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ABSTRACT

The prediction of the aerodynamic performance of the helicopter rotor at its operational boundaries is a
challenging task. This study investigates the effect of various common numerical settings of computational
fluid dynamic solvers onto the maximum thrust prediction of a hovering rotor. Thus, this study is distin-
guishing itself from other research as it leaves the usually analyzed regime around the maximum Figure of
Merit. First, the impact of the time steps is investigated, coupled and followed by the spatial accuracy, the
type of computational grid and lastly the impact of different turbulence models and their variations. It is
observed that for moderate thrust around the maximum Figure of Merit of the rotor, the impact is little with
respect to the difference at maximum thrust. The outcome is that the more recent adaptions of turbulence
models should be applied in combination with a well resolved spatial resolution with a matching time step.

NOTATION

*
Symbols

Az/cyor dimensionless background grid spacing in verti-
cal direction

AYR/c,.s dimensionless background grid spacing in hor-
izontal direction perpendicalr to the radial direction

p density of air

o blade solidity

6y collective pitch angle
A disc area

a., speed of sound

cuM? sectional normal force coefficient c¢,M? =
2dN/(pc(r)draZ)

c;M? sectional tangential force coefficient c¢,M? =
2dT /(pc(r)dra2)
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cmM? sectional pitching moment coefficient ¢, M?> =
2dM /(pc(r)*dra?)

¢(r) local chord length

cr thrust coefficient ¢z =T/ (pAvfip)
¢r /o blade loading coefficient

cp power coefficient cp = P/(pAv?ip)
cp/o power loading coefficient

Cref thrust weighted reference chord length

FM Figure of Merit \\écz

M., flight Mach number

M;;, tip Mach number

Re;ip tip Reynolds number

r/R dimensionless radial position

Viip tip speed

X /R dimensionless horizontal distance

Z/R dimensionless vertical distance

Acronyms

BDF Backward difference formula - applied for dual time
stepping



DES Detached Eddy Simulations - blend of RANS and
LES

ERF European Rotorcraft Forum
FT Fully turbulent - acronym of only used in this paper

LES Large Eddy Simulations - only structures smaller
than the cell are modelled

LT Laminar turbulent transition prediction - acronym of
only used in this paper

MUSCL Monotonic Upstream-centered Scheme for Con-
servation Laws

SA Spalart Allmaras turbulence model

SST Shear Stress Transport - here synomonous with
Menter SST turbulence model

R Vortex/curvature correction in turbulence models
RANS Reynolds Average Navier-Stokes equations

VFS Vertical Flight Society

INTRODUCTION

The flow of a helicopter rotor is complex with many dif-
ferent phenomena present at the same time. For a for-
ward flying helicopter, this will include shocks, dynamic
stall and in general a very vortex dominated flow. In
order to solve this, the inclusion of the blade dynam-
ics is necessary, which due to their slender design are
usually quiet flexible, or in cases of articulated rotors,
flap. While hover is a less sever flight condition from this
perspective, it is still remaining a very challenging flight
condition as the wake and occurring tip vortices remain
in the system for many revolutions of the rotor. In or-
der to correctly model this, advanced computational fluid
dynamics is necessary to do so. To this extend, it is still
difficult to model the flight envelope of a helicopter inde-
pendent of its flight velocity. McHugh (Ref. 1) tried to
describe the lift and propulsive force limits trough wind
tunnel experiments in 1978, and this research aims at
finding this numerically for hover only.

In case of forward flight with the occurrence of dy-
namic stall posing the limit in maximum thrust, a good
overview paper is given by Smith et al. (Ref. 2). They
show where the current state of the art on experiments
is, but also the do-ability in simulations. Regarding the
latter, they state that for quasi 2D cases, large eddy
simulations (LES) allow to correctly capture this phe-
nomenon, but they are still prohibitively expensive in
terms of computational cost. A reasonable alternative
to LES are detached eddy simulations (DES), which at
least on the qualitative scale allow for reasonable results.
DES was envisaged by Spalart et al. (Ref. 3) for the
SA turbulence model (Ref. 1) to be a bridge between

Reynolds Averaged Navier-Stokes (RANS) simulations,
and LES. The idea is to continue to model the small vor-
tices of the boundary layer through eddy viscosity driven
by the RANS turbulence model, and gradually transition
to LES turbulence model away from the boundary layer.
For helicopter flows, the delayed detached eddy simula-
tions (DDES (Ref. 5)) become prominent as they ensure
shielding the boundary layer to avoid premature stalling
in case of insufficient resolution for LES near the wall,
due model stress depletion. A good overview work on
the application and shortcomings of DDES variants to
rotorcraft problems including dynamic stall is given by
Letzgus (Ref. 6) and Letzgus et al. (Ref. 7). They look
into DSA-9A airfoil, but also the H145 helicopter. An-
other work showing the current possibilities to model the
envelope of the rotor is given by Richez et al. (Ref. 8) for
the UH-60A helicopter. Sridhar et al. (Ref. 9) look into
the impact of using two different k — @ turbulence models
onto simulation of the aero-elastic effects during dynamic
stall of the TA rotor.

