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Transition Modeling and CFD Vision 2030

4 Technical Challenge A

Develop and validate fully automatic transition
prediction capability for CFD, incorporating
necessary physics, with quantified uncertainty.

\_ J

Transition modeling vs. turbulence modeling:
= Transition is sensitive to disturbance environment
= Multiple competing paths to transition

= Unlike turbulence, transition cannot be treated via statistical framework alone




Transition Modeling: How

Langtry-Menter
r-Re,

Amplification Factor Transport
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* RANS-coupled
Auxiliary required physics
Ease of Transport PDEs
Integrated
CFD = Based on empirical correlations rc:g:jpsrtz\éis Database lookup

Analysis = Require only local information

= Numerically (more) robust

= Accuracy not well-established
(Examples of unexpected
success, as well as failures)

= Mainly calibrated for low-speed flows

= __Minimal coupling.between mulliple e

Curve-fits

Physics-based
methods (eN, ...)

(more) Physics based = higher reliability
Based on nonlocal information

Nonrobust: higher demands.on.laminac.y. Fidelity

Stability computations

transition mechanisms
= Well-suited for complex geometries
= Easily automated

Open Question:

BL resolution + smoothness

Require significant user expertise

Limited to “natural” transition and low to
intermediate geometric complexity
Uncertainty in correlation constant (N-factor)
- neglected physics can be important at times

What is the best way to blend the two approaches to develop physics-based transition prediction
capability that overcomes the shortcomings of PDE-based approach?




— Introduction

 Dual strategy for CFD-integrated transition modeling in NASA’'s OVERFLOW and

FUN3D codes
— Case studies
« Stability-based transition prediction

— Swept wing configurations (Juncture Flow Model CRM-NLF)

Multlple surface patches with
PN, ~ ngh “ﬂ Conflguratlon (30P30N CRM HL) different fransition mechanisms
1% mode+crossiiow [~ Supersonic cones (0-deg AoA, nonzero AocA)
—H personic BlLs 2"d mode transition, modeling N;, and
y intermittency region

— Surrogate models (deep learning)
« Transport-equations-based transition prediction Robust predictions
* Integrated transition modeling to NLF design optimization CIOUCIIEE o) SIS

— Summary




LASTRAC-CFD - ML Surrogate-CFD Coupling

LASTRAC-FUN3D: Hildebrand et al. (2025)
LASTRAC-OVERFLOW: Venkatachari et al., Paredes et al. (_joumal submissions in preparation)

CFD Process Solver Independent Module

Solve RANS equations with Receive grid and flow
specified intermittency function .| data and convert to a Transition Solver Process

1

1 neutral file format
1 Surrogate
I | Gather/update flow data | for LASTRAC
: _— ‘| Identify solid surface,
I ‘ Send grid & flow data | Extract wall-normal
I profiles 3D Surface N-factor
| Receive intermittency Integration
: function Generate LASTRAC3D
I meanflow, Extract
I l‘ Propagate intermittency w streamlines Send N-factor Surface
I function into flowfield Distribution
I . . Receive and convert N- I
 No Converged? | factor distribution into e
Ves Intermittency function;

Send to CFD Solver

‘ Terminate Run |

* Modular framework to maximize portability across multiple flow solvers and fidelity levels for instability modeling

* However, direct stability computations lack robustness, requiring accurate boundary layer profiles that demand high
levels of grid resolution, and call for significant user expertise

» Machine-learning based surrogate models for stability computations have also been developed



NASA Juncture Flow Model: Transition Predictions
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NASA National Transonic Facility Exp

M = 0.856, Reyc = 15 x 10°
NTS,c =0, NCF,C =6
ars = acr =3 (same as Juncture Flow Model)

o =1.45°
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Swept-Wing Configurations: NASA CRM-NLF

M = 0.856, Repyac = 15 x 10°
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= Better agreement between measurements and turbulent Cp



OVERFLOW-LASTRAC Analysis for High-Speed Flows

1st mode + crossflow
M =2, 7-deg cone at a = 2°

Second-mode transition

M =6, 7-deg cone ata =0°
Exp: et ot al (2803) Exp: Tokugawa et al. (2015)
C | [ e
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Reasonable predictions possible if Ny, can be prescribed
» Mack’s correlation is not applicable to high-speed flows!
= An element of post-diction in these results!



