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Background
 Accurate numerical prediction of thrust 

coefficient and torque coefficient 

require accurate modeling of the 

structure, strength, and trajectory of 

the tip vortex

 In hover, the tip-vortex forms a helical 

vortex system beneath the rotor that 

persists for many rotor revolutions

 As the computational power and 

capabilities became sufficient enough 

to capture a large proportion of the 

helical wake structure, a new problem 

emerged, especially for hover 

computations – the helical wake 

structure broke down

 Unresolved issue for the last ~6 years
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Background

 As the high-

order/AMR 

solutions are 

computed further 

out, secondary 

vortex structures 

began appearing

 This is a 2011 

solution using 

Euler off-body

 The character of 

the breakdown 

process is similar 

to more recent 

solutions
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 A closer look at the secondary braids reveals their structure

 The appearance of the instability braids between closely convecting

vortical strands seems correct. 

 However, breakdown of the near-field helical vortex structure into 

a complete "vortex soup" is not supported. 

Background
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Background

 This instability is indicative of a combination of mutual-inductance 

and short-wave instabilities. 

– Known to grow if the ratio of the separation distance between successive 

helical vortex strands to the vortex core size becomes smaller than a certain 

cut-off value.  

– The numerical computations may be triggering these instabilities in the near-

field 

 Computed core size is too large, other numerical errors, etc…
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Objectives

 The current presentation shows how grid structure 

and motion may be used to significantly influence 

the wake breakdown phenomena

– Wake predictions of stationary and rotating large torus grid cases are 

compared

– Comparison of the physics is covered

– Corollary cases are presented for additional information
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 HELIOS v8.1

– Multi-function code designed specifically for rotorcraft analysis

– Optional dual-mesh capability

 Multiple near-body solvers

– NSU3D, FUN3D, mStrand, kCFD, OVERFLOW

 Cartesian off-body SAMCART solver

– Overset methodology using PUNDIT

 OVERFLOW v2.2n

– Structured, overset grid CFD solver written and maintained by NASA 

– Ability to employ a variety of structured off-body meshes including 

Cartesian and cylindrical

 For the current effort

– OVERFLOW is employed as both a near-body and partial off-body solver 

within HELIOS with SAMCART covering the farfield

Methodology
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S-76 Wind Tunnel Test

 S-76 rotor used as the test case for this study

 Sikorsky wind tunnel tests were performed in the 1980s on the S-

76 rotor

 Cases are run with a tip Mach of 0.65 at standard sea level 

conditions

 Collective of 9° employed for all cases
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Some Historical Perspective

 Only a small portion of a larger effort is 

discussed here; thus, the reasoning 

behind why the current computations 

were run the way they were run is lost 

– Here is a bit of background

 Consider a baseline fully-Cartesian 

setup

 This case is a typical setup that predicts 

“vortex soup”

 All following research has been 

conducted to investigate variations on 

this baseline to identify impacting 

factors to the complete numerical wake 

breakdown seen here

 The current presentation singles out the 

cases that cover the most significant 

findings to date
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Description of Grids

 Cases for this presentation 

employ a combination of 

structured and Cartesian 

meshes

– Blade meshes are structured

 run with OVERFLOW

– Hub mesh is structured 

 run with OVERFLOW

– Large torus mesh is structured 

 Rectangular cross-section

 Covers almost one rotor radius 

below the rotor

 Covers r/R > 0.6

 run with OVERFLOW

– Cartesian mesh is fixed

 covers one rotor radius below the 

rotor 

 run with SAMCART

Large torus grid is run both stationary 

and spinning with the blades
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Description of Solver Settings

 Same solver settings used 

for all cases

– 5th-6th order spatial accuracy 

everywhere

– 2nd order temporal accuracy

– 20 subiterations

– Central differencing

– ¼ degree step sizes

– SA on blades and hub

– SA-DES on torus and Cartesian 

meshes

 SA-DES implementation in HELIOS 

v8 matches OVERFLOW 

implementation

– Only difference between cases is 

the rotation of the large torus mesh

 All other settings are identical
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Wake Breakdown

The stationary case eventually deteriorates into vortex 

soup while the rotating case does not

5 Revolutions 10 Revolutions 15 Revolutions 20 Revolutions
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Wake Geometry Comparison