Coming back to the hovering rotors, Chaderjian (Ref. 10)
gives a good overview of his work around modelling hov-
ering rotors with CFD and explains issues such as over-
production of eddy viscosity, the requirement to evolve
the flow field for long enough to become meaningful and
the occurrence of vortex worms. Latter have been seen
in many simulations, but have really been experimen-
tally proven by Wolf et al. (Ref. 11) and are now more
formerly expressed as secondary vortices caused by the
instabilities of the rotor wake and the primary tip vor-
tices. Bodling et al. (Ref. 12) achieve a reasonable ac-
curacy to model these instabilities to within the accu-
racy of the experiment. While this work already demon-
strates the pinnacle of what can be done with CFD for
rotors, reasonable guidelines on how to arrive there are
not given. Lietzau et al. (Ref. 13) thus investigate the
impact of varying spatial resolutions onto the accuracy
of capturing just the primary tip vortex, but also ana-
lyze the two most popular turbulence models, namely the
one equation SA turbulence model (Ref. 1) and the two
equation (k— @) Menter SST (Ref. 14) model. They also
include variations of these models that use either the vor-
tex correction by Dacles-Mariani et al. (Ref. 15) or Shur
et al. (Ref. 16). They both have been derived for the SA
model and are then usually referred to as SA-R or SA-RC
respectively. Other factors that influence the accuracy of
hover predictions and most notable for the correct predic-
tion of Figure of Merit is transition. A recent work uti-
lizing intermittency transport models is given by Richez
and Jain (Ref. 17) for dynamic stall cases. They find
that with more simple semi-empirical transition mod-
els applied to turbulence models, the downstroke is re-
attaching too early, whereas the Langtry-Menter ¥ — Reg
model requires a high spatial accuracy to capture the
re-attachment process correctly in a dynamic stall cycle.

Coming back to the McHugh stall boundary, much work
has been seen on dynamic stall in forward flight, which



determines the maximum thrust. On practical level, of-
ten vibrations grow to large as to push the rotor into the
lift stall of the complete rotor rather than a good por-
tion of the middle sections of the blade on the retreating
side. In hover, many investigations have been seen fo-
cusing on correctly predicting the Figure of Merit for a
wide range of thrusts, but often these investigations are
stopped roughly 1.2 times the thrust of the best Figure
of Merit for a rotor. One of the reasons is that past
this point, often no experimental data exists as either
the wind tunnel motor cannot supply enough power past
this point, or the experiment is stopped there due to too
high levels of vibrations. In flight, this often also be-
comes the maximum the engines can supply to the rotor
and the RPM will decrease past this point. Therefore,
this study aims at finding the maximum thrust of what
is aerodynamically possible, purposely leaving aside any
interaction and elastic effects. The motivation to in-
vestigates this comes from van der Wall (Ref. 18) who
exercised this with DLR’s comprehensive code S4, who
himself asked the question when seeing the rather wide
spread of results after the STAR II prediction team ac-
tivities (Ref. 19). Our studies were initially meant to
complement his works, but were found to be too com-
prehensive by themselves already and therefore are pre-
sented here separately. They have been part of Gerlach’s
bachelor’s thesis (Ref. 20).

Similar to Lietzau et al. (Ref. 13), but also Sridhar et
al. (Ref. 9), and Chaderjian (Ref. 10), this study looks
into the impact of spatial and temporal accuracy onto the
performance prediction of the hovering rotor, but also
different grid types and variations of the two common
turbulence models, SA and SST. The distinguishing part
from the previous studies is that the instead of the an-
alyzed regime around centered around maximum Figure
of Merit, the maximum thrust is sought being more com-
plex and less researched for hovering rotors. The HART
IT rotor (Ref. 21) is used as the basis for the numerical
tests, even though to isolate the aerodynamic effects, it
is modelled as a fully rigid rotor without precone and in
free stream.

METHODOLOGY

For this study, DLR/’s block structured legacy flow solver
FLOWer (Ref. 22) is employed. Here, the inviscid SLAU2
(Ref. 23) is used with the Mach switch based on the in-
terface normal instead of total velocity as proposed by
Tanabe et al. (Ref. 24) for the rFlow3D code by JAXA.
Similarly, the FCMT reconstruction by Yamamoto and
Daiguiji (Ref. 25) is used, yet with the modification of
using the van Albada limiter (Ref. 20) instead of the
minmod limiter, which has shown to drastically improve
accuracy and robustness, see (Ref. 27). For the temporal
solution, either steady flow is assumed with pseudo-time
steps being solved through the LU-SGS scheme by Yoon
and Jameson (Ref. 28) or unsteady flow is modelling us-

Figure 1: Views of monocoque grid (left) and Chimera
setup (right). Top: farfield dimensions, middle top view
slice of rotor plane, bottom side view of r/R =0.75 slice.



