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ABSTRACT
The physics and computational prediction of turbulent boundary layer flow over axisym-
metric and three-dimensional bodies are examined. Three cases were considered for
which extensive experimental results and companion Reynolds-averaged Navier Stokes
(RANS) solutionswereobtainedand/or available in theopen literature. These cases all have
Reynolds numbers based upon the freestream velocity and body geometric scale on the
order of 105 to 106, which is large for laboratory scales but small compared to the max-
imum scales observed for full-scale vehicles. Despite significant differences in approach
flow fields and geometries for these three cases, some common themes emerged in
the findings. All cases involved complications due to pressure gradients combined with
streamwise curvature, and all exhibited regions of turbulence reduction due to acceler-
ated flow. These complications led to discrepancies in computed results even in attached
flow regions where it is often assumed that RANS models provide reliable predictions.
The authors recommend further work on modelling approaches that can capture rapid
distortion effects on turbulence transport that can be incorporated into industry-useful
frameworks. Two cases involving laterally symmetric, three-dimensional wall-mounted
hillswith aft-body separation revealed that asymmetricmean flow fields are likely to result.
This finding has beenobserved in experiments conducted inmultiple facilities and in com-
putations using multiple solvers and turbulence models. It is concluded that non-unique
and asymmetric global flow solutions are fundamental to flow cases with lateral geomet-
ric symmetry involving turbulent boundary layer separation. Further work is also needed
to accurately predict low-frequency unsteadiness due to geometries that produce non-
unique mean flow fields. For such flows, it remains to be definitively determined whether
experimentally observed modes of the mean flow are equivalent, or nearly equivalent, to
asymmetric mean flow solutions obtained using RANS approaches.
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1. Introduction

All aero/hydrodynamic flows of engineering relevance feature some degree ofmean flow three-dimensionality
and curvature of mean flow streamlines. These complications bring about a variety of challenges to the
prediction, and even the physical understanding, of flows over three-dimensional bodies: relaminarization,
symmetry breaking, very low-frequency unsteadiness, inflow profile sensitivity, embedded layers, flow skew-
ing, convolution of pressure gradient/curvature effects, and three-dimensional separation of the boundary
layer. Through the NATO AVT-349 activity, Non-Equilibrium Turbulent Boundary Layers in High Reynolds
Number Flow at IncompressibleConditions, the PrincetonBody of Revolution (BOR) [1] case and the hill case
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from the Benchmark Validation Experiments for RANS/LES Investigations (BeVERLI) project [2] (hereafter
referred to as the BeVERLI Hill) were supplemented with findings from the Gaussian hill case [3], referred
to in the literature as the Boeing ‘speed-bump’ (BB), to explore the physics of, and our contemporary ability
to model, these flows. This article provides our consensus position on the state of modelling for moderate
and high Reynolds number flow over curved bodies along with the current needs for research that could
significantly advance the field.

Instrumental to the work of NATO AVT-349 was the tight integration of experimental and numerical
efforts. This was done to ensure close matching between boundary conditions found in both experiments
and simulations. It also helped ensure that the appropriate data were gathered in the experiments to support
and validate the modelling efforts. Where possible, cross-facility testing was performed to help quantify the
impact of nominally small differences in test case conditions between facilities, strengthening the confidence
in conclusions.

Each of the cases studiedwere shown to pose challenges for RANS computations andmodelling. Andwhile
thewell known challenges of prediction of smooth body turbulent separation are present in both the BeVERLI
Hill and the BB cases, modelling differences were present in attached regions of flow as well, including the
BOR experiment which does not exhibit boundary layer separation. The complications that appear to bemost
responsible for these differences are the turbulence reduction and redistribution effects of large accelerations,
the convolved effects of pressure gradient and curvature, and mean flow non-uniqueness.

After briefly describing each of the three flow cases studied, the remainder of the article focuses on our
findings and recommendations. Extensive supporting information on the cases is provided in appendices.

