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INTRODUCTION
Backaground

Why use numerical analysis?
v Relatively low cost
v Speed

Why use multi-disciplinary computation?
v Allows complimentary information
v/ Adds to accuracy of results

X Adds to the complexity




INTRODUCTION
Background

» One of the major applications of aero-thermo-elastic simulations is in
Hypersonic vehicles:

 Leading edges of hypersonic vehicles
« Heated panels on hypersonic vehicles

\
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INTRODUCTION
Background

» Accurate aero-thermo-elastic analysis and design requires:
v Aerodynamic loads ( aerodynamic pressure and viscous forces)

v Aero-thermal effects (surface heating rate and inner temperature distributions)
v/ Structural loads (structural deformation and stresses)

Shock

/ Deformation

Heat Flux

Flow ————




INTRODUCTION

Background
» Two main ways to approach multi-disciplinary simulations:
« Strong coupling

v More stable approach
X Cannot use already available and well-tested solvers

« Weak coupling
v Able to use existing well-developed and tested codes
X Less stable




INTRODUCTION

Challenges

» Main challenges in coupled aero-thermo-elastic simulations; <
X Difference in space scale Fluid

X Difference in time scale

X Dealing with the boundary conditions

X Coupling the sensitivities

Non-matching Fluid/Structure
interface*

*Farhat et al, Load and Motion Transfer Algorithm for Fluid/Structure Interaction Problems with Non-Matching Discrete Interfaces (1998).
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INTRODUCTION
Objectives

Develop/Validate a coupled aero-thermo-elastic analysis and design
capability which:

v Uses weak coupling in order to take advantage of the already
available and well tested in-house codes.

v Uses high-fidelity models for each discipline.
v" Performs transient analysis in 3D.

v Performs Tangent and Adjoint sensitivity analysis.




INTRODUCTION
Outline of Project
» Analysis
v Validate the thermal analysis capability .
v Validate the thermo-elastic analysis capability.
v" Develop/Validate aero-thermo-elastic analysis capability.

» Design Optimization
v Verify the thermo-elastic adjoint sensitivities.
v" Demonstrate standalone thermo-elastic optimization.
v" Develop/Verify aero-thermo-elastic adjoint sensitivities.
v" Demonstrate aero-thermo-elastic Optimization.
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AERO-THERMO-ELASTIC COUPLING

Flow Solver with Mesh Deformation Capability

» Flow Solver: Navier-Stokes Unstructured 3D (NSU3D)

v

SN N N S NEEN

ou(x,t)

Based on the conservative form of the Navier-Stokes: + V.F(u) =0

ot

3D unstructured finite-volume RANS solver
Vertex-centered
2"d order accurate in space and time

Uses a line-implicit solver with agglomeration multigrid

Fluxes are calculated using the Roe Scheme e
Mesh deformation capability based on the linear elasticity model

Numerous simulations and participations: DPW, HiLiftPW, AePW
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AERO-THERMO-ELASTIC COUPLING
Structural Solver

» Structural Solver: Adjoint-based Structural Optimizer (AStrO)
v/ High-fidelity, open-source, developed in-house
v/ Finite-element modeling of 3D structures
v/ Compatible with Abaqus input and output files

v/ Static and dynamic analysis:
v Elasticity problem: V-o— 5—— p L — +f =0=[K|JU +[ClU+[M]U=F
v/ Heat transfer problem: pca + V- (kVT) — Q = 0 = [KenermIT + [Menerml T = Fenerm

v/ Thermo-elastic problem

v/ Time stepping with Newmark-3 expansion
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AERO-THERMO-ELASTIC COUPLING

Structural Solver

» Assumptions made for thermo-elastic coupling in AStrO:

v Thermal material properties have no significant dependence on
strain.

v/ The heat generated by deformation is assumed to be negligible.

