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Model Accuracy: Lines = model prediction, X =
experimental data

Recovery negligible — pronounced hardening

Multichamber Muffler System

Michael Raba, MSc Candidate at University of Kentucky

Created: 2025-09-15 Mon 1427

Comparing Anand Model Predictions at Two Strain Rates

Observed Behavior

Top Graph (a): ¢ = 10%s7"
High strain rate — higher stress

Bottom Graph (b): ¢ = 10 *s™"
Lower strain rate — lower stress at same strain

Recovery and creep effects more significant

Stress, o (MPa)

Stress,  (MPa)

Key Insights from Wang (2001)

« "Atlower strain rates, recovery dominates. . the
stress levels off early.”

« At high strain rates, hardening dominates, and
the stress grows continuously."

Anand's model smoothly captures strain-rate and
temperature dependence of solder materials.
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Ineiastic strain, ¢
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Dimensions

dimensional units in mm

105 105
390
600
¥
300 35
x
y il %
(A
50
g kel
35
N[5
Source Paper

Constitutive Equations for Hot-Working of
Metals

Author: Lallit Anand (1985)
DOI: 10.1016/0749-6419(85)90004-X
@R AT 27T D mem.oaynammany consistent

context of
metals subjected o large strins and high tsmpers[ulss

Fig. 25. 1100 ahuminum stte gradient specimens before and after testing.

CONSTITUTIVE EQUATIONS FOR
HOT-WORKING OF METALS
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Ansys Simulation

Simulated Transmission Loss (01000 Hz) by approximating muffler walls as fluid at 20 deg C

Muffler Transmission Loss vs Frequency at 20°C

Transmission Loss (d8) at 20°C

600 800 1000
Frequency (Hz)

Figure: Transmission Loss curve of the muffler between 5 Hz and 1000 Hz at 20°C.
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SIDLAB Model

« File: Mark3sid. zip

Sidlab and Ansys File Download Center

+ Created with: SIDLAB 5.1
« 1 Download SIDLAB File

50

ANSYS Simulation

« File: Mark-I-MDF-clearned-data.ubpz
+ Created with: ANSYS 2023 R2
« 1 Download ANSYS File

Sidlab Components

dimensional units in mm

105 105
390
600
6 35

Sidlab Components
1. Pipe

35 2aQwT  7Pipe
3. Pipe 8.QWT
4.QWT 9. Pipe
5. Pipe 10.QWT

6.QWT 11. Pipe
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Forward Euler Explicit time integration scheme Pseudocode

Plastic Flow & Resistance Evolution

Material constants: A, Q/R, j,m, hg, 3,n,a,E 65" = E(gemm "
. 5 g 1
Strain rate: € . “ g
— 1l — = |sign (1 — £) &?
Smpuratreso (T} i == (1= £)er
Set:e7(0) =0, s(0)=3 8. Update: e(t + At) = e(t) +é At
9. Update: s(t + At) = s(t) + $A¢
Time Evolution Loop 10. Record (Eqotals isia)
L epa(t) = €t Termination
2. 0l = Betoral — €)
2EmDa= Potowerorain ™
4. Approximate sinh(z) (linearize if |z| < 1) E
5.67 = Ae /T (sinh(z))l/m

1.1, Layout

Lb7m
2. initSpectral.m

+ reads in binary files, takes eg m-fft
3. < initBigs.m

+ forms corrMat, finds cigenvalues
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Strain rate sensitivity of stress m

POD Analysis of Turbulent Pipe Flow
M. Raba

Created: 2025-09-15 Mon 14:27

m = 0.05
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Evolution Equation for the Stress
Stress Evolution Equation (Rate form of Hooke's Law) Material Tensors and Operators

v q e L= =5 —i i
T-LD-D- 16 L=2ul+ (s xu)‘l ® 1 — isotropic elasticity tensor

LD represents how instantaneous strain rates
generate stresses according to the elastic material's
stiffness properties.

(rate-form Hooke'’s law for finite deformation
plasticity, with frame-indifference enforced through

« = p(6), s = K(§) — temperature-dependent moduli
the Jaumann rate.) oI
* a = a(f) — thermal expansion coefficient
Jaumann Rate Definition + D = sym(Vv) — stretching tensor
. © W = skew(Vv) — spin tensor
T—T-WT+TW « I =fourth-order identity tensor

+ 1 = second-order identity tensor

« Stress rate follows Jaumann derivative to ensure frame indifference.
+ Elastic response governed by isotropic fourth-order tensor L.
Summary:  + Thermal expansion introduces additional stress through TT4.

