larger than a user-defined threshold. Since the k-index could be out of the logarithmic region of the boundary layer, the process is repeated for five different values of k and the final transition position is defined as the minimum value of all the results. The transition location in Helios/Overflow computations is determined using a special post-processing of the boundary layer flow field, as follows. For each azimuth and each radial station, boundary layer over the blade section is examined for growth in turbulence. The chord location on the section where the turbulence level in the boundary layer has grown by an order of magnitude with respect to the inflow boundary is flagged as the transition location. Since structured grids were used for blades, this post-processing method could be applied in a straight-forward manner as the grid lines are aligned along the surface tangent and normal directions.

NUMERICAL SENSITIVITY

In order to define the best numerical strategy, the partners first investigated the sensitivity of the solution with respect to numerical parameters. In this preliminary activity, only Case V of the database is considered (Table 2).

ONERA investigated the sensitivity with respect to the time integration with elsA solver. For that purpose, the number of sub-iterations of the Newton process used to solve iteratively the non-linear system at each time step is increased from 20 to 40 and finally 80, while the azimuthal time step is kept to a constant value of Δ𝜓𝜓 = 0.25°. All the simulations are performed with LM model on the coarse grid defined in Table 3 and shown in Figure 3.a. The transition position 𝑥𝑥 𝑡𝑡𝑡𝑡 is defined as the chordwise position where the eddy viscosity ratio gets higher than 𝜇𝜇 𝑡𝑡 /𝜇𝜇=1. The azimuthal evolutions of 𝑥𝑥 𝑡𝑡𝑡𝑡 thus defined are compared at the section 𝑟𝑟/𝑅𝑅 = 0.75 in Figure 4.a. As expected, all the simulations predict that the transition 𝑥𝑥 𝑡𝑡𝑡𝑡 /𝑏𝑏 is located around 80% of chord in the first part of the cycle (0°≤ 𝜓𝜓 ≤ 180°) where the pitch angle is the highest, while the transition moves to the leading edge region in the second half of the cycle (180°≤ 𝜓𝜓 ≤ 360°) where the pitch angle reaches its maximum value. However, it can be seen that the azimuthal angle where the transition moves upstream and downstream is very sensitive to the number of sub-iterations used in the time integration. In particular, the upstream transition motion occurs at 𝜓𝜓 = 280° with 20 sub-iterations instead of 𝜓𝜓 = 240° when 80 sub-iterations are used. This high sensitivity with respect to the time integration is probably due to the fact that the transition motions seem to occur in a very fast manner. In light of this observation, it will be chosen to fix the number of sub-iterations to a minimum value of 80 in the rest of this work. It can also be remarked that the transition position shows very high oscillations when it is located upstream, i.e. for 250°≤ 𝜓𝜓 ≤ 360°. This will be discussed in the next paragraph.

The influence of the grid resolution is also investigated for the LM model and still with the elsA code. Two simulations are performed for Test Case V, using the coarse and the fine grids shown in Figure 3 and defined in Table 3. The variations of the transition position at 𝑟𝑟/𝑅𝑅 = 0.75 are compared in Figure 4.b. The grid refinement perfectly eliminates the large oscillations of the transition position 𝑥𝑥 𝑡𝑡𝑡𝑡 /𝑏𝑏 observed for 250°≤ 𝜓𝜓 ≤ 360° and previously mentioned. The reason lies in the nature of the transition process. Indeed, as indicated by the sign of the skin friction coefficient at 𝑟𝑟/𝑅𝑅 = 0.75 and 𝜓𝜓 = 270° (Figure 5) the transition occurs in a Laminar Separation Bubble (LSB) that extends along 15% of chord. The fine grid allows to discretize the LSB with 100 grid points in the chordwise direction while the coarse grid only provides less than 20 points inside the LSB. The poor resolution of the coarse grid does not permit a sufficient production of turbulence kinetic energy to ensure a stable reattachment point of the LSB (Figure 6). Thus, the very high resolution of the fine grid as defined in Table 2 seems mandatory to properly capture the transition process for this specific test case. The grid refinement also slightly shifts downstream the position of the transition for 0°≤ 𝜓𝜓 ≤ 180° but this effect is less significant as the one observed in the second half of the cycle. As a conclusion, the fine grid will be considered in the following, since it provides a better capture of the LSB. The influence of the numerical dissipation was also assessed using Helios/Overflow. For this study a central difference scheme was used for inviscid flux discretization as then accuracy and dissipation levels can be independently varied. Table 5 shows the various settings. The first row, DISS1, is the baseline case, which used a Roe's 3rd-order upwind scheme. Other cases, DISS2, DISS3, and DISS4 used a central difference scheme in the order of increased numerical dissipation -DISS2 used a fifth-order scheme with a small artificial dissipation coefficient of 0.01; DISS3 had the coefficient increased to 0.04; and DISS4 was most dissipative with second-order central with a large dissipation coefficient. The effect on transition location prediction is illustrated in Figure 7. DISS1 and DISS2 have minimal dissipation and the predictions agree closely. However, as the dissipation is increased the transition onset is delayed, in general. The Helios/Overflow results presented hereafter used the DISS1 settings.