2. Flow cases

2.1. Body of revolution

Here, we examine the case where a body-of-revolution is placed on the centreline of a fully-developed turbu-
lent pipe flow, thereby imposing on the turbulence the effects of pressure gradient, streamline curvature, and
flow divergence. The case includes the far-wake where the turbulence relaxes to its equilibrium conditions,
albeit very slowly.

Figure 1 illustrates the test configuration. The body consisted of three parts – the bow section (0 < x/R <

2.67), the cylindrical recovery section (2.67 < x/R < 10), and the stern section (10 < x/R < 12.67). The
bow section is a half prolate spheroid, the recovery section has a constant diameter d, and the contour of the
stern follows a 4th-order power law to minimise the drag [4]. The presence of the body causes the incoming
turbulent pipe flow to experience a favourable pressure gradient (FPG), streamline divergence and convex
curvature over the bow, followed by a relaxation over the recovery section, and an adverse pressure gradient
(APG), streamline convergence, and convex curvature over the stern region. Far downstream the flow then
slowly recovers to its initial state. Three body diameters were experimentally studied, only the results from
the case of d/D = √

2/3 are compared to computations in the current work.
The experiments and computations were previously reported by Ding et al. [1] and Visonneau et al.

[5]. While briefly introduced here, key supporting experimental and computational results are available in
Appendix A.

Figure 1. Test section geometry. The results in the current work are for d/D = √
2/3. Blue solid lines are selected streamlines

from a potential flow calculation. Flow is from left to right.
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In the experiments, a streamlined axisymmetric body was placed on the centreline of a long pipe that has
an inner diameter of D = 2R = 38.1mm. The body was rigidly supported by an aerodynamically shaped
sting (NACA 0015) (more detail of the set-up is given in [1]). The inflow was ensured to be fully-developed
turbulent pipe flow by allowing 200D of development length upstreamof the body. The bulk velocityUb was≈
4.1m/s, corresponding to ReD = UbD/ν ≈ 156,000, where ν = 10−6 m2/s is the kinematic viscosity of water
at 20◦C. Using the friction factor correlation reported by McKeon et al. [6], the upstream friction velocity
was determined to be uτ = 0.186m/s, and Reτ = uτR/ν = 3550. The experiment leveraged particle-image
velocimetry (PIV) measurements to characterise the mean flow and turbulence in the bow and mid-body
regions. The reliability of the measurements was assessed by comparison to past measurements and direct
numerical simulation (DNS) at similar Reynolds numbers.

Reynolds-averaged Navier Stokes (RANS) computations were performed by groups from École Centrale
de Nantes – Centre National de la Recherche Scientifique (CNRS) and the University ofMelbourne. The work
at CNRS used two turbulence models: the linear isotropic k-ω SSTmodel byMenter [7] and a Reynolds stress
transportmodel based on the SSG-LRRpressure-strainmodel [8]. TheUniversity ofMelbourne computations
were performed using the 2003Menter k-ω Shear Stress Transport two-equation eddy-viscosity model [9, 10]
as baseline and compared to results from a data-driven model based on the Gene-Expression Programming
(GEP) [11] framework, the latter adopting both GEP ‘frozen’ and ‘CFD-driven’ approaches [12]. For the
‘frozen’ campaign of simulations, model development was purposely not based on the BOR experimental data
available but rather on different configurations with similar characteristics (wall-mounted square cylinder, jet
flows, airfoil) to assess generalizability of suchmodels. As for the ‘CFD-driven’ approach, several models were
developed using distinct cost functions, in particular exploiting recent multi-objective capability of the GEP
framework [13]. GEP-basedmodels were trained to learn a non-linear explicit algebraic Reynolds stress tensor
(ax,GEPij ), and also a turbulent-kinetic-energy-corrective term (R̂GEPij ), as proposed by Schmelzer et al. [14]. The
explicit expressions of the best performing GEP models are given in Appendix B.