# Deformation has a one-way dependence on the temperature
distribution.

‘ The effect of thermal expansion shows up as part of the load in the
elasticity equation.
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AERO-THERMO-ELASTIC COUPLING

Fluid-Structure Interaction (FSI

» Weak coupling requires :

v" convergence of the following at the boundary:

v" Temperature ., ~
Heat Flux/ Temperature/
v" Heat flux Forces Displacement

Str%

v FFTB method or Dirichlet-Neumann boundary  Fluid/structure interface
conditions for stability and convergence. boundary conditions*

v" Aerodynamic loads

v Displacements X

*Li et al, 3D common-refinement method for non-matching meshes in partitioned variational fluid-structure analysis (2017)
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AERO-THERMO-ELASTIC COUPLING

Fluid-Structure Interaction (FSI) Module

» The transfer of data between meshes can be summarized as: Fluid
Qcrsp = [P1Qcrp Fersp = [Pl1Fcrp
Terp = [P] Tersp Ucrp = [P]"Ucrsp

Search algorithm locates nearest/perpendicular projected point from
CFD grid point to structure mesh surface.

&

Structure

e

_ Fluid/structure data
The in-house FSI ; transfer*

v" can handle non-matching fluid and structure meshes with
different element types and mesh resolution.

v" can handle non-matching fluid and structure OML geometries

*Li et al, 3D common-refinement method for non-matching meshes in partitioned variational fluid-structure analysis (2017)
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AERO-THERMO-ELASTIC COUPLING

/ Fluid Domain \ Starttlme@p /Structure Domain\

HE X
aé “"lf sta 9 . lo > Thermal
) ; - Solver
CED Solver g Temper@be Solyer
i ¢ |
' | Temperature
With : Thermal Solvg P
Mesh Deformation : Aerodynamic Forges v
' Structure Solv | Structural
< Solver
De OFEIa Ions ' _
Solved as a steady-state n stagger lo¢  Solved as a transient

problem énd P, Ioop)sf L problem /
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STRUCTURAL SOLVER VALIDATION

Thermal Analysis Validation

» Followed cases demonstrated in AIAA 2019-1892 (Verification of a conjugate heat
transfer tool with US3D, J.D. Reinert, A. Dwivedi, and G.V. Candler):

v Transient 1D heat conduction in a cube.
v with Dirichlet boundary conditions and constant thermal properties.
v/ with Neumann boundary conditions and constant thermal properties

v~ with Neumann boundary conditions and variable thermal properties.
v" Transient 2D heat conduction on a quarter cylinder.

v Numerical solutions were compared against analytical solutio
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STRUCTURAL SOLVER VALIDATION

Thermo-Elastic Analysis Validation
» Thermo-elastic validation:

v" Thermo-elastic study of a heated panel case. Based on the 1988 paper
by Thornton et al, titlted "Flow, Thermal, and Structural Analysis of
Aerodynamically Heated Panels”

v" Numerical solutions were compared against analytical solutions.

Heat Flux
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cylindrical Leading

» Based on the experiments conducted by Allan Wieting in the NASA Langley 8-foot
High Temperature Tunnel in 1987*

Free-stream conditions Value

Free-stream Mach number (Ma,,) 6.47 (dimensionless)

Initial wall temperature (T,,) 294 4 K
Free-stream Reynolds number (Re.,) [BekbRaNoLmNiiy
Free-stream temperature (T,,) 2415 K
Free-stream velocity (Us,) 2015.43 m/s

Free-stream pressure (P,) 648.1 Pa

Overview of the wind tunnel
« Description of the cylinder: experiments

- Material properties: stainless steel 321 at 400K
— Dimensions: Length = 0.1143m, Diameter= 0.0762m,Thickness = 0.0127m

*Dechaumphai et al, Fluid-Thermal-structural Study of Aerodynamically Heated Leading Edges (1988).
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cylindrical Leading Edge

» Summary of the applied numerical boundary conditions

)

Yy Y vYY ¥V Y Y

(1) Inlet

(2) Outlet

(3) Fluid/structure Interface
(4) Isothermal (294.4 K)
(5) Insulated
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cylindrical Leading Edge

» Description of the grids used for the numerical simulation

Fuidesh [ Numberf ndes [ umber of emens | Type of s Wl g
2,462,400 4,814,740 Prism 106
MR 19,763,866 39,084,360  Prism 6x107

0.05

_ li )
W Number of nodes | Number of elements | Type of elements
Structure coarse mesh PIVN(I[§ 17,100 Hexahedral
Structure fine mesh 133,055 120,384 Hexahedral
o I» IR IR | s. i

e

-0.15  -0.1
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cylindrical Leading Edge
» Validation of the CFD solver for high speed flows