Overall the positioning of the tip vortices is very close 

between the two cases for a wake age of at least 100°

Cut at ψ = -10°Blue = Stationary Torus Mesh

Red = Rotating Torus Mesh

Vortex cores are closer together in the stationary case

Braid formation is hypothesized to be related to vortex 

core size to position ratio

Could this be related?
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Wake at Revolution 7
Vorticity magnitude variations reveal that the braids are present, 

but weaker, even at an earlier stage of the computation
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Vortex Strength Comparison

 The strength of the tip vortex does not change much up to a 

wake age of 80 degrees
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What does this mean?

 Complete “vortex soup” is not believed to be an 

accurate physical phenomenon

– Wake breakdown, as a whole, does occur in nature, though we do not have 

measurements to validate this part of the model at this time

 Now that we have two cases with and without this 

“vortex soup” we can start to search for numerical 

causes of this phenomenon
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Corollary Analyses

 Consider two extremes 

of this case

– Full-Cartesian off-body

 Same grids, but without 

the torus mesh

– Small spinning torus

 Same torus grid density 

 Covers only about 90°

of wake age

Further supporting 

information may be 

obtained by comparing 

similar cases 
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Grid Comparisons

The small torus 

case has a 

majority of the 

wake contained 

in the Cartesian 

mesh region
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Wake at Revolution 20

 Having a stationary vs. a rotating 

region covering the blade tip is 

clearly a larger factor in the 

wake breakdown than the grid 

structure

 Note that the wake in the small 

torus case is mostly contained 

in a stationary Cartesian mesh

– There is eventual breakdown

Large Stationary Torus

Large Rotating Torus

Fully Cartesian

Small Rotating Torus
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Where is this Going?
 Research into hover helical wake 

breakdown has been ongoing for years. In 

several earlier attempts, promising starts at 

a clean wake in the initial few revolutions 

did not endure. If run long-enough (10+ 

revs) the secondary braids eventually 

returned and broke down the helical system.

 The large spinning torus mesh has not 

predicted “vortex soup” up to revolution 20

 It is of interest to see what happens to the 

wake as it is run past revolution 20

 The current case has been run to revolution 

33 so far

 The wake appears to be stable up to this 

point and shows no sign of developing 

vortex soup
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What Next?
 The reasons for the observed phenomena are not known at this time

 In-depth study required to fully understand the root cause, i.e.,

– Different rotors etc.

– solutions for near/off-body are 5th order, interpolation is 2nd order

– For unsteady interpolations, do we need finer resolution on the blade-grid/background 

grid interface than what we have now?

– further look at temporal accuracy/convergence for the unsteady overset case

– a large number of variables contained in the stationary vs. spinning variation that have 

not yet been isolated and tested - such as the torus outer boundaries

 Lots of computational permutations, therefore,

– Replicate using simpler geometry?, i.e., bi-plane wing configuration and vary parametrics

– More tractable to run completely 2nd order solutions with grids fine enough to resolve 

accurately

 For now, engineering hover simulations, immersing the tip path plane of the 

hovering rotor in a spinning mesh will reduce the presence of fine scale 

braids in the predicted wake 
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Corollary Convergence History n/Rev

 Isolated hover solutions exhibit n/rev despite 

axi-symmetric nature of the problem

 Initiation of n/rev occurs at the first interaction 

between the blade and startup vortex

 n/rev persists for many rotor revolutions
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Conclusions
 Cases with and without the “vortex soup” have been computed

– These cases are a foundation for a deeper investigation behind braid 

development in hovering rotor wakes

 There are a large number of variables to investigate even though 

the only differing factor in the inputs is the rotation of a torus 

mesh

– solutions for near/off-body are 5th order, interpolation is second order

– further look at temporal accuracy/convergence for the unsteady overset 

case

– a large number of variables contained in the stationary vs. spinning variation 

that have not yet been isolated and tested

 It seems safe to recommend that  for engineering hover 

simulations, immersing the tip path plane of the hovering rotor in 

a spinning mesh reduces the presence of fine scale braids

 The n/rev time-history content is hypothesized to be the result of 

the startup transients persisting rather than the periodic hole cut
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QUESTIONS?