Correlation for Transition N-factor in High-Speed Flows
— Analogous to Mack’s correlation for N;(Tu)

Critical Amplitude / Receptivity Coefficient
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Intermittency Modeling for High-Speed Flows

@]

Transition zone tends to be longer for high-speed configurations
= Intermittency modeling important for predictions of total heat load as well as peak heating
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Surrogate Models Based on Deep Learning
HIFiRE-1 Flight Experiment: Ascent Phase (f = 21.5 sec)

Telemetry
Ring

N-factor envelopes:
NS, Navier-Stokes (NS)
TM ‘locally self-similar profiles based on
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ML Model Integration with PyL
NN-based Prediction of Growt

NLF-0416 Airfoil, 0-degree AoA, Re; =

l I
Profile \ I 9x106
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from N-S | —— Prediction using training profiles
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Velocity

Main challenge: Training and application of ML model requires BL edge determination, estimates of 6*, @ and H

Developed a novel way to map N-S profiles into BL-like profiles based on physical interpretation of integral thicknesses

— Transformed non-dimensional velocity profiles asymptotically approach unity in freestream

— Use BL profiles with CNN or POD coefficients for BL profiles as input features: best accuracy with fewest parameters
Seamless integration within PyLASTRAC




e

— Case studies

» Transport-equations-based transition prediction
— Pazy Wing (3D separation bubbles)
— Juncture Flow Model
— Compressibility effects at transonic speeds (inject stability trends to improve accuracy!)
— CRM-HL High-Lift Configuration
— Transition models for hypersonic BLs
— Transition model V & V, grid-adaptive CFD with transition models
— Effect of local perturbations (step excrescences)

14



NASA Juncture Flow
Crossflow Transition via Different
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= TS-dominated transition ’

= Shape of fuselage transition front
well predicted by LM-CFHE

but does not account for surface roughness effects
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Compressibility Effects: Flat Plate
Correction Based on Stability Database
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= Poor predictions by LM even at transonic speeds
» Mach number correction based on stability database captures delayed transition at

M=0(1)!

= Similar correction for AFT model
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Compressibility Effects:

Re, = 15.0 X 10%, o = 1.45°, Tu = 0.15%
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High-Lift Common Research Model (CRM-HL)

* Motivation: Coupling between transition and flow separation can alter high-lift performance --
slat transition suspected to influence high-lift performance, especially C,,,., behavior, of CRM-HL
model.

* LM-CFHE model applied to characterize CRM-HL configuration 2.4 for « = 7.6°

* Significant laminar regions on slat suction surface ata = 7. 6°. Inboard transition due to chine
vortex?

a=7.6° Skin Friction:

(a) CRM-HL geometry (a) @ = 7.6°

Impingement of chine
vortex appears to cause
transition on inboard slat?

Y
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Transition Model Verification

AIAA and NATO AVT — 313 Transition Modeling Workshops
- Significant scatter in contributed results using same transition model

and same computational grids
= Model verification pre-requisite for model validation!

NLF(1)-0416 airfoil at = 5° (M = 0.1, Re, =4 X 106, Tu = 0.15%)
Convergence of Global and Local Flow Metrics
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:ﬁ of ee——— &) ; released
L4E+00 » = 202 T ! .
+ . BOOE-O3[ 4 pouse—e—t— VN via NASA TMR
[ ]
1LO2ZE+O0 6.00E-03 &
L
1 1 L 1 1 1 1
1.OOE+00'—% Y7 YT 4.00E-03—% X e 4.00E-03—5 0.002 0.004
h h h

(c) Skin-friction coefficient at a
selected chordwise location
(x)c = 0.26) on the upper
surface.

» Grid size required to achieve converged results are very large

- Model verification for 3D cases may require solution-adaptive gridding
= Similar results for hypersonic configurations with high-speed models 20

(a) Lift coefficient C; (b) Drag coefficient Cp



Transition Model Verification:
Zonal Streamwise Grid Refinement

NLF(1)-0416 airfoil at « =5° (M = 0.1, Re, =4 X 106, Tu = 0.15%)
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0.006
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Zonal streamwise grid refinement surrounding transition zone

= 2.7x reduction in grid points relative to uniform grid refinement
Other strategies being examined: “refine” library in FUN3D solver,
adjoint-based adaptation, OVERFLOW adaptation for overset grids
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Effect of Backward Facina Step on Transition:
Stability-Based Prediction

Low-Speed Flat-Plate Experiment (Wang and Gaster 2005)