2.2. BeVERLI hill

The Benchmark Validation Experiment for RANS/LES Investigations (BeVERLI) aims to examine the evolu-
tion of an initially planar turbulent boundary layer (TBL) within an incompressible, high Reynolds number
flow over a three-dimensional (3D) hill with a smooth surface, formally designated as the BeVERLI Hill. This
geometric configuration is carefully designed to expose the flow to a diverse spectrum of physics akin to the
aerodynamics experienced by high-lift devices, including varying degrees of separation and non-equilibrium
effects induced by the concurrent action of spatially varying pressure gradients and streamline curvature.

The BeVERLIHill geometry is depicted in Figure 2. The hill is characterised by a design length,w, measur-
ing 0.9347m, and a height, H, measuring 0.1869 m. The aspect ratio, w/H, is thus 5. A Cartesian coordinate
system, xi, is utilised to define this geometry. Specifically, the base of the hill is situated in the x1-x3 plane, while
its height extends in the x2 direction. The geometry has been fully described by Gargiulo et al. [15]; and a 3D
computer model of the BeVERLI Hill, accurately defining the lofted corners, was created using SolidWorks
3D CAD software and is available for download at https://roy.aoe.vt.edu/vt-nasa-validation-challenge.

Figure 2. The BeVERLI Hill geometry. Polynomials (blue dashed lines); lines joining polynomials (yellow dashed lines); cylin-
drical sections (blue shaded surfaces); flat top (yellow shaded surface). Corner C2 (mulberry shaded surface) is highlighted,
along with its three constraining edges (dotted mulberry lines). This figure was originally reproduced by Gargiulo et al. [2].

https://roy.aoe.vt.edu/vt-nasa-validation-challenge
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Experiments on this case have been conducted at Virginia Tech [2, 16], the University of Toronto Institute
for Aerospace Studies (UTIAS), and SINTEF Ocean [17]. The focus Reynolds numbers, based on hill height,
for this study are ReH = 250,000 and 650,000, while the hill height, H, to boundary layer thickness, δ ratio
is H/δ ≈ 3. Results have been obtained using a wide range of instruments and techniques, including surface
steady [2, 17] and unsteady [18] pressure, particle-image velocimetry [15, 19], laser-Doppler velocimetry [16,
20, 21], oil-film interferometry [22], unsteady force transducers [17], and oil-flow visualisation [23]. Geo-
metrically similar configurations have been tested in three different facilities at matched or nearly matched
Reynolds numbers, and major results are consistent. Notably, all facilities have documented the presence of
mean-flow asymmetry for laterally symmetric BeVERLI Hill configurations.

For the cases documented herein, RANS computations have been performed at Virginia Tech, the Univer-
sity of Melbourne, and École Centrale de Nantes - Centre National de la Recherche Scientifique. One- and
two-equation linear and nonlinear eddy viscosity models, Reynolds stress transport models, and data-driven
models have been used in these studies. Results from the computations and their comparisons to experiments
are provided in detail in Appendix C.

2.3. Boeing Gaussian speed-bump

The Boeing Gaussian speed-bump (BB) case was developed by a team at Boeing and explored initially in
experiments at the University of Washington [3], followed by Notre Dame [24]. This case was designed to
have contrasting characteristics with some of the previous hills and bumps in the literature and to be less
three-dimensional along the centreline. Its definition encompasses the hill geometry, the inflow boundary
layer on a splitter plate, and the surrounding confinement of tunnel walls. It comprises a hill mounted to a
flat plate that is Gaussian in the streamwise direction and incorporates an error function shaped shoulder
profile to minimise complicated interactions toward the side walls. A comparison between the shapes of the
BB and other hills is shown in Figure 3. The BB is designed to have a relatively thin boundary layer relative
to the hill itself (H/δ = 10 − 12, where H is the bump height) in an effort to be more relevant to wing-type
applications. This is almost an order magnitude thinner than the BeVERLI Hill and most other axisymmetric
hills that have been studied [25]. As a result, the curvature influence (R/δ) on the shear layers is relatively
weaker compared to that of pressure gradients.

Experiments on this geometry have been conducted at the University of Washington and the University of
Notre Dame [3, 24, 27–29], highlighting not only the three-dimensional topology of this configuration, but
also large-scale flowfield features, turbulent stresses and surface pressures.