Fluid pressure Fluid temperature

along the centerline of the along the centerline of
upstream flow .0 the upstream flow

Pressure Contour

0.15}

Pressure
34000
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0.1}
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. INERNNNEEEEEN |
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cylindrical Leading Edge

» Validation of the CFD solver for high speed flows
+ Stagpatisopoint argasaect saduesperimental pressures (Normalized)

[l heoretical (perfect gas)

9,231.16 Pa

Comp-Coarse-CFD ——
Comp-Fine-CFD ——
Experiment O

Stagnation point

parameters

oo
o
Pressure (P,)

*Wieting, A.,R, Experimental Study ¢ O(deg)
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cylindrical Leading Edge

> Valldatlon of the CFD solver for high speed flows
'mheplta{/mat\nM(Normahzed)

Comp-Coarse-CFD ——
Comp-Fine-CFD ——
Experimental solution O

heating rate
Heating rate

*Dechaumphai et al, Fluid-Thermal-structura 0 10 20 30 40 50 60 70 80 50

“PheiitefalRTim@Hapie Bosbesf Sbople O(deq)
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cvlindrical Leading Edge

» Validation of the coupled analysis capability (structural solver time step is 0.15S)
¢  Smypatisnmpointparuteteaasd experimental heat rate (Normalized)

Stagnation point pi

Pressure (P,)

Heating rate (q,)

a/dg

0.8}

0.2F

Comp-Coarse-0sec
Comp-Fine-0sec
Comp-Coarse-2sec
Comp-Fine-2sec
Experimental solution

o]

10

20 30 40 50

O(deg)

60

[hcoupled at t = 2s

1 Fine mesh

1 35,147.81 Pa

1 438.52 KW/m?
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Hypersonic Flow Over a Cvlindrical Leading Edge

» Validation of the coupled analysis capability (structural solver time step is 0.15S)
- Evolution of temperature and heat flux with time

1.2 T

Comp-Coarse-0sec
Comp-Coarse-2sec
Comp-Coarse-4sec
Comp-Coarse-6sec

Comp-Coarse-0sec
440 Comp-Coarse-2sec
Comp-Coarse-4s5ec 1
Comp-Coarse-6s5ec

420 Experimental solution ©
g 400 | 0.8}
U
.
= z80F =]
= (=3 0.6}k
3 s
o 360f
=
a | D.4r
= 340

320}

0.2}
300 b
L 0
0 10 20 30 40 50 60 70 80 S0 o 10 20 30 40 50 60 70 80 50
O(deg) O(deg)
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AERO-THERMO-ELASTIC ANALYSIS VALIDATION

Hypersonic Flow Over a Cylindrical Leading Edge
» Validation of the coupled analysis capability

Temperature(K) solution att =2 s Circumferential thermal stress(pa) solutions at t = 2s

_|
)
3
S
)
2
c
@

385 0.02

0.02 Thermal stress

WL WwWWwwowowawoww
WP PO N®
oo oono

330

-0.02

315 -0.02

0.02 20.02 0 0.02
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Aerodynamically Heated Panel

» Overview of the proposed wind tunnel experiment
Based on the 1988 paper by Thornton et al, titled "Flow, Thermal, and Structural Analysis of
Aerodynamically Heated Panels | -

Free-stream conditions
Free-stream Mach number (Ma,) 6.57 (dimensionless)
Wall temperature (T, 930 K

Free-stream Reynolds number (Re,,) RiRyA <L M=424I-

Re = 0.66E6/ft

Free-stream temperature (T,,) 530 K ;

Free-stream velocity (U,,) 6612.3 ft/s = ] o Lt
, Proposed experimental set-up for
Free-stream pressure (P.,) 0.0971 psi the Eeate q pznel case* P

*Thornton et al, Coupled Flow, Thermal, and Structural Analysis of Aerodynamically Heated Panels (1988).