Transition location for several step heights
and flow speeds: LST vs. Experiment
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LST-based predictions capture the database trends until transition moves
very close to step
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Effect of Backward Facing Step on Transition:
Transport-Based Transition Models

Low-Speed Flat-Plate Experiment (Wang and Gaster 2005)
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(b) AFT2019b Model

» Transport-based models fail to account for step excrescence effects
-- Inability to account for history effects?
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Summary

Dual strategy for transition modeling is crucial for improved prediction reliability
and uncertainty quantification in practical applications

Robustness of stability-based prediction significantly increased, but the need to
specify transition N-factor remains a key limitation

Physical richness of diverse transition mechanisms and intrinsic empiricism in
transport equation models necessitates continued improvements in this model
class.

Both approaches encounter challenges with complex transition scenarios
involving multiple dominant instability mechanisms

— Future progress will require significant expansion of validation datasets!
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Integrated Boundary-Layer Transition Prediction

CLmax Prediction

Rotorcraft
Performance

Planetary
Explorers

Wind
Turbines

Ultra-
efficient
Subsonic
Transports
Turbomachinery

UAM

o

( Transition modeling an important component of CFD

for flow regimes including the edge of flight envelope
—Impact on C, C,, C,,, heat transfer, separation
characteristics, noise, propulsion efficiency,
maneuverability, and ground-flight scalability....

Need efficient & validated CFD tools to enable:

— Design of X-planes/transformational
commercial vehicles

- Aircraft certification by analysis (CbA)

CbA requires CFD across full flight envelope

Modeling transition in eddy resolving CFD
computations = 10x — 100x reduction in grid coun’j

Re-entry
vehicles

Hypersonic
Airbreathers

Innovation in
Commercial
High-Speed
Aircraft 26



LASTRAC Integration

( /non-overset grids,
moderate complexity)

LASTRAC Integration
(supersonic/hypersonic/non-overset grids)
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turb  Order of turbulence model
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Bridging Stability Theory and Practical CFD

APPROACH:
» Extend existing neural network-based surrogate models for Tollmien-Schlichting

instability in 2D boundary layers to predict the linear amplification of crossflow
instabilities in 3D boundary layers, eliminating the computational overhead and
practical limitations of direct stability calculations.

* Multiple neural network architectures: (i) Multilayer Perceptron (MLP) based on
proper orthogonal decomposition (POD) coefficients of velocity profiles and (ii) a
convolutional neural network (CNN).

RESULTS:
Assessments demonstrated adequate accuracy in predicting crossflow

instability growth over diverse test cases, with successful generalization to
previously unseen swept airfoil configurations and cases with crossflow
reversal.

Interface to neural-network models is designed to enable seamless integration
with current implementations of stability-based transition prediction in
OVERFLOW and FUN3D flow solvers.

Robust Surrogate Models for Crossflow Transition Prediction on Swept Wings:
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max,(t.f) W :
v = tan Huw./ug) o
log;o(Res) /

rotulf) AN,

NS

Fig. 1. Schematic of convolutional neural network (CNN)-based model architecture
to predict local amplification rate o of a stationary crossflow mode with spanwise
wavenumber f.

0 9,
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(a) Average error in predicting crossflow (b) Detailed model assessment for a canonical

SIGNIFICANCE:

This work represents
a significant step toward accelerating design cycles and optimizing laminar flow
technology for future aircraft, advancing both green aviation initiatives and CFD
Vision 2030 goals.

flow configuration: NLF(2)-0415 airfoil with
45-deg. Sweep, -4 deg. AoA and Re; =
3.2e6. Comparison of N-factor curves and
resulting transition locations (Ny-= 7) based
on neural network models (blue lines) with
those based on direct stability computations
(red curves, denoted as LST)

transition location over several infinite-
swept wing configurations with multiple
combinations of Reynolds number,
sweep angle, and angle of attack.