ing the dual-time stepping approach with backward dif-
ference formulas (BDF). Here, the 1st, 2nd and 2nd+
order as proposed by Vatsa et al. (Ref. 29) are tried.
Implicit residual smoothing by Swanson et al. (Ref. 30)
is utilized for the acceleration of convergence. A pres-
sure switch based reduction of the reconstruction order
is also applied according to Radespiel and Kroll (Ref. 31)
to ensure 1lst order reconstruction near shocks. The
here utilized turbulence models are the SA turbulence
model (Ref. 32) and Menter SST model (Ref. 11). The
SA model is also tried with the vortex correction by
Dacles-Mariani et al. (Ref. 15) (SA-R), but also delayed
detached eddy simulations (DDES) (Ref. 5). The SST
model is also tried with a vortex correction (here also sim-
ple extended as SST-R) according to Dol et al. (Ref. 33).
It was originally perceived for the Kok k— @ turbulence
model (Ref. 34), but can also be applied to the SST model
in FLOWer. The SST model is also tried with the DDES
extension through the adoption of DES for k — @ tur-
bulence models by Gritskevich et al. (Ref. 35). For the
SA model, the turbulence model values have been recon-
structed using a 2nd order MUSCL scheme, and have
been computed at 1st order for the SST model while
the same contravariant velocity from the main equa-
tions is used (hybrid order). Both turbulence models
are also tested with empirical laminar-turbulent tran-
sition prediction according to Heister (Ref. 36), whom
himself bundled known transition criteria to be used at
the same time. This includes the prediction of Tollmien-
Schlichting waves, C1 cross-flow, attachment line and by-
pass transition. Since the rotor is modelled in hover, the
outer state of the farfield boundary condition is modified
with the source/sink model and assuming wake contrac-
tion instead of assuming Mach number zero, also known
as Froude boundary condition. An example is given in
Beaumier et al. (Ref. 37). The viscous variant based on
Spalart’s jet theory (Ref. 32) as implemented by Jia et
al. (Ref. 38) was concurrently implemented and tested
in FLOWer, but did not find application here. The nu-
merical part of farfield condition itself is based on Whit-
field (Ref. 39). To handle overlapping grids, the Chimera
approach is utilized implemented by Schwarz (Ref. 40)
into the FLOWer code. The here used Lagrangian inter-
polation reaches up to 8th order on Cartesian grids, but
deteriorates for increasing curvature of the grid lines.

An important part of these studies are the numerical
grids, which have been generated with the in-house grid
generator G-Cube, first mentioned in the appendix of
Wilke (Ref. 41) and used in many recent rotorcraft stud-
ies. It follows many ideas of the GEROS grid genera-
tor by Allen (Ref. 42), most notably the transfinite grid
interpolation. G-Cube allows to generate simple blade
grids, background meshes of Cartesian, but also cylin-
drical type. Another specialty taken from GEROS are
the monocoque grids for rotor and propellers in axial
flights, which allows to compute hovering rotors without
the utilization of Chimera/Overset. This trades the in-

terpolation error of the Chimera boundary with the loss
of accuracy of the spatial scheme due to skewed cells. In
particular for (very) low cell counts, these grid types pro-
duce reasonably good results with respect to wind tunnel
experiments as demonstrated in Wilke (Ref. 43). When
more grid cells are available, the use of a Chimera setup
becomes more viable due to the more regular cells in the
background mesh as will be shown in the results section.
In Figure 1, the two setups are sketched for comprehen-
sion. Both exploit the periodicity of the rotor and thus
only model a quarter of the rotor. Thus, fully Cartesian
grids are not considered here, but the cylindrical back-
ground grid is quadratic with respect to the vertical and
radial axis. The according grid points of the blade sur-
face grid, but also the overall grid are listed in Table 1.

Grid type Monocoque \ Chimera
chordwise 128

radial 128

BL! ~ 30

normal 128 64
Az/cref 0.37 0.14
AYR/cCyof 0.45 0.19
blade 2.1e6 1.0e6
background 0.7¢6 2.1e7
total 2.8e6 2.2e7

Table 1: Respective grid numbers for used on the finest
respective grid. ! BL: boundary layer.

All setups were run until either the density residual
dropped to 5e-5 of the initial residual (the very first sub-
iteration of the simulation) or until 100 inner iterations
have been reached for the unsteady simulations or 50,000
iterations for the steady simulations. With respect to the
residual of the first inner iteration of the respective time
step, this leads to roughly 1.5 order of magnitude drop
in the final stages of the simulation. However, in the
maximum thrust regime for the successively finer grids,
only 0.75 magnitude drop could be achieved, or 1e-4 with
respect to the very initial residual. All cases are run for
at least 30 revolutions. The maximum number of revolu-
tions has been estimated by n,., = % with Z/R set to
6 roughly corresponding to the distance required to con-
sider the rotor out of ground. The equation is derived
assuming how long the wake needs to reach this distance
at which it is considered to have a negligible impact on
the rotor thrust and torque. The estimate shows to be
reasonable as the leveling off of thrust and torque around
a mean value as envisaged by Chaderjian (Ref. 10) was
seen.

The respective time steps, applied turbulence model and
other settings are then explicitly mentioned in the results
section.



RESULTS OVERVIEW

The selected rotor for this study is based on the HART
IT rotor (Ref. 21). The rotor parameters are summa-
rized in Table 2. Since the focus lies on investigating the
impact of different numerical parameters onto the solu-
tion of maximum thrust, it has been computed as a rigid
rotor without precone. Only the collective pitch angle
is altered to cover the thrust range from the maximum
Figure of Merit to maximum thrust and slightly past it.

Table 2: Rotor parameters and baseline flight condition.

HART-II
R 2 m
Cref 0.121 m
twist —8°/R
airfoil | NACA 23012 with tab
Mip 0.64
Reyip 1.8e6
M., 0.0

The results are organized into four main sections: tem-
poral accuracy, spatial accuracy, grid type, turbulence
models and variations. The last study based on tur-
bulence models is further split into three parts where
first the SA model is investigated, then the SST model
and lastly selected cases of both are compared with each
other.