Induced
shocks

Panel holder

Deformed (t >0)
Undeformed (t =0)

Re = 0.37E6/ft

] b
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Aerodynamically Heated Panel

» Summary of the applied numerical boundary conditions

(2)

Panel structural boundary conditions
Description of the panel:
— Material properties: stainless steel AM-350

(1) Inflow
(2) Outflow ) ’
(3) Isothermal (530 R)

(4) Insulated
(5) Fluid/Structure Interface

— Dimensions: Length = 4 in, Width= 0.1 in, Thickness = 0.5 in
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Aerodynamically Heated Panel

» Description of the grids used for the numerical simulation

Numberof nodes | Number of elements | Type of elements | Wall spacing

TR 2,474,940 4,725,000 Prism 6x106
e 3,216 1,995 Hexahedral
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Aerodynamically Heated Panel

» Numerical results for the coupled simulation of an Aerodynamically heated panel
with convex deformation (structural solver time step 5s)

* Flow density distribution from t = Os to t = 30s (6 coupling cycles)

density

F/o,,l,
150 s

e e T
e R G

(Panel Holder) (Panel Holder)
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AERO-THERMO-ELASTIC ANALYSIS RESULTS

Aerodynamically Heated Panel

» Numerical results for the coupled simulation of an Aerodynamically heated panel
with convex deformation

inipttarmuirgces reRaikneith time

i Time(s) | Coupled computational solution | Analytical solution | Computational solutions
’ from previous work*
m 0.0126 0.0127 0.0133

m 0.0252 0.0234 0.0239

: 0.0369
| N

500 -+

Temperature (R)

0.0336 0.0327
1 I .

z 25 3 3.5 4 0 5 10 15 20 25 30
X (in) Time (s)
*Thornton et al, Coupled Flow, Thermal, and Structural Analysis of Aerodynamically Heated Panels (1988).
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SENSITIVITY ANALYSIS & OPTIMIZATION

Gradient Based Methods

» Gradient based sensitivity derivative Analysis for optimization:

* Finite-difference f(x + r) = f(x) + hf'(x) + h; F100) + o f(x) = LET@

h
« Complex-step f(x +ih) = f(0) +ihf'(x) =2 f/(x) + -+ = ' (x) = LEHD]
* Analytical (Tangent and Adjoint) radient ine .
4 ngh Accuracy initial guess

OO P L
//////////////////// //' {TTTTTR

il

Y
Dl s

v Less Computationally expensive =0

7
Tk

Conceptual depiction of the gradient*

*Anderson, E., Development of an Open-Source Capability for High-Fidelity Thermoelastic Modeling and Adjoint-Based Sensitivity Analysis of Structures,
PhD thesis, August 2019.
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THERMO-ELASTIC SENSITIVITY FORMULATION

Steady-State Tangent Formulation

Objective function: L = L(D,u;(D),us(D)) /
Structure Domain
auT
oo dL aL
Sensitivities: 20— 3D auT aus lausj Thermal Solver
SUbJeCt to: RT(D ur, uS) = 0 and Rs(D ur, uS) =0 %
9Ry  Ofr 6_uz @_Rt
auT ou . y
Constraint sensitivity egn: a; = —F—
auT dug
ORT ORT
. . dL L aL our \
Final Form: = 6uT ausl laRS 6R5] | aRSl
dur Oug

X For multiple D, multiple linear solutions required
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THERMO-ELASTIC SENSITIVITY FORMULATION

Steady-State Adjoint Formulation

oL T
T T T T1 | aur
Adjoint sensitivities: &= =21 4 |2 2usT| Our (" swcwepoman )
dp 9D op ap l|aLT
_q Ous Thermal Solver
dRr!  ARgT oL T 7'
L . A our  our dur
Disciplinary adjoints: l T] =" T T A
PrnATy adl Aslore" ors"| [t T
Ius Ius Ous Structural Solver
oRy" 2R
dur 0 Ar] a
Linear Adjoint System:| "7, 7 |7 = |47, \ J
ong” ons” [LAs]
oug oug aus
_9Rtl v No dependence on D during linear solution

. . dL 6L T T oD v . . -
Final Form: —>=——+[A7  Agl| 5. Effect of D confined to final matrix-vector product

oD
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THERMO-ELASTIC SENSITIVITY FORMULATION
Transient Tangent Formulation

R i T . - n—1 n—1
FY (0R?] [0R?] [GRT I 0 [5RT ] 0
0 oul| |ou? 0 dupn1 du1 our" 1 [ LT
9R3] [9R? dRy" dR7" dRy" OR;" aD aD
0 0 n—1 n n—1 n dur" aRTn
auz au3 6uT BuT 6u5 6u5 —_
Reg . aD ab
Temporal domain with two time-steps n and n-1: =
» AR M 1 AR M 1 ausn_l aRSn_l
RS B ] RS - _