Fig. 2 Evaluation of neural network model 28



NLF Shape Optimization using Adjoint Based Sensitvties: UfiUS NASKCABEBILE (

* Fully-Coupled Method: Sensitivities to transition location are accounted for within each design iteration

Baseline Geometry Model

Final Design

Optimizer

Adjoint-Based

] Update of Design
Surface Grid Parameters
Generation &
Parametrization
Surface Grid B
Deformation |
1 Laminar-Turbulent Flow Solver
Volume Grid CFD Solver Interpolation
Generation/Deformation »| with Imposed | from CFD to
—> CFD Grid » | Transition LSA Grid
* F'y
LSA Grid LSA-baseq Tlransition
; Prediction

A

a

Sensitivities

|

I‘_l

Adjoint Solver

Adjoint CFD Adjoint
Solver with - Interpolation
Imposed from LSA to
Transition CFD Grid

r

Adjoint LSA
Transition
Prediction

A 4

CFD: Computational Fluid Dynamics
LSA: Linear Stability Analysis (N-factor method)
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Aerodynamic Design Optimization for Natural Laminar Flow (NLF) Airfoils

* Preliminary demonstration of applying physics-based, CFD-integrated for drag reduction via NLF airfoil design
» Strategy: Integration of fully discrete adjoint linear stability theory (LST) sensitivities into design optimization with FUN 3D/SFE
* Constrained optimization problem: Minimize Drag coefficient, Cp at specified lift coefficient, C =C,
* 16design variables: AoA & vertical displacement of 15 free-form-deformation (FFD) control points
* Baseline configuration (Design #0): RAE 2822 airfoil at M,=0.19, Re;=5.6E6, T ,=300 K, AoA,=0.7498°
* Cpp=0.00462, C ,=0.303, X4;0,/c=0.494, X, ,/c=0.457

> Design iterations » Design #32 (A0oAz,= 1.057°): Cp 3,/Cp c=0.696
(a) 18 Transition location: (b) 01 e
o YCes fi = 00 X x % - %—*
| —*— CL/CLga 14 Va 3 Sl _
o Cul Ot upper surface N s
IT o/ TTup | —i11 T T T T
1.4+ (c) —1.0
2 Lower surface
IR SR S S i i i f - _
1.?-4// —0.51
1.0 SERE —
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0.6 T T T I | | | ]
0 5 10 J..) ')U 25 30 3_1 L0 0.0 0.2 0.4 0.6 0.8 1.0
Design # Tfc

* Adjoint-based desigh complements existing knowledge-based design processes — can uncover potential optima
beyond the subspace of knowledge-based designs

* Unique NASA capability based on higher fidelity transition modeling (direct stability computations as against
lower fidelity models)



Release of Model Verification Data for y — Reg; Transition Model

Why: Significant scatter in solutions by participants in AIAA and NATO workshops, even for simple
configurations with identical or similar grids
O Lack of model verification prevents model validation!
Accomplishment: Code verification for LM2009 model for standard benchmark configurations with
TS transition, separation bubble transition, and FST-induced bypass transition

= First successful verification of y — Rey, transition model implementations in OVERFLOW and FUN3D
for standard benchmark configurations with TS transition, separation bubble transition, and FST-
induced bypass transition

» Verification data has been released to CFD community via NASA Turbulence Modeling Resource (2025)

angley Research Center

Turbulence Modeling Resource

https://turbmodels.larc.nasa.gov/t3_transition_mainpage.html
Successful verification of transition model paves the way for model validation

VERIF/2DTFP: 2D T3A Transitional Flat Plate Verification - Intro Page

The purpose here is to provide a large sequence of nested grids of the same family, along with results from existing CFD codes that employ specific forms of particular
turbulence models, in order to help programmers verify their implementations of these same models. On a given grid, there may be differences between the results from
different codes, but presumably as the grid is refined the results should approach the same answer (if the flow conditions and boundary conditions are the same).

With verification, the purpose is not to establish the "goodness" of a model compared to experiment, but rather to establish that a model has been implemented correctly, as
intended according to the equations and boundary conditions. (It is through validation that a model's "goodness" is established.) The purpose here is primarily verification.



Release of Model Verification Data for y — Rey; Transition Model

= New Technology Reports filed to facilitate code release to OVERFLOW and FUN3D user communities
= Successful model verification has paved the way for code verification of transition model implementations in
other flow solvers and, hence, for model validation (subject to reliability of error bounds on measured data)

» However, very large mesh sizes (5761x3073 for flat plate and airfoils) required to achieve this verification and
FUN3D GCls for local metrics within transition zone can still exceed 1%

= Show stopper for thorough model verification, especially 3D configurations!

= Initial assessment of multiple approaches for adaptive grid refinement toward efficient computation of
grid converged solutions



Grid Refinement Strategies for RANS-based Transition Models with FUN3D P NR7301 ol |

] |-
NLR-7301, Local
* Reason: Need adapted grids to achieve more accurate solutions/transition locations on coarser grids and eliminate 03H Refmeme

the needto create well-crafted static grids. Recent workshops organized by AIAA and NATO-STO AVT panel o2l
demonstrated significant scatter, preventing meaningful model assessment.