As previously mentioned, extracting the transition location 𝑥𝑥 𝑡𝑡𝑡𝑡 from a numerical simulation based on LM model is not straightforward. In the 𝑥𝑥 𝑡𝑡𝑡𝑡 calculation method presented above, the threshold value of 𝜇𝜇 𝑡𝑡 /𝜇𝜇 used to define the transition has to be arbitrary set by the user. In order to evaluate the sensitivity of 𝑥𝑥 𝑡𝑡𝑡𝑡 with respect to this threshold value, the transition position obtained with the criteria of 𝜇𝜇 𝑡𝑡 /𝜇𝜇 = 1 and 0.1 were compared in elsA computations. In both cases, transition positions are computed from the same flow field provided by elsA code for the Test Case V. The two threshold values are significantly lower than the level reached in turbulent boundary layer. Thus, we can expect that 𝑥𝑥 𝑡𝑡𝑡𝑡 will be weakly sensitive to these values. However, the results shown in Figure 8 indicate that the effect is not negligible. The threshold 𝜇𝜇 𝑡𝑡 /𝜇𝜇 = 0.1 provides a transition location that is located upstream by 2% of chord for 240°≤ 𝜓𝜓 ≤ 360° and 5% of chord for 60°≤ 𝜓𝜓 ≤ 230°. These results show that the chordwise evolution of turbulence production, and consequently of eddy viscosity, is rather slow compared to more usual high Reynolds number flows. From the following, it is decided to keep a threshold of 𝜇𝜇 𝑡𝑡 /𝜇𝜇 = 0.1 since it provides a more continuous evolution of 𝑥𝑥 𝑡𝑡𝑡𝑡 especially in the azimuthal portion 0°≤ 𝜓𝜓 ≤ 60°.

VALIDATION

Following the best practices defined in the previous section, US Army and ONERA have performed the simulations for both Test Case V and Test Case II.

Test Case V

The rotor maps of the transition positions for Test Case V are shown in Figure 9. It is reminded in the experimental rotor maps (Figure 9.a) that the minimum pitch angle is reached at ψ=90° and the maximum pitch angle at ψ = 270°. The rotor map of the experimental measurements also reveals that the transition position is not symmetrical with respect to lateral axis. In particular the upstream motion of the transition occurs around 210° of azimuth and the downstream motion occurs around 30° of azimuth. This means that the transition position evolves differently between the upstroke and downstroke parts of the pitch cycle.

The rotor maps of transition position provided by Helios simulations (Figure 9.b and Figure 9.c) show a good agreement with respect to the experiment. The addition of the crossflow correlation into the original LM transition model slightly improves the results, especially at the inboard sections around ψ = 210° and at the outboard sections around ψ = 30°. Despite these slight differences, one can conclude that both models provide the good trend, especially the dissymmetry of x tr between upstroke and downstroke parts of the pitch cycle.

The elsA simulation based on the LM model is shown in Figure 9.d. Unlike LM model in Helios, no correction has been added to original model in elsA code in order to ensure the Galilean-invariance. However, the elsA-SST-LM transition map (Figure 9.d) looks rather similar to the one provided by Helios (Figure 9.b). Once again, the asymmetry of the rotor map is quite well predicted, although the upstream transition motion during upstroke and the downstream transition motion during downstroke are slightly delayed.