0 [ ] 0 aD aD
5RT aRT auT aRT [61! n—1 6u5”‘1 6H.Sn 6R5”
dur dus|| aD | _ oD [ dRs" ] [aRS”] [6R5 ] [aRS”] L0 1 LT,
6R5 5R5 aus aRS 6uT” 1 BuT” ausn 1 ausn ]
dur Odugll oD aD
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aRn—3

T

aRn—Z

aul’l—3

0

0

0

aun—3
aRn—Z
aun—Z

0

0
aRn—l
aun—Z O
9R"1 ar" |T
dun—1 aun‘ll
0 aRnJT
oun

Temporal domain with two time-steps n and n-1:

a

OR;"
dur
OR;"
| Oug

dRs" ]

our
OR,"

aus |

oL T

»

THERMO-ELASTIC SENSITIVITY FORMULATION
Transient Adjoint Analysis Formulation

ORg"
[ ORg"

aRsn
[auT"
ORg"
[6u5"

— aL T 4

n—1
durg

aL T

n—1
dug

aL T
oug
aL T

| duf
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AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

Analysis Procedure Tangent Procedure Adjoint Procedure
4 Fluid Domain N\ 4 Fluid Domain N 4 Fluid Domain )
CFD Solver CFD Solver CFD Solver
with with with
Mesh Deformation Mesh Deformation Mesh Deformation
\ Yy, . J - J
H B % ﬂ ATsurf Axsurf
Fp dD dD
de’m‘f dxs,r
TSu:-"f xSHT'f dD dD f AHB AFB
/_! 4 ¥ \ ﬂ y du]' ¥ \ ¥
Thermal | “T | Structural Thermal | —7 | Structural Thermal |A,,. | Structural
Solver J  Solver Solver Solver Solver Solver
Structure Domain Structure Domain Structure Domain

N y - J o 4
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AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

Tangent Formulation
Objective function: L = L(D,u,(D),ur(D),ur(D),us(D))
Variable definitions:

- u, . CFD grid point coordinates

- up. CFD flow values

- uy . Structural temperature values
- ug . Structural displacements

- D : Design variables duy
aD
aup
L [aL aL  dL 6L] 3D
oD du, Oup Our Odug||dur

aD
aus
L 9D

Sensitivities:
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AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

Tangent Formulation
Constraints (Residual) Equations:

CFD Mesh Deformation Equations:

Flow Equations:

FSI transfer of forces:

FSI transfer of heat fluxes:
Structural displacement equations:

Structural temperature equations:

FSI transfer of displacements:

FSI transfer of temperatures:

Ry (ue(D), Xsurs (D), D) =0
Rp(up(D), Tsurs(D), ux(D),D) =0
Gs(Fg(up(D),uy(D))) = 0

Gy (Hp (up(D), uy(D))) = 0

Rs(us, Fp(up(D),u,(D)),D) = 0
Ry (ug, Hp(up(D), uy(D)), D) = 0
Gs(Xsurs(D), us(D)) = 0

G;' (Tsurf (D), uT(D)) =0

48



AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

Tangent Formulation

Linearized constraints gives tangent sensitivities:

aRx aRx
o 0 0.0 0 0 0 0 Fm o0 | g
oRF  ORe ore_|| “ap
e g 0 0 0 0 0 0 o | I on
dD _—
~¥ ¥ 9 0 0 0 0 0 0 | ar oD
Uy dus D _%
_ dHp _ aﬁ dHp D
W e 0 I 0 0 0 0 0 0 || e 0
aGs dés 0
0 0 S0 I 0 0 0 0 0 o | | o
96r dér (1 0
0 0 0 L 0 I 0 0 0 0 @ O
ORs 3R aus " 8D
0 0 0 0 5 0 . ¥ 0 0 ;fT _9Rr
0 0 0o 0 o 2t o 2% o || = g"
aGT dur dxsurf
0 O o0 o0 o o 2%s o 2 aD 0
aus axsurf dTSHTf
0 0 o o o0 o o 9%r o 2|l ap -
| auT aTsurf_
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AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

