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Multicomponent Mufly,1ation

5 (0-1000 Hz) Simlab model
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al units in mm
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Schematic Variants for Muffler Subcomponents

Part 1 — Chamber and Baffle Part 2 — Fluid domain

Part 3 — Fiberglass Absorbant (gold)

Part 4 — Showing perforates (aimed at Part 5 — Final Assembly View
fiberglass)
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Insertion Loss (dB)

Simulated vs Measiand-Type Viscoplastic Model

Measured vs Simulated TL
Evolution of Deformation Resistance s

a S .
sign AH - |v er
.w*

Simulated vs Measured Insertion Loss - Big Blue Madness s

—e— Measured Insertion Loss ° s = E\OT. - |*
100} —®— Simulated TL (SIDLAB) S

¢ Describes dynamic hardening and softening of

8of the material.
¢ s evolves depending on proximity to s* and flow
60[ activity.
Note: Constants A, @, m, j, hg, §, 7, a are material-specific
401 and fitted to experimental creep/strain rate data.
201
ol
107

Frequency (Hz)
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edictions at Two Strain Rates

Key Insights from Wang (2001)

e “At lower strain rates, recovery dominates... the
stress levels off early.”
e “At high strain rates, hardening dominates, and

the stress grows continuously.”

Refer
Anand’s model smoothly captures strain-rate and

temperature dependence of solder materials.
Cited

1. Munjal ML. Acoustics of Ducts and Mufflers. 2nd ed. V
https://doi.org/10.1002/9781118443125

2. Dokumaci E. Duct Acoustics: Fundamentals and Appli
Press; 2021. ISBN: 9781108840750. https://doi.org/10

100 | xxxxxxxxxxxuﬂxxxxxxxxxx.wmuﬂ

= -25°C
Note: These references are foundational texts in muffler a W
schematic development, an &
]

@ 25°C
&

75°C

* 125°C

0.0 0.1 0.2 0.2 0.4 0.5 0.6 0.7

Inelastic strain, ¢

20 (b) £=1.0x10*s" 29
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001) Apply to Solder

Why Wang's Paper Matters

1and’s unified viscoplastic framework to model solder behavior.
1odel can be reduced and fitted from experiments.
he theory into engineering-scale implementation.
Ider joints in microelectronic packages (chip on PCB, soldered

Anand Model: Viscoelastoplasticity»s).

Michael Raba, MSc Candidd

Created: Nowm-o.'
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Chip (b)

e Solder
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Source Paper

Constitutive Equations for Hot-Working of
Metals

Author: Lallit Anand (1985)
DOI: 10.1016/0749-6419(85)90004-X
One of the foundational papers in thermodynamically consistent

viscoplasticity modeling—especially significant in the context of
metals subjected to large strains and high temperatures.

Fig. 25. 1100 aluminum state gradient specimens before and after testing.
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dprervene’ Jovrent o M, Vel 1, oo 10100 1R AR R §1 00 - B
Prinsad i he LA = 180 Pespaen Patii Lig

CONSTITUTIVE EQUATIONS FOR
HOT-WORKING OF METALS

LALLIT ANann
Massachusens Instivese of Technology

(Communacansd by Thesder Lefimass, Ruhr Unsversear Sochom)

Adpitraci — Elevated benperaiure deformaiion procesing — “Rol-working,” i an imgoranl sep
during the manul T:!.:ﬁ.&:.anil!.:n:n_. Crapral 1o any seecesiful asalysh of a

Botworking process is the use of appropriae rabe and femperifee-dependen comrnmive
equanions: for lasge, niernipied inelastic deformaiions. which can Fisghlully Bt for jlEes-
hardezing, the resinration processes. of reeeery and mooryssallization and srain rast and lem-
werature history sffcts. In t8is pager we devalop 2 st of phenomenclogical, istersal visiabie
gg_ii:nigi the elrvaied srmpersturs deformation of meeals. 'We use

mations {within the limics of texiuring) of isolropic maieriak. Special cases (within the
Eﬂﬂ!ﬂn%iéifiwrmﬂ%ﬁ!ég
cesses are indicated

L ANTRODUCTION

Hot-working fs an lmporant processing step during the manufacture of approximately
more than eighty-five percent of all metal products, The main features of hot-warking
are that metals are deformed into the desired shapes at temperatures in the range of
—{.5 through —0.9 &, where f is the melting temperature in degrees Kelvin, and at
strain rates (n the range of —107* through —10%see. [t is 1o be noted thar most hot-
working processes are more than mere shape-making operations; an important !!_ of
hai-working s 10 subject the workpiece to appropriate thesmo-mechanical processing
histories which will produce microstructures Lhal oplimize the mechanical properties of
the product.