TEMPORAL ACCURACY STUDIES

In this study, the impact of the various possible tempo-
ral accuracy is investigated. This also includes steady
simulations. Since the Navier-Stokes equations couple
space and time, it is difficult to investigate the tempo-
ral accuracy completely decoupled from spatial accuracy.
Therefore, a variation of space will also be included here.
The formally 2nd order accurate MUSCL reconstruction
has been applied and the plain SA turbulence model has
been used. For simplicity, these studies have been carried
out on the monocoque grids with 3.6e5 and 2.8e6 points.
For the temporal side, the following variations are tried:

e steady - local time stepping is used to advance to-
wards infinity

e BDF1 - 1st order dual time stepping with Ay = 1°
time step equivalent

e BDF2 - 2nd order dual time stepping with Ay = 1°
time step equivalent

e BDF20PT - enhanced 2nd order dual time stepping
with Ay = 29 time step equivalent

e BDF20PT - enhanced 2nd order dual time stepping
with Ay = 1? time step equivalent

e BDF20PT - enhanced 2nd order dual time stepping
with Ay = 0.5? time step equivalent

In Figure 2, the integral coefficients of the rotor are pre-
sented. For the steady simulations, the average of the
last 500 iterations is taken, and for the unsteady simu-
lation, the last revolution was averaged. The continuous
lines present the study results, while the dashed lines
present the unsteady results. For the lower collective
pitch angles, a good agreement between the methods is
observed for the thrust, yet for the required power as well
as the Figure of Merit the steady results deviated notice-
ably. The temporal variation, no larger differences are
observed on the coarse grid of 3.6e5 grid points. After
further investigation of the flow field, it was found that
the steady simulations feature very high levels of eddy
viscosity, which are not found for the unsteady simu-
lations. Looking at the result for the finer grid, it is
observed that the stall behavior has changed again re-
markably with respect to the other studies. Where the
maximum Figure of Merit is almost the same for the
coarse and fine grid, the stall behavior shows a large dif-
ference.

To gain further insights into the resolved physics, the
averaged sectional loads of the rotor are plotted for the
pitch angles 10,24,28?, roughly corresponding to the set-
tings for maximum Figure of Merit, maximum thrust and
post rotor stall. When looking at the normal force at 10°
pitch, the steady simulations show a little of the over-
shoot from the incoming tip vortex, which has been dif-
fused by eddy viscosity. For the other simulations, the
trend is very similar, with a mildly more pronounced im-
pact of the preceding vortex for the higher resolved grid.
This is even better visible when looking at the tangential
sectional force and even the pitching moment. Moving
onto the maximum thrust angle of 24° pitch, a match of
all methods on the inboard station is found up to roughly
r/R=0.6, but past this point a large spread is found. The
steady results show a different behavior, with the finer
grid results leaning more towards the unsteady results.
The unsteady results on the coarse grid are close to each
other, with the unsteady result on the finer grid showing
a further reduction of thrust towards the tip. For the
tangential loads, the steady results already show a larger
drag on the inboard stations caused by the high levels
of eddy viscosity, whereas the unsteady results align up
to roughly r/R = 0.5, with the unsteady results for the
finer grid showing a greater reduction then the coarse
grid results. A similar trend for the pitching moment
is observed, yet for the finer grid the oscillation of the
pitching moment becomes even larger than for the coarse
grids, with the steady results in between. For the post
stall angle, the steady simulations still show no sign of a
strong separation attributed to the damping effect of the
high eddy viscosity levels, yet interestingly, the coarse
and fine grid results move closer together as in the previ-
ous case. At 28 pitch, only small changes with respect to
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Figure 4: Eddy viscosity ratio for selected cases of
temporal accuracy study. Left steady, right unsteady
(BDF20PT Ay = 0.5°) simulation on 2.8e6 grid.

the previous angle are observed in terms of features, even
though in the individual wiggles are differently aligned.

As an intermediate summary of the temporal studies, it
is noted that the SA turbulence model and steady hover
simulations may lead to overly high levels of eddy vis-
cosity that tend to diffuse the tip vortices too much and
alter the results strongly. This is something that Chader-
jian (Ref. 10) also observed for unsteady simulations.
This is additionally elaborated in Figure 4 and Figure 5.
The eddy viscosity levels become very high for the steady
simulations, but remain within reasonable levels for the
unsteady simulations. The reason for this is that the
SA turbulence model loses its destruction term far off
from the wall, and therefore the production term trig-
gered also by vorticity starts to gradually flood the flow
field. It is believed that given enough revolutions, the
flow field will also flood with eddy viscosity for unsteady
simulations. Also, from these pictures it is observed that
a higher thrust will lead to more production of eddy vis-
cosity also being triggered from the separation vortices
and not only the tip vortices themselves. A potentially
remedy to this eddy viscosity flooding of the SA model
is proposed by Hong et al. (Ref. 44), but shall not be
topic of this paper as it was concurrently developed with
these results.. With respect to the temporal required ac-
curacy, the impact of various settings was little, but from
the added spatial variation it may be concluded that a
specific time step should be tied to a specific resolution
of the grid. From a practical perspective, reducing the
number of time steps simply led to an increase of inner
iterations to reach the same stopping residual, thus the
impact on cost was little, and therefore it was decided to

Figure 5: Vorticity ratio for selected cases of temporal
accuracy study. Left steady, right unsteady (BDF20PT
Ay = 0.5%) simulation on 2.8e6 grid.

stay with the BDF20PT scheme and 0.5¢ for the finer
grid, and 1.0° for the coarse grid.