0.1
e 3 Strategies: (i) local streamwise refinement of structured grid, -
0
(ii) feature-based adaptation of unstructured grid via Sketch2Solution (S2S) + refine library, N
(iii) adjoint-based grid adaptation 03}
*  Findings (Hildebrand et al. (AIAA 2024-2517), journal article published, March 2025) 0.2F
* Schubauer and Skramstad flat plate experiment: _ -0.3
* NLR 7301 airfoil: _via local streamwise refinement for separation-bubble-driven transition -0.4
* Adjoint-based adaptation works well, but will need to extend FUN3D adjoint capability to transition model(s) 05 i
. . . . 01 0 01 02 03 04 05 06 07 08 09 1 1.1
*  Forrefine-based grid refinement, Mach-number Hessian fails to refine nearwall portions of grid. x/C
0.10094 0.10094 T 0.10094 . : I I
01002 E] Uniform / 0.10002f | Adjoint 0.10092 /'/
0.10088 % 0.10088 0.1008
£ 0.10086 < 0.10086 £ 0.10086 . .
= Mach Hessian Metric-based
0.10084 / 0.10084 0.10084 |~ P I'!
0.10082 e = 0.10082 0.10082 |- .
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xlc R

x/c=0.24

NLF-0416 Airfoil



Automatic Near-bodi Mesh Adaption for Transitional Flows using OVERFLOW

0.04 0.015

Goal e

* Verification of RANS-based transition models revealed the need for highly 1adapted region
dense grids to achieve asymptotic convergence of relevant metrics ~adapt

* |dentify best grid design practices for RANS-based transition models

* To enable practicing engineers to obtain reasonably accurate results in a
computationally efficient manner

Progress

. . . Transition on a flat plate with mesh adaptation
sensor function based on undivided P P

difference of the vorticity magnitude, augmented to turn off grid

5.60E-03 T

T T T
——a—— Uniform refinement
[+3 Extrapolation (Uniform)

refinement in regions that can be resolved with conventional grids (wake, i +--- Adapted (Buscline: LY)

—w—w-—-- Adapted (Baseline: L5)

freestream, fully turbulent region) but enable grid refinement near shocks. 5 50803
* Complements adjoint/metric-based adaption with FUN3D
* Assessment of new sensor for LM predictions of natural transition,
separation-induced transition, and shock-induced transition
* Adaptation worked well, but savings were limited (O(3-5x)) due to isotropic

)
115
5.40E-03

1 1 L L
5.30E-03 =% 0001 0002 0003 0004

nature of adaptation. )
o Grid convergence of the drag
Publications: Presented atICCFD12 (2024), submitted for publication coefficient for a flat plate
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Stability-based transition models
Intrinsic sensitivity of transition process to
tunnel/model disturbance environment
necessitates fine tuning of model parameters,
particularly for transition due to crossflow (CF)
and crossflow-TS mixed-mode instabilities
interacting with each other.

Predictions for calibrated model agree well
with measurements for previously unseen
cases.

/ Dual N-factor calibraticm

I(N7s, Ncp) =

< NTS )aTS < NCF )acp B
1F =hl
NT.S‘,C NCF,C

Nrsc =10, N¢cp = 6.2

kaTS =acr=3 /
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Port wing
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Sensitivity to Surface Roughness

Exp: Transition fronts
Port wing
Starboard wing

Stability-based model predicts 5 Thansibo Honks TS
significant variations with change in g
surface finish from 3 um to 12 um _tap — ranee T
— But, only onset predictions possible fpae= —24

— No model to predict transition zone! osf \

Exp: Transition Fronts
] 1.6 Port wing
B Starboard wing

~
n 14 CFD: Transition Fronts ‘ /f’-/ _
i Y-

Baseline (3.1um)
E Roughness T(7.5um)
- 1.2+ Roughness T7(12.0um)

E la= —6° /4
£k

. . . mixed-mod§ Entirely
— Major reason: sparsity of reliable osk u osf crossflow
benchmark datasets! il " crossflow ok dominated
T Y T R AT 33 BE mE IR 5 BE o
x (m) y (m)
Transport_based empirical models ol 'I‘urhulcncclndc.\ii- ol Turbulence Index i

0 0.15 0.3 045 0.6 0.75 0.9 0 015 0:3 045 0.6 0.75 0.9

s [R Front w— R Front

fail to capture expected sensitivity
to roughness!