Figure 3. Comparison of the BB and other hill-type geometries in the (a) streamwise and (b) spanwise directions. All dimen-
sions relative to maximum hill height, H. (c) Surface flow visualisation of the BB separation topology resembling an owl-type
pattern of the first kind (adapted from [3]). (d) Centerline flowfield in the wake of the bump from PIV suggesting that the
downstream saddle point is not amean reattachment point, consistent with the owl-type pattern. Green dashed lines indicate
the location of the change in sign of the surface curvature and pink dots indicate the location of pressure taps (from [26]).
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A wide range of simulations have also been conducted including RANS [24, 27, 28], wall-modelled
large-eddy simulation (WMLES) [30–32], wall-resolved large-eddy simulation (WRLES) [33, 34], and DNS
[35–37], among others.

Further details of the experiments and computations focussed on the BB case are provided in Appendix E.

3. Relaminarization

Although Reynolds number dependent and accentuated at lower Reynolds numbers, the values of accel-
eration parameter (K = ν/U2

e (∂Ue/∂s), where ν is the kinematic viscosity, Ue is the boundary layer edge
velocity, and s is a curvilinear coordinate following the boundary layer edge streamline) on windward faces
for both the BeVERLI Hill and BB cases indicate that they lie on the spectrum of relaminarizing flows (e.g.,
see [30, 35, 38]). The potential extremity of the phenomenon is highlighted by observations that occur for
the 0◦ incidence BeVERLI Hill case and the BB at low Reynolds number: both have shown a laminar sepa-
ration bubble forming just downstream of the suction peak which disappears at sufficient Reynolds number
(e.g., [23]). The results for the Princeton BOR also indicate that the windward portion of this flow exhibits
relaminarization-like turbulence reduction. In the case of the BB, the identification of this phenomenon has
confirmed hypotheses from experiments [3] for the source of unexpected Reynolds number dependence of
the separation bubble (seen to grow with Reynolds number). Many RANS or WMLES cases predict little
to no separation under these conditions [30–32, 35]. This may be due to increases in predicted turbulent
kinetic energy just downstream of accelerated flow regions as it enters the adverse pressure gradient region,
resisting separation. Evidence of differences between experimental data and RANS solutions are seen also in
the Princeton BOR case and the BeVERLI Hill. The mean velocity and Reynolds shear stress profiles in the
bow region of the BOR (e.g. Figure 4), show dramatic differences that develop over the accelerating region.
This is turbulence model dependent, with improvements shown for Reynolds stress models (Figure 4) and
gene expression programming-basedmodels (Figure 5). For the BeVERLI Hill case there is modelling depen-
dency of pressure coefficient values around, and downstream of, the suction peak (see Figures 6–8), indicative
of accrued deviations in Reynolds stress effects prior to encountering the adverse pressure gradient at the
top of the hill. Results similar to these were shown in computational results from a wide group of contribu-
tors employing varying turbulence models and solvers for a blind validation challenge conducted using the
BeVERLI Hill configuration with an asymmetric lateral geometry with a 30◦ yaw angle relative to the most
bluff symmetric configuration [39–41]. These recent results show that all RANS-based solutions overpredict
the magnitude of the suction peak at the top of the BeVERLI Hill, while offering some early evidence that
scale-resolving methods may improve suction peak predictions. More substantial evidence for improving
calculations with scale resolving approaches have been provided for the BB case [30, 35], although some wall-
modelled large eddy simulations (WMLES) still failed to fully capture relaminarization effects, resulting in
overprediction of turbulent kinetic energy levels at the top of the BB and subsequently the incorrect prediction
of little or no separation [30–32, 35]. Advancing RANS modelling for acceleration-related turbulence reduc-
tion will be difficult and will likely require attention to ensuring that rapid distortion pressure-diffusion terms
provide sufficient reductions in the turbulence transport [42]. (See also chapter 5 in [21] for experimental evi-
dence of this need.) More likely scale-resolving approaches are needed to capture key phenomena sufficiently
to obtain accurate forebody and suction peak pressure predictions. For instance, in addition to turbulence
reduction due to acceleration, outer layer turbulent eddies that are remnants of the approach boundary layer
will cause meandering of the suction pressure peak that will not be captured by steady RANS. Hybrid scale-
resolving approaches like improved delayed-detached eddy simulation (IDDES) [43] may be a reasonable
compromise for better capturing relaminarization andmean flowmeandering when computational resources
cannot support wall resolved or wall-modelled large-eddy simulation (e.g.see IDDES data for BeVERLI Hill
in [40]).