SPATIAL ACCURACY STUDIES

For the spatial accuracy study, the formal order of the
inviscid flux scheme is varied between 2 and 4, while also
the grid density is varied between 3.6e5 and 2.8e6 cells.
Otherwise, the style of presenting the results remains the
same, first the integral results in Figure 6 and sectional
loads in Figure 7. Due to the coupling of time and space
of the Navier-Stokes equations, as previously mentioned,
steady and unsteady results are presented. The unsteady
results all utilized the BDF20PT dual time stepping,
with Ay = 12 and Ay = 0.5° for the coarse grid 3.6e5
and fine 2.8e6 grid.

Looking at the integral results in Figure 6, the greater
maximum thrust for the steady simulations is again ob-
served similarly to the previous study, with the unsteady
simulations showing a faster, but more flat stall. Again,
the reason lies in the occurring eddy viscosity flooding
of the flow field for the steady simulations, which stabi-
lize the flow at the cost of increased drag. The impact
of the spatial accuracy appears to be secondary to this
issue, nevertheless, it is observed that a higher spatial
accuracy, be it grid points or formal order of the inviscid
scheme, lead to reduced torque before the point of max-
imum Figure of Merit, but an increase past it. For this
specific grid type, where no regular cells can be achieved,
the utilization of more grid points has a stronger impact
than the application of higher order schemes. Around the
thrust plateau for the higher resolved unsteady simula-
tions, the 4th order results show slightly reduced thrust
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with an increase in torque, hence a reduced Figure of
Merit in this regime. The coarse grid unsteady results
lean more towards the steady results, with the reason
being the coarse resolution is synonymous with artificial
dissipation and therefore has a similar impact as the in-
creased eddy viscosity of the steady simulations.

The sectional loads (Figure 7) show again the trend that
the steady simulations do not resolve the previous tip
vortex well and only the unsteady simulations show the
lift overshoot in the normal force coefficient at /R =0.95
at 10 pitch. The tangential force shows a more pro-
nounce behavior here for the finer grids, but generally
all unsteady simulations are quite close to each other.
Again, the lower resolved unsteady results show a ten-
dency towards the steady results with the eddy viscos-
ity flooding, yet arises from the under resolution rather
than the overproduction of eddy viscosity. At the 24°
pitch, which is roughly the maximum thrust for steady
simulations, the steady simulations show a fairly high
normal force with an onset of lift stall around r/R = 0.8,
while the unsteady simulations show stall behavior start-
ing around r/R = 0.6. The tangential force is also split
here, where the unsteady simulations show a greater re-
duction due to the separation with the exception of the
coarse grid result. The pitching moment stall behavior
is coupled with the normal force stall and the unsteady
section show signs of stall beginning at r/R = 0.6 and the
steady results at r/R =0.8. For the post stall angle of
289, the steady simulations still show a very benign be-
havior, whereas the unsteady results are fairly aligned,
and the coarse grid normal force is close to the finer grid
ones, while the tangential force and pitching moment are
further away. The pitching moment of the steady sim-
ulations appear like a smoothed variant of the unsteady
simulations with its magnitude in a similar range.

The intermediate summary of the spatial accuracy study
revealed that the utilization of more grid points is more
beneficial than the application of higher order schemes.
In Figure 8, the eddy viscosity and vorticiy plots for the
finer grid at 4th order, please compare with Figure 4
and Figure 5. This shows that the application of the
higher order scheme enhances the flow field as roughly
one vortex passage more is preserved in contrast to the
2nd order solution. Since the cost for running the 4th
order scheme only reveals that the increase in runtime is
roughly corresponding to the increase in accuracy. Thus,
the successive studies are carried out at 4th order. As
will be seen in the next sections, the here applied scheme
benefits from being applied on a regularly space grid as
the metric is still at 2nd order. Again, the application
of steady simulations is found to be rather questionable,
particularly for the thrust regime around stall and in
combination with the plain SA model.

4th order 6,=

th order

Figure 8: Left eddy viscosity ratio and right vorticity
ratio plots for 6y = 10,24° for the 4th order unsteady
case using 2.8e6 grid points.

GRID TYPE EFFECT

This section will cover the effect of wusing a
Chimera/Overset grid setup consisting of a background
grid and a separate blade grid versus the utilization of a
single, monocoque, grid. The advantage of the split grid
approach is that the background grid can be made with
more uniform cells, but an interpolation region between
the two grids is required, which inherently will bring an
interpolation error. Opposing this, the monocoque grid
has no interpolation area, but to achieve a connected
grid at the periodic boundaries, the cells need to be
skewed which can only be mitigated to a certain extend.
While the formal order of the here applied inviscid
scheme is 4, the utilized metrics are of simple 2nd order.
By simple, it is meant that it only strictly achieves 2nd
order accuracy on Cartesian grids, but when cells are
stretched, for example for boundary layers, the volume
jump is neglected and therefore one should avoid how
stretching ratios during the grid generation process to
stay as close as possible to this 2nd order accuracy.