— Major reason: sparsity of
reliable experimental datasets!

1000 -

500 (-

» TTT funded experiment

(Jenna Eppink presentation)

LM — CFHE model transparent to roughness level! LM2015 model designed to capture roughness
effects, but fails in this case !

1
3000

1 1 .
L L 2000 2500 3500
2500 3000 3500 x
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Compressibility Effects: RAE (NPL) 5212 Airfoil

Re, = 7.5%x10% Tu = 0.07%, Ntr = 9 for PSE

-L.3 T T T T 0.01
“r 0,008
= 0,006
I T ‘~-.,___-.- N
\ P e, 0,004
‘I. Ir 'I
Vo
L] i Solid line: €, n.002
Ve Dashed fine: €,
b ' PSE-based |
LM {original)
LM Modified)
g 1 1 1 1 y "
L5 is 59 B B | 0002

ks

(a) M=0.5and ¢ = 0.0°
(mildly adverse)

[S]

-1.3

0.9

09

03F1

0.00%

[ERNIES)

0004

‘“'._ -‘— LM lorij:inal‘,fﬂ,
’ LM (modificd) ‘~_‘

SE-hase
Solid Line: ('T'r ased
Dashed Line: C,

- 0,002

0 0.2 0.4 0.6 0.8 I
/i

(b) M=0.7 and a = 1.35°
(adverse)

No compressibility correction necessary under
sustained, adverse pressure gradient

1.5 - : : I 0.01

0.0075

0.005
ll". 0.0025
".,' ’ &)
031 Solid Line: C, L 1"
Dashed Line: C; ‘
1 LM {origilml] < 0025
LM (modified)
: I-I‘S]-C-ha:iled i
134 02 0.4 0.6 0.8 pHons

xfc
(c) M=0.75and a = 0.0°
(favorable)

Correction required for
sustained favorable
pressure gradient
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High-Lift Common Research Model (CRM-HL)

Motivation: Coupling between transition and flow separation can alter high-lift performance -- slat transition
suspected to influence high-lift performance, especially C . behavior, on the CRM-HL model.

Progress: LM-CFHE model was applied to characterize CRM-HL configuration 2.4 for ¢ = 7.6°

Significant laminar regions on slat suction surface at « = 7. 6°. Inboard transition due to chine

VOI’tex ? (a) CRM-HL geometry (@) a=7.6°

Impingement of chine
vortex appears to cause

Skin Friction: transition on inboard slat?
1
it | [T | o
(a) Coarse 0.01
, 0.009
LTy e o ” LR L Gt S A & ' 0.008
e BT Y fl;i ot N L At Sl ' 0.007
e il 4 ‘ 5 i b 4 0006
(b) Medium 0.005
0.004
0.003
e anhas pas Lo R o 0.002
e At | oo
: (c) Fine E




High-Lift Common Research Model (CRM-HL): Configuration 2.2
« Slat transition with LM-CFHE model at higher AoA (preliminary results, coarse grid)

Skin Friction: : Z
TFIOW | Turb. Index:
T e BN T .
C, 0 0.002 0.004 0.006 0.008 0.01 0.012 X; Turb. Index 0 0.10.20.30.40.50.60.70.80.9 1 X
a = 6°

» Complements large body of (fully turbulent) CRM-HL CFD
» Basis for comparison with stability-based transition predictions (under way)
* CRM-HL is a challenging configuration for both classes of models, highlights required improvements!



Transition Analysis of the _

* Created as a benchmark for highly flexible wings subjected to substantial deformations

* Distinctive geometry with spanwise-varying static deformation and low Reynolds
number flow conditions (NACA0018 airfoil being the baseline geometry)

* Complicated flow phenomena such as 3D laminar separation bubbles (LSBs) and
intricate transition patterns

Objectives

* Assess the performance of mainstream RANS-based transition models
such as the Langtry-Menter y — Reg; model for flows with complex, 3D
separation bubbles

Slice aty =0.346 m 0.04
Slice aty =0.328 m

- 1
ice at quarter chord b
d &y B

1 L

* Evaluate the performance of transport-equations-based transition
models to guide future aeroelastic computations using FUN3D