Reference Configuration

Framework in the Reference Configuration Key Equations in the Reference Frame
« The free energy v s defined relative to the reference « Free energy:
configuration. _
« State variables like E°, 6, g, B, s are used as ¥ = ¥(E*,6,3,B,3)
arguments of ¢ ) ]
« Stress is expressed using the second Piola—Kirchhoff « Dissipation inequality:
tensor S.

Y40 —py'S: Bt (pod) 'an - < 0

Dissipation inequality, stress-strain relations, and
evolution laws are all written in reference variables.
Mass density o from the reference configuration
normalizes all terms.

« Constitutive relation:

Summary:

« In the reference configuration, all energy storage, stress updates, and internal variable evolution are formulated
with ref frame quantities for consi and objectivity.
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Relaxed (Intermediate) Configuration

Context for the Relaxed Configuration

« The relaxed configuration represents the material after
removing plastic deformations but before applying new.
elastic deformations.

Itis introduced to separate permanent plastic effects
from recoverable elastic effects.

Al thermodynamic potentials, internal variables, and
evolution laws are defined relative to this frame.

The relaxed state provides a clean, natural reference
for measuring elastic strain E° and computing
dissipation.

Summary:

What Happens in the Relaxed Configuration?

The elastic deformation gradient F* is measured from
the relaxed state to the current deformed state.
Elastic strain measures like C* and E* are defined in
this configuration

The Kirchhoff stress T is naturally associated with the
relaxed volume.

Plastic flow is accounted for separately through the
plastic velocity gradient L.

« The relaxed configuration isolates elastic responses cleanly, enabling proper definition of thermodynamics and

plastic evolution laws.

Relaxed Configuration Constituative Laws

Kinematics in the Relaxed Configuration
« Elastic deformation gradient:
F=F'F°" = F*=FF""'
« Elastic right Cauchy-Green tensor:
C = pTpe

+ Elastic Green-Lagrange strain tensor:

Lce
3@ 1)

Summary:

plastic and elastic contributions.

relaxed configuration
The right Cauchy-Green tensor C'

Stress and Power Quantities
« Kirchhoff stress (weighted Cauchy stress):
T = (det F)T

« Stress power split:

£ 40P

, @ =(C°T): 1P

Elastic kinematics and stress measures are formulated relative to the relaxed configuration, cleanly separating

Stress Power Split allows Anand to cleanly isolate plastic dissipation from elastic storage.
Green-Lagrange strain tensor E* is used because it symmetrically captures nonlinear elastic strain relative to the

= F* F* is required as an intermediate to compute E* from the elastic

deformation gradient F* without referencing spatial coordinates
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2. Equations Used in Code Procedure

4.4. Klassik POD $=3.0

Klasik Re11700 Velocity " POD for Rotation Number ¥ = 30
u1 12 AEORQH 83

o 10 0 30 a0 500 00 W0 20 0 40 00 60 M0 20 30 400 00
e
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2.2, Classic POD Equations (Fixed)

5 rms 08650 s
" Wiy(rar'sm:f)

6 smsf)
= X0, £)r 2" (rimi )
A # imif)
M 8 e
an(m;

u(msr, €)'/ @, (m; )

4.2. Snapshot-Classic Comparison
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2.4, Reconstruction
‘The reconstruction is given by

) 7O~ D ait)e () >
:

a(r,6,t50) = G(r,8,5:2) + > > al") (m; )8 (ryms )
f=t=1

Since the snapshot pod on is not error-free, the ion can only be recovered by writing for factor > 0.

a(r,8,t;2) = 4(r,6,t52) + (factor 1) > 3 o™ (m; )" (r; m; 2)
E=t=}

4. Result Comparison Classic/Snapshot
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3. Derivation
To derive the questioned equation, consider the integral:
1 )"
= [ ur(kymir, t)a™ (km;t)dt.
TJo

Substitute ur with its expansion:

L (500 sty i
: (Zﬂw, a0k ,e))a (st

3.1.4 Derivation

Exchange the order of summation and integration, and apply orthogonality,
(0 107w (n)*
ey (kimir) s/ (k;m; t)a™)" (ks m; t)dt
T 3
Due to the orthogonality, namely that a™) and ) are uncorrelated
(@al?) = X",
all terms where { # n will vanish, and there remains only the I = n term,
(), 1 (7 o, ()
) smir) (£ [ om0 (ims e )
o

‘This derivation assumes the of modes and their along with the ilue relationship to simplify the original integral into a
form that reveals the spatial structure ( & ) of each mode scaled by ts significance (A
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5.2. Analysis
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Snapshot of u, fluctuati
oft

Y SLECT

6.1. Reconstruction

REROD Reconstruction, t=2usin

(n,m)=(400,50) modes, obf13
