The major quantities of metals and alloys are hot-worked under interrupted non-
isathermal conditions. The principles of the physical metallurgy of such deformation
processing are now well recognized, e.g., Jowas ef al. [1969)], SELans & MoG Tecart
[1972], Methmex & Joxnas [1975], and Sewians [1978], During a deformation pass, the
stress is found to be a strong function of the sirain sate, lemperature, and the defect
and micrestructural state of the material, The sirain-hardening produced by the defor-
mation E.EFSEE.!S;S.&:!E!%QE% These recovery pro-
cesses resalt In & rear of distocations in such a manner that
ad the irain in & pass increasss, %n_._gﬁ&.ug.?icﬂﬁsnsT
grain walls, In some metals and alloys (especially those with a high stacking fault energy,
e.g-, Al, o-Fe and other ferritic alloys) dynamic recovery can balance strain-hardening
and an apparent steady stare siress level can be achieved and maintained 10 large straing
before fracture securs. In other metals and alloys in which recovery is less rapid (espe-
cially those metals with low stacking fault energies, .g., Ni, -Fe and other austenitic

n3

25
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Forward Euler Explicit time ir

Initialization

Material constants: A,Q/R, j,m, hy,s,n,a,E
Strain rate: €

Temperature set: {T;}

Set:e?(0) =0, s(0)=3s

Time Evolution Loop

1. mnoﬂm_@v = m“m

2. 0yial = Eetotal — €7)

3. Compute z = PM

4. Approximate sinh(z) (linearize if |z| < 1)
5.7 = Ae~@/RT(sinh(z))Y/™

34

iate) Configuration
What Happens in the Relaxed Configuration?

e 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.

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

mary:

cleanly, enabling proper definition of thermodynamics and

47
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Forward Euler Scher

import numpy as np
import matplotlib.pyplot as plt
from scipy.integrate import solve_ivp

# Material constants for 625n36Pb2Ag solder alloy
A 1/s
K

dimensionless
dimensionless

dimensionless
dimensionless
Pa (Elastic modulus)

dd A E A R R R
o
o

# Temperatures in Kelvin
TC=[-55, -25, 25, 75, 125]
T list = [T + 273.15 for T in T_C]

# Simulation parameters

= le-5 # 1/s

al_max = 0.6

= eps_total max / strain_rate

t eps = 10000

t eval = np.linspace(f, t_max, time_steps)

# Define the ODE system
def (t, y, T
=y

al = strain_rate * t
trial = E * (eps_total - ep_p)
x = j * sigma_trial / s

= np.sinh(np.clip(x, -30, 30))

h x = np.maximum(sinh x, le-12)
A * np.exp(-Q R / T) * sinh_x**(1/m)

s star = s_hat * (dep_p / A * np.exp(Q R / T))**n
ds = ho * np. - s/s_star)**a * np.sign(l - s/s_star) * dep_p

return [dep_p, ds]

# Plotting

36

1d Thermal Effects

Why Subtract the Thermal Term?

e Thermal expansion creates strain even without

external forces.

« Without subtracting II6, the model would falsely

attribute thermal strain as mechanical stress.

e Subtracting isolates the true mechanical response

from thermal effects.

—_—

increase of

I e '
—_—

fixed connection

rain without force.
nechanical strains generate stresses.
del physically accurate during heating and cooling.

45
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Strain rate sensit

e Asm — 0, rate insensitive
e Asm — 1, small stress ch/on for the Stress

Material Tensors and Operators

Anand Flow La

o L=2uIl+ (k- mtv 1 ® 1 — isotropic elasticity tensor

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

e u=pu(8), k = k() — temperature-dependent moduli

o II = (3ak)1 — stress-temperature coupling

* a = a(f) — thermal expansion coefficient

e D = sym(Vv) — stretching tensor

* W = skew(Vv) — spin tensor

I = fourth-order identity tensor

1 = second-order identity tensor

ann derivative to ensure frame indifference.
ed by isotropic fourth-order tensor L.

pduces additional stress through II6.