The elsA simulation based on the TC approach provides the rotor map shown in Figure 9.e. The agreement with experiment is not as good as with LM model. The downstream motion of transition around 30° of azimuth is quite well predicted. However, the strong delay of the upstream motion of x tr during the upstroke is not captured. Finally the TC approach gives a symmetric transition map, which indicates that this transition model does not predict significant differences of x tr between upstroke and downstroke.

For a more qualitative assessment of the models, the azimuthal evolution of the transition position at r/R = 0.75 is shown in Figure 10 for both codes. Figure 10.a confirms that Helios SST-LM-G provides a very good agreement with respect to experiments. Including crossflow transition correlation into the model (SST-LM-G-CF) permits to avoid a spurious evolution of x tr observed for 20°≤ ψ ≤ 40° but also slightly degrades the agreement with experiment for 90°≤ ψ ≤ 180°. The elsA simulation with LM model shown in Figure 10.b provides a prediction similar to Helios-SST-LM-G. In particular, the spurious evolution of x tr between 20° and 40° of azimuth is again observed. The transition position is however a little more upstream with elsA for all azimuths. Another significant difference between the LM model's results of elsA and Helios lies on the upstream motion of transition that occurs between 180° and 270° of azimuth. While Helios prediction is perfectly in phase with the experimental measurements, elsA shows a noticeable delay of the upstream motion of x tr . The reason of the discrepancy between Helios-SST-LM-G and elsA-SST-LM can be manifold. As seen in the previous section, the solution seems very sensitive to the numerical parameters. Thus, the differences of numerical methods between Helios and elsA could explain the discrepancy. The corrections introduced in Helios to allow for Galilean invariance, that are not used in elsA, could also be the reason of this slight disagreement between codes. Looking now at the elsA results based on TC approach in Figure 10.b, one can observe a good agreement of the transition position during downstroke, i.e. from ψ = 270° to ψ = 90°. However, during upstroke, the TC model fails to predict the strong delay of the upstream transition motion.

Plotting the transition position as a function of the pitch angle allows to highlight the dissymmetric between upstroke and downstroke in the form of a hysteresis loop. As shown in Figure 11, the hysteresis observed with DIT measurements is large. For instance, at 𝜃𝜃 75 = 9°, the transition is located at 30% of chord during downstroke and 80% of chord during upstroke. LM model with both Helios and elsA code permits to reproduce this large hysteresis, athough the agreement is less good with elsA in the second part of downstroke. TC approach predicts a small hysteresis, narrow around the experimental measurements during downstroke.

Test Case II

As shown in Table 2, Test Case II differs from Test Case V by a lower amplitude of the cyclic pitch (2.9° instead of 5.9°), a slightly higher collective pitch (10.1° instead of 9°) and a lower rotor angular velocity which leads to a decrease of the Reynolds number at 0. 75𝑅𝑅 from 3.16 × 10 5 to 1.72 × 10 5 .

The Helios and elsA results for Test Case II are shown in Figure 12 in the form of transition maps. The experimental measurements reveal again a dissymmetry of 𝑥𝑥 𝑡𝑡𝑡𝑡 between upstroke and downstroke. Helios simulations based on LM model (Figure 12.b and Figure 12.c) show a satisfactory prediction of the transition motions although the agreement is not as good as for Test Case V. The crossflow correlation (Helios-SST-LM-G-CF) improves the prediction especially during upstroke, for 0°≤ 𝜓𝜓 ≤ 30°, similarly to what was observed for Test Case V. The elsA simulation with LM model (Figure 12.d) gives the good trend but shows the same shortcoming as already observed for Test Case V. Indeed, the upstream motion of transition for 180°≤ 𝜓𝜓 ≤ 270° is too delayed. Furthermore, the downstream motion of transition that occurs between 0° and 30° of azimuth shows a disrupted evolution. With TC approach (Figure 12.e), the transition seems located to upstream at all azimuths, and more significantly for 30°≤ 𝜓𝜓 ≤ 210°.