Further complicating the modelling of the critical forebody flow region is the additional convolved effect
of longitudinal curvature. The resulting variation of pressure normal to the wall requires considerations for
modelling, and isolating the precise effects to the expression of turbulent stresses on the flow field is difficult.
Additional explorations are needed that can decouple the effects of pressure gradient and curvature or that
provide ranges of parameters and a reduced-order modelling approach to deconvolve the effects. Further-
more, the BeVERLI Hill case at 45◦ is likely to have effects due to lateral convex curvature near the centreline
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Figure 4. Bow region. Top: axial velocity profiles. Bottom: shear stress profiles. Profiles are shown from x/R = −0.1 to x/R =
1.1 with a 0.1R increment.

Figure 5. Comparison of experimental and numerical results in different regions for the medium body (d/D = √
2/3) BOR

configuration at ReD = 156,000. Starting from the upper left corner figure, clockwise: x/R (BOW) = 1.1, x/R (CENTER) =
5.37, x/R (STERN)= 12.17, x/R (WAKE)= 12.9167.



392 T. LOWE ET AL.

Figure 6. Cp contourswith overlaid shear stress lines from the Fluent RANS simulations of the 45◦ yaw case BeVERLI Hill on the
Level 1 grid. The perimeter of the BeVERLI Hill is represented as a white-coloured dashed line. Images extracted from Gargiulo
et al. [2]. (a) ReH ≈ 250,000, k-ω SST. (b) ReH ≈ 250,000, SA. (c) ReH ≈ 650,000, k-ω SST and (d) ReH ≈ 650,000, SA.

Figure 7. Cross-comparison of BeVERLI Hill surface Cp distribution along the (left) hill centerspan (x = 0) and (right) hill cen-
treline (z = 0) planes with the VT experiment at ReH = 250,000, for a 45◦ yaw angle orientation. All calculations performed
using the simpleFOAM [44] solver. The legend indicates turbulence models used for the results plotted as lines, with further
details on the gene expression programming model given in Appendices C and D.

of the flow. Duetsch-Patel et al. [20, 21] also show that combinations of three-dimensional turbulent bound-
ary layer skewing (lateral pressure gradients) and streamwise pressure gradients offer separate challenges to
physical and turbulence models. While eddy viscosity/mixing length models seem to capture the effects of
skewing well enough to predict mean velocity profiles (e.g.[20]), they fail for predicting even the mean flow
for the accelerating flow cases mentioned above. Further work is required to develop approaches to model the
cases between the extremes of highly skewed flows and highly accelerated flows. Work is especially needed
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Figure 8. Pressure coefficient sensitivity to grid refinement sensitivity for results obtained using ISIS-CFD and linear isotropic
k-ω SST model by Menter [9] for the 45◦ yaw angle orientation at ReH = 250,000 along the (left) hill centerspan (x = 0) and
(right) hill centreline (z = 0) planes.

to address the accrued effects of skewing and acceleration in three-dimensional boundary layers over curved
surfaces.

4. Non-unique flows

Non-uniqueness, expressed by asymmetries for symmetric geometries and boundary conditions, has been
observed in experiments and simulations for both the BeVERLI Hill and BB cases. With mounting evidence,
it should be concluded that this occurrence is fundamental to separating flow cases.