38
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Flow rule

Tensorial Flow Rule (directional form) Plastic Strain Rate (magnitude form)
3T @ = 1/m
Uﬁ — ¢ p _ . . _ % . m
€ Aw WV m@l\»mN@A Nwmv T:EAmmvg
Equivalent Stress Definition Full Flow Rule with Hyperbolic Sine

Q

_ \3 /
D? = thwAlmv TEWAMMV; Aww

=]

27

» Direction given by T".
» Magnitude determined by hyperbolic sine based on & /s.

* 7 represents the effective shear stress computed from deviatoric stress.
* 7= )\WH\ : T is the von Mises Equivalent stress, but is formally defined without yield point
Summary: ¢ Full flow = direction x magnitude.
40

41
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Dissipation Separation: Elasti

Thermodynamic Separation

. Start with Total Dissipation:
D=w—1 >0
where w = T : E° + (C°T) : L?
. Split Stress Power:
w=uw+u"

with:
¢« °*=T:E°
« W =(C°T):L”
. Group Terms with ¢

@ —P)+a? >0

. Apply Elastic Energy Consistency:

=0 = >0

50

yout 2

ggf betwen a®) according to Papers (Citriniti George 2000 for Classic POD,

dial graph)

63
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Reference C

Framework in the Reference Configuration

The free energy v is defined relative to the reference
configuration.

State variables like E¢, 0, g, B, s are used as
arguments of .

Stress is expressed using the second Piola—Kirchhoff
tensor S.

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

Sumi

* In the reference configuration, all energy storage, stre
with reference-frame quantities for consistency and o

52

ayout

in binary files, takes eg m-fft

corrMat, finds eigenvalues

61
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Thermoc
Thermodynamic Quantities

¢ Free energy density:

¢ Reduced dissipation inequality:

p+10 —p 'T:L+(pf) 'q-g<0

e State variables:
ion and Layout

*quQq.@qu%W

with E¢ as elastic strain and s as internal resistance.

e Free energy and dissipatiol
e Stress power naturally split
Summary:  Kirchhoff stress simplifies s

54
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POD Analysis of Turbulent Pipe Flow
M. Raba

Created: 2025-09-15 Mon 12:39
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ivation
Jation, consider the integral:
)™’ (k;m;t)dt.

2. Equations Used t

ith its expansion:

)(kym;t) | ™) (k;m;t)dt.
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2.1. Classic P

The following equations a
nstruction
\ S (k;m;r,7') 8™ (k;m;r')
7/ ﬂ his is incorrect. The necessary use of (factor y) is incorrect
S (k;m;r,r') = lim 1 u(k

T—00 T 0

QHSQﬁ m;t) = \c.Qﬁ m;r,t)d

r
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nstruction

2.2.ClassicPOD . . .
tion is given by

\ P28, (v, yms ) 1!
.

=
Wi (rr'sm; f)
_ v,A:v AS .\.vﬁw\m$ﬁ3 Aﬁ. MU MU QA:V ASW SQA:V Q‘.m m; Hv
) 3 ) n=1 m=0
e

construction can only be recovered by writing for factor > 0.
ap(m;t) = \G?ﬁ r,t)

)0 > aP(mi )@ (r;miw)

n=1 m=0
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2.3. Snapshot POD Equations

1 /7 .
lim — ur (k;m;r, SQAS (k;m;t)dt

T—00 T 0

= & (k;m; 1)A™ (k; m)

R (k;m;t,t') = .\_._Qﬁzﬁ r,t)u* (kym;r, ¢ )rdr
H_, T

lim — ug (k; m;r, £)a™* (k;m; t) dt

=00 T Jqy

= Av%: (k; Swi\/?v@wgv.
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3.2.6 D

The cross-correlation tensor R is defined as R (k;m;t,t') = [ u(k;m;r,
[t x t'] tensor. The n POD n

1 /7 .
lim — ur(k;m;r, )™ (ks
=00 T Jo

82

1=0 Classic

for Rotation Number N = (.0
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4. Result Comparis
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POD S=3.0

v Rotation Number N = 3.0
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4.1. Wm&,ﬂuoc S=0.0

Klassik Rel1700 Velocity W POD ‘or Rotation Number N = 0.0
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4.2. Snapshot-Classic Comparison

Klassik Rel1700 Velocity W POD for Rotation Number N = 0.0

8 Snapshot Rel1700 Velocity W POD for Rotation Number N = 0.0
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6. Recon
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6.1. Reco

Snapshot of u, fluctuation:
o_.a £, AF0Q a6
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