In order to achieve a good overlap for the
Chimera/Overset approach, a minimum number of
cells is required and therefore the coarser grid setup
already has more grid points than the finer grid of
the monocoque approach. For all grids, the 4th order
MUSCL reconstruction is used in combination with
the BDF20PT scheme and the plain SA turbulence
model. The integral coefficients are plotted in Figure 9.
Interestingly, the results are juxtaposed. The fine
grid Chimera results aligns well with the coarse grid
monocoque results, and the coarse grid Chimera results
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Figure 10: Averaged sectional forces and moments at 6y = 10,22,28° of grid type study
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aligns with the fine grid monocoque results. While for
the lower pitch and thrust settings, the results don’t
deviate too much, the maximum thrust is different
among the grids. However, no eddy viscosity flooding
has been observed for the fine grid Chimera setup and
thus seems to be valid in itself.

Moving onto the sectional forces in Figure 10, the sec-
tional loads are plotted for the grid type study. At 10¢
pitch angle, the normal forces align up to r/R=0.9 and
the overshot at r/R = 0.95 from the preceding vortex is
simulated stronger with the Chimera grids. Looking at
the tangential force, this trend is similarly captured, yet
the finer monocoque grid approaches the Chimera re-
sults. The pitching moment turns out to be fairly similar
among the methods with the largest deviations again at
the blade tip. For the pitch angle of 22° degrees, the
results are mixed like the integral values in this region.
The actual outlier is the coarse monocoque setup, which
shows already stalling section starting at r/R = 0.6, but
has a normal force overshoot at /R =0.95. For the fine
Chimera grid, the inboard sections also show signs of dis-
turbed flow already, which the other grids do not resolve
as such. For the post stall pitch angle of 28, the normal
forces almost align again for all methods, yet the tan-
gential forces are at different levels even though showing
a similar waviness. The pitching moment is a bit more
aligned among the grids, yet the coarse monocoque grid
shows the strongest deviation at r/R = 0.8.

This study shows that the grid type also has a noticeable
role on the maximum lift prediction. Yet, it cannot be
concluded which one is more suited simply looking at the
results. However, in combination with the spatial accu-
racy study, it is believed that the better resolution of the
finer Chimera grid, but also the more regular background
grid will yield better results and therefore the next study
will be conducted with the fine Chimera grid.

IMPACT OF TURBULENCE MODELING

So far, the studies have utilized the SA turbulence model.
Yet looking at the papers presented at the 80th Vertical
Flight Society Forum and the 50th European Rotorcraft
Forum from the year 2024, roughly one third of the pa-
pers utilized the SST turbulence model and roughly half
of the papers utilized the DES modification for either
turbulence model. Thus, this section more deeply inves-
tigates the impact of adding popular modifications to the
SA and SST turbulence model, but also include laminar-
turbulent transition prediction to study the impact on
the maximum thrust.

SA Variations

The SA turbulence model is one of the two major tur-
bulence models currently applied for rotorcraft applica-
tions. Spalart himself proposed the idea of detached
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eddy simulations (DES) (Ref. 3), a hybrid of the clas-
sical RANS approach, which attempts to model every
vortex through turbulent viscosity, and Large Eddy Sim-
ulations (LES), where only vortices smaller than the grid
cell size are modelled through turbulent viscosity. DES
thus attempts to merge both approaches, where the at-
tached boundary layer is modelled by RANS, but larger
scale vortices as occurring during separation are treated
by LES. This modification also lends itself quite nicely
for rotorcraft flows, because they are vortex dominated,
but those primary tip vortices are several orders of mag-
nitude larger than the boundary layer. Here, the de-
layed detached eddy simulation (Ref. 5) is utilized. An-
other modification of the SA model has been proposed
by Dacles-Mariani et al. (Ref. 15), who reduce the pro-
duction term of the SA model, if the strength of vorticity
exceeds the strength of the shear tensor. The idea is that
in these cases, a free vortex is given and no production of
eddy viscosity is required in its core. In practical terms,
the DES modification fosters the destruction term in the
field of the SA model, which otherwise would become
diminishing small as it is inversely proportional to the
distance of the nearest wall. This modification is usually
denoted R or recently also as R95. Both modifications
are tried here individually, but also in combination. Most
of them are run on the coarser Chimera grid for reduced
computational cost, but the all-inclusive variants are also
tried on the finer mesh. They are tried fully turbulent
(FT) and with laminar turbulent transition prediction
(LT).

The integral values of the SA study are presented in
Figure 11. The plain SA model shows a high maxi-
mum thrust, but the lowest Figure of Merit, which is
attributed to eddy viscosity flooding. It is less severe
than for the monocoque grids, but still eminent. The
R modification seems to mostly remedy this already for
this grid. The DDES extension shows an even stronger
drop in maximum thrust on the coarse grid, with the
combination of DDES-R showing the least maximum
thrust with a similar high maximum Figure of Merit
as the DDES only modification. The inclusion of the
laminar-turbulent transition prediction increases maxi-
mum thrust and maximum Figure of Merit. Increasing
the grid density also raises the maximum thrust and Fig-
ure of Merit again, with the laminar-turbulent transition
prediction achieving the highest values.

