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CHEETA Research Program Overview
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CHEETA Research Program Overview
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Key contributions
• Development of large-scale aircraft 

Multi-Disciplinary Analysis 
Framework

• Coupled Adjoint sensitivity analysis
using Analytic and AD methods

• Co-Development of large-scale
structural optimization framework

• Extension to aero-structural-
propulsion integration : Boundary
layer Ingestion

TIME-ACCURATE AERO-ELASTIC RESPONSE OF 
LOW-DENSITY CRM WINBOX

BOUNDARY LAYER INGESTION: WHITTLE FAN-
RIG COMPUTATIONAL BENCHMARK
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Broad objective

How we go beyond the conventional aircraft design approach of 
aero-structural optimization ?
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Conventional Design Approach
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§ Sequential or coupled 
approach

§ Coupled shape optimization 
for reduced drag

§ Coupled structural shape, 
sizing and thickness 
optimization

§ Fixed Structural topology for 
wing box design
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Need for optimal wing box design

• Gradual transition to high Aspect 
Ratio wings for greater L/D

• High Aspect Ratio Truss-based
configurations

• Electric aircraft configurations with 
constant structural weight

NASA CRM 
AR : 9

NASA High AR-CRM 
AR : 13.5

BOEING SUGAR 
(765-095 Rev-A)

AR : 19.5

SPAN : 58.76 m

SPAN : 72.00 m

SPAN : 51.79.00 m
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STRUCTURAL TOPOLOGY
OPTIMIZATION
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Structural Topology Optimization

CONVENTIONAL DESIGN SPACE
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Structural Topology Optimization

CONVENTIONAL DESIGN SPACE

TOPOLOGY OPTIMIZATION DESIGN SPACE
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Structural Topology Optimization
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Structural Topology Optimization
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Structural Topology Optimization
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Typical problem formulation

AVAILABLE MATERIAL

MAXIMIZE STIFFNESS

EQUILLIBRIUM
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Typical problem formulation
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Compliant mechanism

SOLID DOMAIN

FLUID DOMAIN
248 DOFs

923 DOFs
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Results: Compliant mechanism

LOW-ORDER DENSITY 
FILTERING

HIGHER-ORDER 
DENSITY FILTERING

SINGLE ACTUATION DUAL ACTUATION
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LARGE-SCALE OPTIMIZATION 
FRAMEWORK
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Aircraft optimization workflow
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High-Fidelity FSI Framework

FLUID RESIDUAL

ELASTIC RESIDUAL

MESH RESIDUAL

FLUID STATE

ELASTIC STATE

MESH STATE
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SYSTEM

FLUID 
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SYSTEM



36

High-Fidelity FSI Framework

AVAILABLEAVAILABLE

NOT AVAILABLE
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Partitioned Procedure

IMPLICIT STAGGERED SOLUTION 
PROCEDURE

FULL JACOBIAN SYSTEM REDUCED JACOBIAN SYSTEM
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Load and displacement transfer

PRESSURE + VISCOUS FORCES NODAL DISPLACEMENT

FLUID 
DOMAIN

ELASTIC 
DOMAIN

𝑈!!" "#!"×$
= 𝐻%& "#!"×"#!$

× 𝑈!!$ "#!$×$

ELASTIC-> FLUID DISPLACEMENT TRANSFER

𝑃!!$ "#!$×$
= 𝐻&% "#!%×"#!&

× 𝑃!!" "#!"×$

FLUID-> ELASTIC LOAD TRANSFER

• NEAREST NEIGHBOUR
• RADIAL BASIS FUNCTIONS
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High-Fidelity FSI Framework

FLUID MESH SOLID

𝛒, 𝛒𝐕, 𝛒𝐄, *𝝂𝒕 𝒙𝚪𝑭 , 𝒙𝛀𝑭 𝑼𝒙, 𝑼𝒚, 𝑼𝒛
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Elastic System
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Elastic System

DYNAMIC RESPONSE FOR NASA 
CRM WING WITH LOW DENSITY 

WINGBOX
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Elastic System
0

SCALING 
CHARACTERITICS
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High-Fidelity FSI Framework
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Mesh Displacement

𝑈!!" "#!"×$
= 𝐻%& "#!"×"#!$
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JABOBI UPDATE

PSEUDO ELASTIC MESH 
SYSTEM
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High-Fidelity FSI Framework
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Three-dimensional Navier Stokes Solution

SHOCK FORMATION OVER RAE2822 
AT Ma 0.8

SHOCK FORMATION OVER NASA CRM 
AT Ma 0.8

COUPLED DOMAIN
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Navier Stokes ALE Formulation

LUMPED RESIDUAL

VISCOUS FLUXES

SOURCE TERMS

CONVECTIVE 
FLUXES
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Time Integration : Steady Aeroelastic

EULER IMPLICIT TIME 
INTEGRATION

LOCAL TIME-STEP
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Time Integration : Steady Aeroelastic

LINEAR SYSTEM WITH 
APPROXIMATE JACOBIAN

MEAN-FLOW STATE

RESIDUAL CONVERGENCE 
CHARACTERISTICS
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Time Integration : Unsteady Aeroelastic

COUPLING 
TIME-STEP FILE I/O FILE I/O

TIME-ACCURATE AERO-ELASTIC 
SOLUTION
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Results
• Unsteady Aeroelasticity

• Steady Aeroelasticity
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Results: Unsteady Aero-elasticity

Ramm, E., and W. Wall. "Fluid-structure interaction based upon a stabilized (ALE) finite element method." In 4th 
World Congress on Computational Mechanics: New Trends and Applications, CIMNE, Barcelona, pp. 1-20. 1998.
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Rigid Flap Flow-field
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Fluid Structure Interaction
MESH DYNAMICS