Adjoint Formulation

Transpose gives adjoint equations:

[ AR, L ARpT argl aHgl
o g T 0 0 0 0 0
T T T
0 ORg.  _0Fs° _0Hs 0 0 0 0 0
dup dup dup oL T
T i i L
0 0 I 0o %5 o o0 o0 0 0 Ay, Ouy
dFp Ay, aLT
. oL
0 0 0 I 0 ST 0 0 0 0 || Ag u
B
6R5T AHB 0
0 0 0 0 1 o X 9 0 0 A
Gt Gs _ 0
T - T
0 0 0 0 0 I 0o 9B 0 0 Agr oL
6GT Aus aus
T )T T
0 0 0 0 o o %8B o 25 0 || Au oL
dusg Ous A dur
0 0 0 0 o o o 2% o e f 0
dur dur -ATsurf- 0
T f T | i
ORy 0 0 0 o o o o 2 0 0
axsurf axsurf
T o T
_ORr 0 0 0 0 0 0 0 96T
aTmrf aTsurf .
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AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

Adjoint Formulation

[ 3R, T ARpT argT aHgT

u, ou, ou, U, 0 0 0 0 0 0
BRFT BFBT BHBT

0 oty 0 0 0 0 0 L
; oL
0 0 I o % o9 o o 0 0o | Au Oux

e Aup | [227

T du

0 0 0 1 L 0 0 0 A\FB 0
0 0 0 0 I o0 B 0 0 e 0
a6y . Aos | _ | o

0 0 0 0 o 1 o % 0 0 Ag, oL’
Gy Aus dug

T T

0 0 0 0 o o B o 2 0o || A o’
dus du A dur
BRTT G T'I‘ Xsurf 0
0 0 0 0 o o o & 0 s |l 0

T | A
o8 0 0 0 o 0 0 d6rs 0 0

Oxsurf Bxsurf
T . T
9Be 0 0 0 0 0 0 0o 2gr
0T surf AT syrf

A
al _ ol 1 amT  _or _or v |
dap aD oD oD oD oD A

A
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AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

Tangent Procedure Adjoint Procedure
4 Fluid Domain ™\ 4 Fluid Domain )
CED Solver CFD Solver
with with
Mesh Deformation Mesh Deformation
\! _ _ ) \_ L/
dFyg ATsurf Axsurf
dD
AT syrs dXsurf
dD dD AFB
( du A \ "\
Hp Thermal d_DT Structural Hpg Thermal |A,,. | Structural
— Solver »  Solver Solver [* Solver
Structure Domain Structure Domain

. J \_ J
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AERO-THERMO-ELASTIC SENSITIVITY IMPLEMENTATION

» Objectives (and constraints) may be formulated based on:
v" Functional of flow quantities (Cy, C,, C,,,, etc.)
v Functional of structural quantities (Modulus E, thickness, density,...)
v Functional of thermal quantities (conductivity k, thermal expansion, ...)
v" Combinations of above in weighted penalty formulation

» Design Variable types
v" Based on material (structural) properties
v" Based on OML shape parameters
v" Based on flow parameters (Mach, angle of attack, etc.)
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THERMO-ELASTIC SENSITIVITY ANALYSIS & OPTIMIZATION

RESULTS

v Steady-state thermal optimization for a Multi-Material panel with applied heat flux.

v Steady-state thermo-elastic optimization for a Rectangular bar with applied force.
v Steady-state thermo-elastic optimization with large number of design variables.

v" Transient thermo-elastic optimization on a Panel with applied heat flux and aerodynamic forces

F=1N

Heat Flux Aerodynamic Force Heat Flux

Ll

VYYVVVV‘VVYVV vy

0.1”
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AERO-THERMO-ELASTIC SENSITIVITY ANALYSIS & OPTIMIZATION RESULTS

Aero-Thermo-Elastic Sensitivity Verification
« Computational set-up:

Fluid (1) Inflow
(2) Outflow
(2)  (3) Isothermal (530 R)
(4) Insulated
(5) Fluid/Structure Interface

(4)
« Description ptthe=panel.
- Material ’ﬁropertles stiinless steel AM-350
— Dimensions: Length = 4 in, Width= 0.1 in, Thickness = 0.5 in