Asymmetries in the BeVERLIHill cases with laterally symmetric geometries (0◦ and 45◦ orientations) have
been repeatedly observed in both experiments and simulations. This NATO activity enabled cross-facility
studies at Virginia Tech, SINTEF Ocean, and the University of Toronto Institute for Aerospace Studies, which
were pivotal in establishing facility and model independence of asymmetric and oscillating flow behaviours
for the most bluff, 0◦ yaw case of the BeVELRI Hill. The unsteady, chaotic symmetry switching from these
experiments is very different from vortical shedding phenomenon such as vortex street formation of the cir-
cular cylinder. Strouhal numbers based on the approach freestream velocity and hill height are on the order
of 0.003: two orders of magnitude lower than typical shedding from cylindrical bodies. The relative rarity of
switching between asymmetric mean flows empirically indicates stability of asymmetric flow solutions. This
was seen in the earliest RANS solutions for the 0◦ case, at first as a confusing and questionable result, but
now understood to be fundamental to RANS solutions for symmetric separation. The symmetry switching
behaviour of the 0◦ case makes experiments very difficult to carry out. (e.g. A 2/3rds scale model was studied
by UTIAS and Virginia Tech in the Stability Wind Tunnel in which the mean time between switching was
approximately 4 seconds [18]. Obtaining low-error statistics for many asymmetry switches requires hours of
data. This realisation also makes clear that such timescales will not be accessible for eddy resolving methods
due to computational costs.) It should be noted that these observations are quite similar to those found for the
Ahmed body (e.g.[45]). Given the challenges posed by the mean flow switching of the 0◦ case, more emphasis
was placed on experiments and computations for the 45◦ incidence case, as discussed in detail in Appendix
C. Experiments on this most streamlined of BeVERLI Hill yaw angles indicate steady mean flow that is rela-
tively symmetric at lower Reynolds numbers (ReH = 250, 000 and 375,000), developing strong asymmetry at
the highest Reynolds number studied (ReH = 650,000). In contrast, virtually all RANS calculations indicated
asymmetric solutions, even for the low Reynolds numbers that are found to be symmetric in experiments.
The gene expression programming models developed by the University of Melbourne showed that changing
the turbulence model could result in symmetric solutions to better match the low Reynolds number findings.

Both theUniversity ofWashington andUniversity ofNotreDame experiments on the BB show slight asym-
metry in the spanwise surface pressure across the peak of the hill. At the very least, this shows that these flows
can be quite sensitive and difficult to maintain symmetry [3, 28]. Given the asymmetric solutions seen on the
BeVERLI Hill, the University of Washington team were interested to look at side-to-side motions in the wake
of the BB to compare and to contrast. Both top-downPIV and high-rate pressuremeasurements were acquired
in the wake of the BB revealing a strong side-to-side motion at low frequency (roughly comparable to BeV-
ERLI Hill) [26]. Interestingly, this motion is seen to have a probability density function that is single peaked,
suggesting that it is more of a continuously varying motion than observed for the BeVERLI Hill and that
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the BB does not exhibit a bi-stable solution, despite frequency similarity to the BeVERLI Hill. Analysis of the
connections between this spanwisemotion and the streamwisemodes seen at the centreline is ongoing. Asym-
metric simulation solutions have also been observed for the BB. Williams et al. [3] showed that refinement
of the simulations removed asymmetries that were initially observed. Gray et al. [28] observed asymmetric
solutions for SST-quadratic constitutive relation (QCR) simulations at some higher Reynolds numbers. Gray
et al. [24] also saw asymmetries for some delayed-detached eddy simulation (DDES) computations. Finally,
Shur et al. [37] note unpublished simulations from their group and Sandia National Laboratories that have
observed asymmetric solutions using RANS that are resolution and model dependent.

The fundamental nature of asymmetry in separating flow cases presents several important challenges for
improving computations and models for engineering-relevant, three-dimensional geometries. First, it must
be recognised that three-dimensional flow geometries, even those with two-dimensional (cylindrical) sec-
tions, cannot be accurately captured with a two-dimensional conceptual or computation model. As with the
relaminization topic above, this statement requires nuance in interpreting, as there is a spectrum of influence
from the effects of asymmetry, with the BB being less influenced due to its wider aspect ratio compared to the
greater influence seen on the BeVERLI Hill cases. A second challenge is in understanding local discrepan-
cies seen between computational solutions and experimental results when multiple solutions exist. In these
cases, especially as seen for the computations on the BeVLERI hill, when multiple solutions exist, the effects
of modelling are inseparable from the propensity of the solver and the equations solved to prefer one solu-
tion over another. These solutions may (and likely do) have relationships to physical reality for the boundary
conditions, but comparing these when a different solution is realised from experiments is impossible.