A detailed look to 𝑟𝑟/𝑅𝑅 = 0.75 (Figure 13) confirms the observations previously mentioned. Helios provides a good agreement of the transition between 0° and 220° of azimuth. The upstream motion of 𝑥𝑥 𝑡𝑡𝑡𝑡 is also well-captured, but the transition is located too upstream for 230°≤ 𝜓𝜓 ≤ 360°. With elsA code, the LM model gives an unexpected "bump" of 𝑥𝑥 𝑡𝑡𝑡𝑡 between 45° and 90° of azimuth, similarly to what was observed for Test Case V, but this spurious behavior is here more pronounced. Again, the upstream motion of transition (180°≤ 𝜓𝜓 ≤ 270°) is delayed and too abrupt in comparison with the experimental measurements. At the beginning of the downstroke (270°≤ 𝜓𝜓 ≤ 360°) the transition position is very similar to Helios results but located too upstream in comparison with the experiment. The TC approach shows a less satisfactory prediction of 𝑥𝑥 𝑡𝑡𝑡𝑡 . For 0°≤ 𝜓𝜓 ≤ 180°, the transition is located too upstream. It reaches 60% of chord instead of 85% in the experiment. On the second half of the cycle, the transition position shows some oscillations probably due to a lack of turbulence production in the LSB.

Plotting the transition position with respect to the pitch angle 𝜃𝜃 75 reveals that Test Case II leads to a hysteretic behavior of the transition (Figure 14) in the same way as Test Case V. As observed for Test Case V, the LM model simulations predict this large hysteresis while the TC approach underpredicts its amplitude.

DISCUSSION

We propose in this section to analyze the origin of the hysteresis observed in the evolution of the transition location as a function of the pitch angle. Since the phenomenon looks similar between the two test cases, we will focus the discussion on Test Case V only. A first possible reason of the transition hysteresis could be a hysteresis in lift. Indeed, if lift, and thus pressure distribution, is different during upstroke and downstroke, the transition position will consequently differ. Figure 15 shows the evolution of the section normal force at 𝑟𝑟/𝑅𝑅 = 0.75 as a function of the pitch angle 𝜃𝜃 75 predicted by numerical simulations. One can see that both Helios-SST-LM-G-CF and elsA-SST-TC provide the same normal force evolution as the one provided with a fully turbulent simulation (referred-to as "elsA-SST-FT" in the figure). Furthermore, the hysteresis in normal force is very weak, which suggests that the hysteresis of transition could not be due (or at least only due) to a hysteresis in lift. This confirms what is suggested by Weiss et al. in Ref. [START_REF] Weiss | Unsteady boundary-layer transition measurements and computations on a rotating blade under cyclic pitch conditions[END_REF]. The semi-empirical transition criteria used for elsA-SST-TC simulation are based on quasi-steady assumptions. At each time step, the transition position is deduced from the pressure distribution and the properties of the boundary layer at this current time step only. Thus, the TC approach of elsA code is able to predict hysteretic behavior of transition only if this one is caused by hysteresis in lift. Since the hysteresis in lift is here small, it is not surprising to observe that elsA-SST-TC simulation predicts a small transition hysteresis. Furthermore, the discrepancy between measurements and elsA-SST-TC results finally give more credence to the idea that the transition hysteresis observed in the experiments is not caused by lift hysteresis.

Additional elsA-SST-TC simulations have been performed without cyclic pitch and with a collective pitch angle of 6°, 9° and 12°. The transition positions obtained with these three "non-cyclic" simulations are added to the Test Case V results in Figure 16, in order to highlight how the unsteady case differs from a quasi-steady condition. The figure indicates that the transition position of Test Case V is very close to the non-cyclic results during upstroke, while it strongly diverges from them during upstroke. This tends to prove that the transition motion during downstroke follows a quasi-steady state, and that the hysteresis is mainly due to unsteady effects during upstroke.

In order to identify these unsteady effects, we propose in Figure 17 and Figure 18 to follow the azimuthal evolution of the transition position together with the skin friction distribution 𝐶𝐶 𝑓𝑓 at 𝑟𝑟/𝑅𝑅 = 0.75. Figure 17 shows Helios-SST-LM-G-CF and elsA-SST-LM results that are assumed as representative of the hysteresis observed experimentally. Figure 18 shows the elsA results using TC approach that are considered as the quasi-steady solution.