Moving onto the sectional loads shown in Figure 12, the
normal forces for the 10° pitch are close to each other
with a larger spread in the tangential forces with the
plain SA model on the coarse grid showing the greatest
difference to the other variants at the blade tip. The
pitching moment is very similar for the variants with the
exception of the plain SA simulation on the coarse grid.
For the 22° scenario, the normal force coefficients show
signs of stall at r/R =0.7 for the plain SA model variant,
but also the R variant having the greatest peaks at r/R =
0.85. For the tangential loads and the pitching moment,
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unsteady 6,=10°

unsteady ' “2°

Figure 13: Left eddy viscosity ratio and right vorticity
ratio plots for 6y = 10,22° for the SA-DDES-R LT case
using 22e6 grid points.

a chaotic spread is observed. For the pitching moment,
the finer grid results distinguish themselves by having
the greatest negative peak. This trend also persists for
the post stall angle of 28°. The coarse grid results are
now relatively close to each other for the normal and
tangential forces, with the finer grid results showing a
distinct peak at r/R =0.55.

For the SA study, employing the DDES and R modi-
fication already improve on the eddy viscosity flooding
effect of the plain SA model. The combination of both
reduces the injected eddy viscosity. The impact of the
grid density is on a similar scale as either modification.
The inclusion of laminar-turbulent transition prediction
mostly unfolds before maximum Figure of Merit mostly
regarding itself, but has little impact onto the maximum
thrust. Investigating the transition lines, the suction side
of the stalled sections are flagged as fully turbulent and
therefore the high lift behavior is not altered too much
over the fully turbulent simulation. In the non-stalled
areas, the laminar flow areas lead to a reduction of drag
and hence torque. Elaborating a bit on the DDES ex-
tension, it is observed that the finer grid has noticeably
less eddy viscosity than the coarse grid. The reason for
this is that the DDES switch towards the LES simulation
is triggered earlier due to the smaller cells in the field,
but these smaller cells also lead to a reduction in injected
eddy viscosity due to the reduction of filtering width as-
sociated with the characteristic cell size. Exemplary, for
the finer grid and the SA-DDES-R LT simulations, the
eddy viscosity ratio and vorticity ratio are plotted in Fig-
ure 13. In contrast to Figure 4 and Figure 5, it is ob-
served that the application of eddy viscosity is drastically
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reduced and the vortex preservation is strongly improved,
in particular for the subsequent vortex passages. The me-
andering known for these vortices is also now captured,
which on the coarser monocoque grid is not possible due
to the more dampened vorticity and higher eddy viscos-
ity. Nevertheless, the turbulence model remains active
and for the higher thrust setting, the injected eddy vis-
cosity increases mimicking the higher frequent, smaller
scale vortices, namely eddies, through eddy viscosity.

SST Variations

The SST model features a production limiter for both
variables based on the destruction term. Thus, no eddy
viscosity flooding as such has been observed as for the
SA model, however, this clipping of values in combina-
tion with a difficult boundary condition for the destruc-
tion variable near the wall, leads to slower convergence
than the SA model. Thus, the SST simulations required
roughly 30% greater computational cost than their SA
counterparts on average. Gritskevich et al. (Ref. 35)
adopt Spalart’s proposal of DES for two equation k — @
based turbulence models. The here denoted R modifica-
tion alters the ®-Production term through multiplication
of the maximum of the squared strain rate invariant and
the squared vorticity. It has been described by Dol et
al. (Ref. 33) for the Kok turbulence model, but is ap-
plied here for the Menter SST turbulence model.

The integral values are plotted in Figure 14 with the sec-
tional loads presented in Figure 15. Here, the spread
between the variations is less than for the SA variants.
The addition of R and DDES both reduce the maxi-
mum thrust as observed for the SA model, but the drop
is less pronounced. The inclusion of laminar turbulent
flow mildly increases the maximum thrust and Figure of
Merit. Regarding the sectional loads, for the collective
pitch angle of 10?, the non-DES results show a different
location of the normal force peak than the SA model be-
ing at r/R=0.9 instead of r/R = 0.95 as found for the
SST-DDES variants, but also all SA models. This is also
replicated by the pitching moment. Only a mild devia-
tion in the tangential force is found between the methods.
At the stall angle of 249, the SST variations split into two
groups. The SST and SST-R variant show a later stall
behavior with sections stalling past r/R = 0.7, whereas
the DDES based variants start to stall at r/R =0.6. For
the post stall angle of 287, the SST-R now aligns with the
DDES results, and the plain SST variant shows a slightly
different behavior.

For the SST investigation, the brief summary is that the
results are less spread over the variations, nevertheless,
it seems that the DDES extension as the largest impact
and seems to align results closer to the SA(-DDES) model
results.
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Comparison of SA and SST

In this section, no new results are presented, but simply
a selection of SA (dashed lines) and SST (continuous
lines) results are contrasted against each other. The plain
models are shown, but also the fully extended version,
DDES-R LT are presented for the coarse Chimera grid.
Additionally, the fine Chimera grid result for the SA-
DDES-R LT model is shown.