Engineers and designers need practical approaches for assessing geometries and flows which result in mul-
tiple solutions. Of high value would be the ability to anticipate the presence of chaotic unsteadiness, such
as seen with the 0◦ incidence BeVERLI Hill geometry. Best practices need to be developed for analysing
unsteady forces for these cases. At a minimum, running long duration unsteady solutions could provide
insight for cases anticipated to present issues, although it is unknown which framework is best to use among
unsteady RANS, detached eddy simulation, WMLES, or wall-resolved LES. Given the great impact on sys-
tem integrity and vehicle control, this is a pressing and first-order need for a designer. Furthermore, there
are cases of inherent mean flow asymmetry for laterally symmetric boundary conditions that appear to lack
global-scale unsteadiness. As of now it appears, but is not proven, that asymmetric solutions obtained by
RANS are topologically indicative of modes of asymmetric solutions. Further work is needed to address sci-
entific and engineering-relevant questions on how best to conduct and use simulations in cases of both steady
and unsteady multi-solution flow fields.

5. Other common features

The asymmetric solutions just discussed provide examples of a key challenge facing the ability to gain insights
from experimental and computational results comparisons. However, the activity revealed additional issues
that beg discussions. Notably, the handling of the inflow profile development of the Princeton BOR case
required special attention beyond the simple specification of an inflow profile. It was seen that the fully
developed pipe flow streamwise mean velocity profile computed using several RANS models deviated sig-
nificantly from the experimentally observed profile in the wake region as the flow approached the BOR. The
flow solutions over the body were sensitive to this effect and required normalisation by the centreline velocity
approaching the BOR for a better comparison. The boundary layer flow over the BeVERLIHill was apparently
less affected by this, but guess-and-check effort was still required to specify the entrance domain for matching
boundary layer parameters at the reference plane in the experimental flow.

The SSG-LRR Reynolds stress transport model was shown to improve the prediction in the bow region of
the PrincetonBORcase comparedwith the 2003Menter k-ω SST eddy viscositymodel. For both the Princeton
BOR and the BeVERLI Hill cases, models built using gene expression programming showed promise in
improving simulation results in attached flow regions.

One of the challenges to using Reynolds stress transport modelling is maintaining the stability of solu-
tions at higher Reynolds numbers. There are opportunities and needs for developing numerical treatments to
support implementation of these models.
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Some of the effects that were identified as problematic in this activity (particularly relaminarization) will
be reduced in importance at the very high Reynolds numbers of many industrially relevant vehicles. There is a
general need to provide test cases and experimental results for very high Reynolds number flows, particularly
containing key complications such as convolved effects of pressure gradient and curvature.

6. Conclusions

A concerted activity involving highly integrated computations and experiments has been completed to assess
and advance the status of predictions and understanding for flows over axisymmetric and three-dimensional
bodies. The cases considered for the current study were an axisymmetric body-of-revolution immersed in
a fully developed pipe flow, and two different cases involving boundary layer flows which encounter three-
dimensional hill geometries. The Princeton BOR flow offered a case which contained curvature effects and
included accentuated effects from forebody acceleration and boundary layer recovery in a nearly constant
pressure gradient region. The BeVERLI Hill offers a highly three-dimensional geometry that exhibits a range
of steady and unsteady global topological and flow features dependent upon the orientation of the hill rela-
tive to the approaching boundary layer flow. Computations specific to the current activity were conducted
for both these cases. A third case based upon a thin turbulent boundary layer flowing over a Gaussian
bump, termed the Boeing Speed-Bump in the current context, was further analysed based upon experi-
mental results from the present activity and computational results gleaned from the literature. The BB has
a higher lateral aspect ratio than the BeVERLI Hill and, thus, weaker three-dimensionality. All cases stud-
ied exhibit high windward flow acceleration, while both of the hill cases also exhibit flow separation. The
separating cases exhibit some degree of mean flow lateral asymmetry despite having laterally symmetric
geometries. Further, the 0◦ incidence BeVERLI Hill case shows very low frequency, unsteady asymmetry
switching.