At the beginning of downstroke, (𝜓𝜓 = 270° and 𝜓𝜓 = 315°), the transition occurs in a LSB located around 20% of chord, as indicated by the negative value of 𝐶𝐶 𝑓𝑓 . Both LM model and TC approach provide almost the same transition positions and skin friction distribution.

On the second part of downstroke, from 𝜓𝜓 = 0° to 𝜓𝜓 = 90°, all the transition models predict that the transition progressively moves downstream to finally reaches 80% of chord. However, the differences observed in the skin friction evolution between Figure 17 and Figure 18 points out that the transition process is different between the two models. On one hand, LM model (Figure 17) predicts that transition is still induced by a LSB from 0° to 90° of azimuth and that the LSB moves downstream together with the transition point. On the other hand, the transition predicted by TC approach (Figure 18) occurs at the limit of flow separation at 𝜓𝜓 = 0°. Then, we observe an attached boundary layer transition that moves downstream until 𝜓𝜓 = 90°.

During the first part of upstroke (from 90° to 210° of azimuth), the quasi-steady assumptions (Figure 18) shows that the attached flow transition moves progressively upwards, preventing any laminar separation in the leadingedge region. With LM model (Figure 18), in contrast, the transition is stuck in the trailing edge region, which permits another laminar separation to emerge around 20% of chord at 𝜓𝜓 = 210°. Between 210° and 215°, LM model show two flow separation regions, a first one close to the trailing edge which corresponds to the vanishing LSB responsible of transition during the previous azimuths, and a second one around 20% of chord which corresponds to the arising LSB responsible of the transition at the current time. It is noted that prediction of the coexistence of the two LSBs in Helios simulation is limited to a small range of azimuth (210°≤ 𝜓𝜓 ≤ 215°), while in elsA-SST-LM simulations it is stretched up to 𝜓𝜓 = 232°. However, in both cases, the coexistence of the two separation regions is observed.

In the end of upstroke, from 240° to 270° of azimuth, the trailing edge flow separation disappeared and all the simulations whether with LM model or TC approach gives a LSB between 10 and 30% of chord.

CONCLUSIONS

Different turbulence transition models have been evaluated for unsteady conditions of a small rotor in lowspeed axial flow with cyclic blade pitch variations. Two CFD solvers have been used: Helios on US Army side and elsA on ONERA side. US Army has evaluated two versions of the Langtry-Menter model, the standard version based on Langtry correlation and a second one including crossflow transition correlation. Since the Langtry-Menter model is not Galilean invariant, some corrections were introduced in Overflow to allow the invariance for both versions.

ONERA has evaluated methods for transition modeling: the Langtry-Menter model (without Galilean invariance) and a semi-empirical transition criteria approach.

A numerical sensitivity analysis has first been performed and the conclusions are as follows:

• The Langtry-Menter model is very sensitive to the grid resolution, especially in the chordwise direction. In the region where laminar separation bubble appears, a too coarse grid will lead to a lack of turbulence production and the appearance of non-physical oscillations of the reattachment point. The grid resolution required for the RTG test cases are significantly higher than the one typically used for full-scale helicopter rotor flow simulations.

• The Langtry-Menter model is also very sensitive to the numerical dissipation and the accuracy of the time integration. These parameters mainly impact the lag in azimuthal phase of the upstream motion of the transition front.

• The Transition-Criteria approach does not require such refined grid and small time-step to get a converged solution (although it is not shown in the paper).

The capabilities of the simulations to predict the unsteady motions of the transition front have then been assessed and the analysis of this assessment has led to the following conclusions:

• The experimental measurements reveal a strong hysteretic behavior of the transition motion, meaning that the transition positions are different during upstroke and downstroke parts of the pitch cycle.

• LM model in Helios code provides a very good agreement with respect to the experiment, especially concerning the hysteresis. The crossflow transition correlation slightly improves the prediction.

• LM model in elsA code provides a satisfactory agreement with experiment but not as good as Helios.