0.005 =
. . . "-\—\.._\_\_\_
. - Slice at y = 0.328 m (sagged)
PUbllcatlonS. E or Slice at y = 0.346 m (rib)
- NACA 0018
9 q q q -0.005 |
AIAA 2024-2685; journal article in review
00T =—4 0.02 004 ) 0.06 0.08 0.1
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Pazy Wing: Comparison of Results with Experiment  (Re.=1.2E5)

a=0°
IR Camera Counts 0.4 2= -
8200
8100
8000 —
= 7900
E 7800 )1 | ]
.: E ) LE separation
2 7500
e 7400 . Sagged
7300 0.2k | |
;fgg regions
7000
0.1} ]
LM-CFHE
0.4
G
0.005
0.0045 : :
0.004 : |
0.3F - »
0.0035 - |
0.003 ‘- : :
0.0025
0.002 |
0.0015 l
0.001 0.2F
0.0005
0
-0.0005 | |
-0.001 0.1 ». ‘

* Small thickness variations between rib & sagged regions => strong 3D variations in separation characteristics fora > 4°
* Both LM and AFT models mimic the separation characteristics and transition fronts from measured data
* Successful comparison with data = increased confidence in modeling separation bubble transition in complex scenarios



Effect of Backward/Forward Facing Step on Transition:
Stability-Based Prediction

Why: Step excrescences lead to earlier transition
- tolerance specification critical to achieving the benefits of laminar flow technology.

e =

Transition location for several step heights and flow speeds: Stability-based prediction vs.
Experiment

O h=1.00 mm
O h=0.70 mm
A h=0.50 mm|
v h=0.40 mm
O h=0.25 mm
¥ h = 0.00 mm

-y%-h = 0.00 mm||

-¢-h = 0.50 mm

-A-h = 1.00 mm

-©-h = 1.50 mm

-B-h = 2.00 mm
i

15

0 0.2 0.4 0.6 0.8 1 1.2 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T — T (m) T —z, (m)

Stability-based predictions mimic the database trends until transition moves very close to step |



Effect of Backward- and Forward-Facing Step on Transition:
Transport-Based Transition Models (LM Model)

Low-Speed Flat-Plate Experiment (Wang and Gaster 2005): U.. = 34 m/s

-3
x 10 1
12 I : . . 0.0 . - , ,
| - = h = 1.00 mm h =2.00 mm
| o h=1.75mm
10 [ o |F—h = 0.70 mm| 0.008 - — 10 s | 1]
| R4 wemse b = 0.50 mm —— h=075mm
8H R R . ———— h=0.50mm
| R w—h = (.25 mm 0.006 |- — h=025mm|7]
* o — -
6 i o e i = (.00 mm|] h=0.00 mm
s :
4 | -t A
e wal o —
\ I > 0.002 -
2 T [
—~ "‘L' -
. " i
0 Y
¢
1 i i J | 1 | 1 1
2 0.0033 0 0.3 0.6 0.9 1.2 15
0 0.5 1 15

X-x (m)
T — s (M)

= Transport-based models fail to account for gradual shift in transition

location as step height is increased

-- Inability to account for history effects?
43



Enhanced implementation of turbulence sustaining terms in LM Model

Why 2.6

T T T T T 17 T T T
Exp

>=Transition prediction significantly impacted by how freestream .. e el
turbulence intensity (FSTI) is enforced in SST-based models

Current Approaches and Issues

(a) Set [k, :—t] combination to achieve the desired FSTI levels near 1|
(o]

22| ey

2

(m)

X

i 1.6 - - ® Experiment
the test article —— LM2015 (no shielding)
s | V2015 (with shielding)
L | 1 | | 1. l L L
0 0.5 1
0.2 0.4 0.6 ()‘8 (m) 1 1.2 1.4 x/c

o Not always feasible, without having to use unphysical values that'*
may not be appropriate for the model

(b) Sustaining FSTI levels via source terms to offset decay upstream -1~ ' '

of test article (Spalart and Rumsey, AIAA J 2007) 0k
o Affects pressure distribution, boundary-layer behavior and

transition-onset predictions o Of

Accomplishment 0.5

~ Successfully implemented shielding functions to prevent
undesirable side-effects of FSTI-sustaining terms 15

05 ' .
x/c x/c

=>Improved agreement with measured Cp and shock locations
CRM-NLF (Res=15M; AoA =1.44 deg.)

(Results to be presented at the AIAA Aviation 2025 Conference)
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