The activity resulted in several important findings that can guide studies and practice for computing the
flow over three-dimensional bodies:

• Accelerating flow regions present major challenges to the accuracy of computations due to shortcom-
ings in RANS turbulence models. The rapid distortion of turbulence is not properly captured by eddy
viscosity models, resulting in more modelled turbulent stress than is seen in reality. Although this effect
is Reynolds number dependent, it is an observation shared for each of the flow cases considered. It was
shown for the BOR case that Reynolds stress transportmodelling (SSG-LRR) could improve predictions
in the highly accelerated region, likely due to improved predictions of rapid distortion on turbulence
anisotropy and magnitudes. However, this model was not as effective as a linear eddy viscosity model
(2003 Menter k-ω SST) in regions downstream of the bow. Solutions of the BeVERLI Hill at 45◦ inci-
dence are sensitive to choice of eddy viscosity turbulence models (Spalart Allmaras versus 2003 Menter
k-ω SST) in the region just downstream of windward acceleration. Gene expression programming, in
which experimental data are used to generate optimised constitutive relations and modified turbulence
production, showed promise for improving the flow solutions in accelerated flow regions for the BOR
and BeVERLI Hill cases.

• The combined effects of streamwise curvature and pressure gradient are also universally present in the
cases studied, and these effects are likely a cause of modelling discrepancy in attached flow regions.
There remains the need for comprehensive RANS-based modelling approaches that can properly cap-
ture these combined effects. Furthermore, the difficulty in separating the contributions from pressure
gradient versus curvature to turbulence transport has led to few fundamental insights in the literature
or from current results. Further and creative approaches are needed to better assess these combined
complications.

• The fully developed pipe inflow of the BOR case exposed challenges in matching inflow profiles. The
results for flow over the body were sensitive to this effect, indicating the need to carefully handle inflow
conditions for validation cases based upon fully developed inflow conditions.

• There is ample evidence to state that non-unique and asymmetric global flow solutions are fundamen-
tal to flow cases with lateral geometric symmetry involving turbulent boundary layer separation. An
important feature of the current study was the ability to rule out facility- or hardware-specific causes for
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asymmetry, as results were replicated at multiple facilities and using different experimental model hard-
ware. The current studies have established that laterally symmetric grids can produce laterally asymmet-
ric flow field solutions. Furthermore, there are some asymmetric flow fields that are unsteady (exhibiting
asymmetry switching) and others that are steadily asymmetric. These features cause difficulties in com-
paring computational solutions to experimental results and even in comparing computational results
across different turbulence models or solvers (even for the same grid). It still remains to be determined
whether the asymmetric solutions obtained by RANS are equivalent or approximately equivalent to
asymmetricmodes observed in experimentswith unsteady switching.Despite the challenges, configura-
tions of engineering relevance exist for geometries that yield such behaviours andwhich require analysis
of loads. Additional fundamental work is needed to fully develop the understanding of the global flow
physics leading to these observations. With this understanding, a valuable contribution would be the
development of engineering tools that can predict the presence and magnitude of global unsteadiness
that will lead to undesirable loads for configurations in early design phases.

• The cases studied are at lower Reynolds numbers than seen for most full-scale vehicles. While the
parameter space for high Reynolds number applications may ultimately show reduced importance
of acceleration and curvature effects, non-unique flow solutions are likely to remain. Furthermore,
observations regarding the relative importance of pressure gradient, curvature, and mean flow mean-
dering will continue to pose issues for contemporary RANS methods and turbulence models. Creative
approaches to supplementing the knowledge of three-dimensional flow cases at very high Reynolds
numbers are needed for advancing the capability and confidence of modelling methods in this regime.
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