The slight discrepancies between the two codes could be due to numerical methods or Galilean invariance corrections.

• The Transition-Criteria approach provides the good estimation of the upstream and downstream maximum position of transition for Test Case V but not for Test Case II. In both cases, this approach fails to predict the large hysteresis of the transition.

Finally, an analysis has been conducted in order to understand the transition mechanisms and the origins of this hysteresis. It has led to the following conclusions:

• The hysteresis in transition is probably not caused by hysteresis in lift.

• The transition position during downstroke follows a quasi-steady state, while unsteady effects appear during upstroke.

• Since the transition-criteria approach is based on quasisteady assumptions, it can only reproduce the downstroke part of the cycle.

• According to LM model, the transition is induced by a laminar separation bubble almost all along the pitch cycle.

• The lag phase of the transition position during the upstroke leads to the coexistence of two laminar separation bubbles during a short range of azimuth. 
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 1234 Figure 1. Overview of the RTG rotor test model (from Ref. 1).
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 56 Figure 5. Skin friction coefficient at 𝒓𝒓/𝑹𝑹 = 𝟎𝟎. 𝟕𝟕𝟕𝟕 and 𝝍𝝍 = 𝟐𝟐𝟕𝟕𝟎𝟎° (LM model, elsA, fine grid).
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 7 Figure 7. Sensitivity of the Langtry-Menter model with respect to numerical dissipation (Helios simulations).
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 81391011121314 Figure 8. Sensitivity of 𝒙𝒙 𝒕𝒕𝒓𝒓 calculation with respect to the eddy viscosity ratio threshold 𝝁𝝁 𝒕𝒕 /𝝁𝝁.
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 15 Figure 15. Section normal force 𝑴𝑴 𝟐𝟐 𝑪𝑪 𝒏𝒏 as a function of pitch angle at 𝒓𝒓/𝑹𝑹 = 𝟎𝟎. 𝟕𝟕𝟕𝟕 (Test Case V) including the results for non-cyclic conditions with elsA-SST-TC (red triangle symbols).

Figure 16 .

 16 Figure 16. Transition position as a function of pitch angle at 𝒓𝒓/𝑹𝑹 = 𝟎𝟎. 𝟕𝟕𝟕𝟕 (Test Case V) including the results for noncyclic conditions with elsA-SST-TC (red triangle symbols).
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 17 Figure 17. Skin friction coefficient 𝑪𝑪 𝒇𝒇 at 𝒓𝒓/𝑹𝑹 = 𝟎𝟎. 𝟕𝟕𝟕𝟕 for Test Case V: elsA-SST-LM (green line), Helios-SST-LM-G-CF (blue line). Letter "T" indicates the transition position for elsA (green) and Helios (blue).
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 18 Figure 18. Skin friction coefficient 𝑪𝑪 𝒇𝒇 at 𝒓𝒓/𝑹𝑹 = 𝟎𝟎. 𝟕𝟕𝟕𝟕 for Test Case V with elsA-SST-TC. Letter "T" indicates the transition position.

Table 1 . Rotor blade parameters.

 1 

	Radius, 𝑅𝑅	650 mm
	Chord length, 𝑏𝑏	72 mm
	Tip sweep	Parabolic (0.91 ≤ 𝑟𝑟/𝑅𝑅 ≤ 1)
	Twist rate	-9.33°/𝑅𝑅
	Airfoil	DSA-9A
	Number of blades, 𝑏𝑏	4
	Solidity, 𝜎𝜎	0.141

Table 2 . Flow parameters of the two test cases of the RTG database.

 2 

	Case V	Case II

Table 3 . Blade grid parameters.

 3 

	Helios	elsA coarse grid	elsA fine grid

Table 4 . Background Cartesian grid parameters.

 4 

	Helios	elsA coarse grid elsA fine grid

Table 5 . Numerical dissipation parameters evaluated with Helios.

 5 

		Order	IRHS	Dissipation	Number of
				Coefficient	Sub-iterations
	DISS 1	Third	Roe Upwind	-	80
	DISS 2	Fifth	Central	0.01	80
	DISS 3	Fifth	Central	0.04	40
	DISS 4	Second	Central	0.04	40
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