Numberofnodes Number of elements | Type of elements | Wall spacing

Fluid mesh  [PRYZECEN) 4,725,000 Prism 6x10°®
EEOe 3.216 1,995 Hexahedral
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AERO-THERMO-ELASTIC SENSITIVITY ANALYSIS & OPTIMIZATION RESULTS

Aero-Thermo-Elastic Sensitivity Verification

« Objective function: L = (C,)>?

k = ko + 10_4D1
« Design variables:

Thickness = Thicknessi,tiqr X D>

« Sensitivity verification: Dq

m— Finite-Difference |

-6.96927382827098x 107° -7.3292648685x% 10~°
6.96927382827343% 107°

- -2.09733547486444x 107> -2.2907747595x 107>
2.09733547485967% 10~°

] -4.19421030209051x 10~5 -4.6948589964x 105




AERO-THERMO-ELASTIC SENSITIVITY ANALYSIS & OPTIMIZATION RESULTS

Aero-Thermo-Elastic Optimization

* Objective function: L(t) = (Cyx(trinar))* + w1k —kg)? + w,(Mass — Massy)*

k = ko + 10_4D1
« Design variables:
Thickness = ThicknesSi,tiq; X D,

 Initial and optimized material properties (using At =1 sec)

Material Properties “ Optimized Optimized
1 coupled time step | 5 coupled time steps

Thermal Conductwlty (k) 000012864 BTU/(s.in.R) 0.0002059 BTU/(s.in.R) 0.000214203 BTU/(s.in.R)

1in 2.504113in 25134456 in
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AERO-THERMO-ELASTIC SENSITIVITY ANALYSIS & OPTIMIZATION RESULTS

Aero-Thermo-Elastic Optimization

« Convergence of the aero-thermo-elastic optimization process

0.00022

0.0002 \—F——TF+—1— NN RSN ..

on

0.00018

0.00016

Objective Funct

0.00014

000012 - - 4 - - >t - e e e e

L I 1 I I 1 | 1 |
0.0001 5 1 2 3 4 5 6 7 8
Design Iteration

5 coupled time steps
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AERO-THERMO-ELASTIC SENSITIVITY ANALYSIS & OPTIMIZATION RESULTS

Aero-Thermo-Elastic Optimization
* Flow density distribution at t = 30s

Y
Z-JJ X

Baseline

density

Optimized

DR e "%'% R T A R R R s R R R G *‘5&; § e
P 'ﬁ;"@%‘éﬁ@&, :—&fzﬁ
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CONCLUSIONS

v Validated the structural solver’s thermal and thermo-elastic analysis capability.

v Developed/Validated a 3D transient aero-thermo-elastic analysis platform with a
weak coupling approach using:

v" flow solver NSU3D with Mesh Deformation Capability
v" thermo-elastic capability from AStrO
v" FSI module

v" Verified the thermo-elastic adjoint and tangent sensitivities.
v" Demonstrated standalone thermo-elastic optimization.
v Developed/Verified the aero-thermo-elastic adjoint and tangent sensitivities.

v" Demonstrated preliminary aero-thermo-elastic optimization.
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CONCLUSIONS
Main Contributions
v" Researched, developed, and validated the aero-thermo-elastic analysis

coupling.

v" Formulated, implemented, and tested the coupled aero-thermo-elastic
sensitivities.

v Applied the verified sensitivities to preliminary aero-thermo-elastic
optimization problems.

v Results from this work has been published in the following:
v' AIAA 2020-1449 , SciTech 2020, January 2020
v" AlAA 2020-3138, Aviation 2020, June 2020.
v Manuscript accepted and under publication by AIAA Journal, as of June 2021.
v" Abstract submitted to SciTech 2022, January 2022.
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FUTURE WORKS

« Further investigate aero-thermo-elastic panel optimization problems.

Heat Flux

« Combined material/flow design variables u l H u l i H i

« Multi-layered panel constructions SR I‘””
T PR v

d »

4”

« Further development of the coupled aero-thermo-elastic sensitivities.
* Further development of the fluid solver.

« Further development of the structural solver.

* Further development of the FSI module.

« Adaptive coupling time step size.

« Uncertainty quantification and reduced order modeling.
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