The integral values are plotted in Figure 16 and the sec-
tional loads in Figure 17. From these plots it is seen that
the baseline turbulence models themselves have a larger
deviation than the DDES enhanced variants. For the in-
board loads, the differences between the turbulence mod-
els are generally small, but the largest impact is seen near
the tip where the tip vortex of the previous blade passes
the blade. Here, the amount of eddy viscosity generated,
but also the interaction with the boundary layer, shows
that the turbulence model plays crucial role. Thus, the
SST results feature lower maximum thrust and Figure of
Merit values than their respective SA counterparts. The
fine grid SA-DDES-R LT result actually delivers a result
in-between the spread of coarse grid SA and SST results.

While further studies would be required, the normal force
results at 10° pitch indicates that potentially with the
DDES-R extension, the SA and SST result move closer
to each, at least for non-separated flow. In combination
with a finer grid it, where more of the flow is modelled
as LES instead of RANS and hence the impact of the
baseline turbulence model is reduced, it is believed that
results will align closer to each other. However, it is seen
as long as these conditions are not given, the turbulence
model play a crucial role in the prediction of maximum
thrust of the rotor with a similar impact as resolution
itself.

CONCLUSIONS

The HART II rotor blade has been modelled in a rigid
fashion during hover flight seeking maximum thrust of
the rotor. The numerical grids have been altered along
with various but common solver settings. These include
time step studies, investigation of the order of the inviscid
scheme, two turbulence models and transition prediction.
Key findings are that:

e It is imperative to run unsteady simulations to cap-
ture the maximum thrust correctly. However, the
temporal resolution itself can be relatively low in
the order of Ay ~ 1 and should be chosen such that
the computational cost is minimized. E.g. too large
time steps will be more difficult to converge, whereas
too small-time steps will simply lead to too many
computational cycles. On a pragmatic scale, the
time step should become smaller with a finer grid to
keep similar convergence behavior within the time
step.
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The monocoque setup allows for an efficient setup,
however, for increased accuracy, the Chimera ap-
proach becomes more viable with more grid points
due to overall improved grid quality allowing to bet-
ter maintain the formal order of the inviscid scheme.

Spatial resolution is critical and may be achieved
with a combination of high grid density and higher
order inviscid schemes. Doubling the grid point
in each spatial direction yielded a greater improve-
ment than doubling the formal order of the inviscid
scheme.

The Spalart-Allmaras model may produce too much
eddy viscosity by itself in hover, and the application
of the DDES and R extensions is recommended as
it mitigates the problem.

The Menter SST model does not show this issue,
yet, it was observed that converging the SST model
is more costly than the SA model particularly for
stalled conditions. The DDES and R extensions had
less of an impact, but are still recommended to be
used.

For both, SA and SST turbulence models, the DDES
and R extensions should be applied as they re-
duced unnecessary eddy viscosity and model the pri-
mary vortices better and eventually allow to capture
the secondary vortices, which otherwise would be
smeared out by too much eddy viscosity.

The inclusion of laminar-turbulent transition predic-
tion has a minimal impact on the maximum thrust
prediction as stalled section are fully turbulent on
the suction side.

Independently of the applied numerical setup, the
stall angle for the rotor was in between 20 — 24°
collective pitch. The blade loading varied between
cr/0 ~ 0.140.19. The first stalling sections were
found at the blade tip, where the tip vortex of the
previous blade led to a too high angle of attack and
the sections stalling. This grew inboard to roughly
r/R = 0.6 for the maximum thrust of the rotor. The
stall curves are of parabolic to flat nature. For
better resolved simulations, the flatness is greater
than for lower resolved simulations. Some oscilla-
tions around the maximum thrust are observed for
the thrust curves on the finer grids, likely associated
with the general unsteady nature of the problem at
hand and an averaging of more than one revolution

No statement on the correctness of either SA or SST can
be made here. This study aimed at simply showing the
impact of various settings to the flow solver, seemingly
available in most codes applied to rotorcraft. However,
from a logical perspective, the impact of the underlying
baseline turbulence model should become smaller when
DDES is applied as less and less is modelled through



the turbulence model and more and more is resolved
through the solution of the Navier-Stokes equations with
increasing resolution, which hinge on Newton’s princi-
ples. Therefore, a clear recommendation is given for the
utilization of DDES for rotorcraft applications. While
the gray area of those approaches are still part of ongo-
ing research, on a practical scale, issues around it can be
resolved by modifying coeflicients of the switching func-
tions, as Letzgus (Ref. 6) or Chaderjian (Ref. 10), among
others, show. Even on coarse grids they seem to improve
results, and while Spalart (Ref. 45) warns in his DES
guide that results may become more correct for the false
reasons, it still seems to be a viable option to arrive at
better results. However, the author’s would refrain from
simply disabling the turbulence model altogether in the
background grid as Yoon et al. (Ref. 46) did. Despite the
improved results, the higher frequent, potentially tertiary
vortices, are better off being modelled than resolved.

For future research it is recommend to use a stronger
solver to increase the fidelity of solving the set equa-
tions, even finer grids and time steps, but also looking
into the impact of resolving the secondary vortices when
impinging on other components of the rotorcraft. The
underlying question here is, whether it is necessary to
resolve these secondary vortex structures for design deci-
sions, or if existing turbulence models could be modified
to correctly mimic the behavior for design decisions from
less resolved and cheaper simulations.
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