FINE DISCRETIZATIONMEDIUM DISCRETIZATION

AEROELASTIC RESPONSE
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Influence of Fluid Mesh Elasticity

FINE DISCRETIZATION

MEDIUM DISCRETIZATION
FLAP TIP DISPLACEMENT
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Influence of Elastic Solver

LINEAR ELASTIC
TIME RESPONSE

FREQUENCY RESPONSE

NON-LINEAR ELASTIC
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Validation
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Results
• Unsteady Aeroelasticity

• Steady Aeroelasticity
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High Reynolds Number Aerostructural Dynamics 
Wing (HIRENASD)

§ OBJECTIVE: Validate static aero-elastic 
response

§ MOTIVATION: 
Ø Well-defined static aero-elastic 

problem with stable modes

Ø Numerous documented results from 
studies at NASA Langley (AePW)

Ø Flow conditions and wing-box 
structure similar to modern aircraft 
flight and design conditions
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Test conditions and computational domain

𝜼: 𝟏𝟒. 𝟓 %

𝜼: 𝟔𝟑. 𝟑 %

𝜼: 𝟗𝟓. 𝟑 %
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Results

𝐂𝐎𝐍𝐕𝐄𝐑𝐆𝐄𝐍𝐂𝐄
𝐂𝐑𝐈𝐓𝐄𝐑𝐈𝐎𝐍

AERO-ELASTIC 
PERFORMACE

WINGTIP 
DISPLACEMENT

FORCE 
CONVERGECE

DISP 
CONVERGECE
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Optimization Workflow
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ADJOINT SENSITIVITY ANALYSIS
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Coupled Adjoint Sensitivities
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Coupled Adjoint Sensitivities
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Coupled Adjoint Sensitivities
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Coupled Adjoint Sensitivities
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Coupled Adjoint Sensitivities

Implicit terms
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STRUCTURAL ADJOINT
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STRUCTURAL ADJOINT

FLUID ADJOINT

MESH ADJOINT
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Fluid adjoint evaluation

APPROXIMATE 
JACOBIAN
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Fluid adjoint evaluation
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Fluid adjoint evaluation
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Fluid adjoint evaluation
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Flow Adjoint Implicit Evaluation

SOLVE UNTIL 
CONVERGENCE

IDENTIFY INPUT

ADVANCE ONCE

IDENTIFY 
OUTPUT

EVALUATE J

OBTAIN 
CONVERGED 

ADJOINT

ITERATE THROUGH 
ELEMENTALS

SET ADJOINT

INITIALIZE
ADJ

R
EC

O
R

D
IN

G

FORWARD 
SWEEP

REVERSE 
SWEEP

HELD FIXED



78

Mesh Adjoint Evaluation
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Global sensitivity 

GLOBAL 
SENSITIVITY

TRANSFORMATION 
MATRICES
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Results : Coupled Topology Optimization

• NASA BSCW (Small Aspect Ratio )

• NASA CRM (High Aspect Ratio)
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NASA Benchmark Supercritical Wing
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Optimal material distribution

𝑣!= 0.2

OPTIMAL MATERIAL DISTRIZBUTION
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Surface material contour

83

PRIMARY LOAD-BEARING 
STRUCTURE

SECONDARY LOAD-BEARING 
STRUCTURE
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Results : Coupled Topology Optimization

• NASA BSCW (Small Aspect Ratio )

• NASA CRM (High Aspect Ratio)
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NASA CRM Wing in Jig State
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Local pressure distributions

𝜼 = 𝟏𝟖% 𝜼 = 𝟑𝟕%

𝜼 = 𝟖𝟗%𝜼 = 𝟓𝟗%
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Wing-box optimal material distribution

UNDERLYING WING 
BOX 

PRIMARY WING BOX + 
SECONDARY SUPPORT 

STRUCTURES

PRIMARY 
STRUCTURE

WINGBOX

Structural Weight/Wing: 
11756 Kgs𝜶𝒊𝒏𝒊𝒕𝒊𝒂𝒍: 𝟎. 𝟕𝟓𝟖𝒐

𝜶𝒇𝒊𝒏𝒂𝒍: 𝟐. 𝟐𝟓𝟑𝒐
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Problem Formulation
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Coupled Aero-Elastic Topology 
Optimization

AERODYNAMIC 
CONSTRAINTS

GEOMETRIC
CONSTRAINTS
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Challenges in Topology Optimization

• Intermediate material densities

• Difficult to manufacture

• Current approach cannot scale to 
aircraft configurations

SKIN
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Reduced design space

TET-BASED 
DISCRETIZATION
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Reduced design space

SHELL-BASED 
DISCRETIZATION

TET-BASED 
DISCRETIZATION
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Future work

• Improving scalability of the
aero-elastic system

• Integrated aero-structural-
propulsion optimization

• Robust shape optimization
framework with minimal user
input

• Manufacturable load-bearing 
structures 
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Aerodynamic design exploration using 
SU2

• OBJECTIVE: Understand the influence of :
1. Choice of gradient-based optimization algorithm
2. Design variable pre-conditioning
3. Design space dimension

On aerodynamic shape optimization for two and three-
dimensional configurations

• MOTIVATION:
1. Establish best practices for large-scale shape optimization
2. Identify elements of the workflow the affect robustness
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Influence of Optimization Algorithms

FUNC EVALGRAD 
EVAL

23

30

44

59

15

46

15

46

ROSENBROCK FUNCTION
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ADODG Case 4.1
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Influence of design space dimension
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