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Main Equations of Wang’s An

Flow Rule (Plastic Strain Rate)

. 1/m
P = Aexp(—R;QT) [sinh(%)]

Plastic strain rate increases with stress and
temperature.

No explicit yield surface; flow occurs at all
nonzero stresses.

Deformation Resistance Saturation s*

il )
A RT

Defines the steady-state value that s evolves
toward.
Depends on strain rate and temperature.
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Comparing Anand Model Pr«

Observed Behavior

 Top Graph (a): € =107 257!

¢ High strain rate — higher stress

¢ Recovery negligible — pronounced hardening
« Bottom Graph (b): ¢ = 10~*s7?

* Lower strain rate — lower stress at same strain
¢ Recovery and creep effects more significant

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

-55°C

-25°C
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vi

S22 | Applying Anand Model to
ey the Vi i

2.0, Cn

Deformation Behavior of Solder
- | Alloys

Source: Wang, C. H. (2001). “A Unified
Creep—Plasticity Model for Solder Alloys.”
DOI: 10.1115/1.1371781

Case Study: Wang (2

(a)

Applies Ar
Anand's m
transition t
Targets so
connectior

=5
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and its Application to Solder Joints

ite at University of Kentucky

)4-29 Tue 06:39

Source

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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Constants for 60Sn40Pb

Numerical Values

e Sy =5.633 x 107 Pa
* Q/R=10830K

e A=1.49x107 st

e (=11

* m=0.303

e hy = 2.6408 x 10° Pa
e §=8.042 x 107 Pa

e n=0.0231

e a=134

These constants match Wang's paper for modeling
60Sn40Pb viscoplasticity.

12

Relaxed (Intermed
Context for the Relaxed Configuration

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

e |tis introduced to separate permanent plastic effects
from recoverable elastic effects.

¢ All 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.

Sumi

e The relaxed configuration isolates elastic responses «
plastic evolution laws.

25
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itegration scheme Pseudocode

Plastic Flow & Resistance Evolution
6.5* = §(<e@/nr)"

7.5 = holl — =|%sign (1 — &) €”

8. Update: e? (¢t + At) = eP(t) + P At

9. Update: s(t + At) = s(t) + s At
10. Record (Etotalaatrial)

Termination

e Stop when €qgta1 = Emax
e Ploto vse forall 7;

Stress vs Inelastic Strain - 625n36Pb2Ag Alloy (Low Strain Rate 1e-5 1/s)

00 o1 02 03 04 05 06
Inelastic Strain ¢ (dimensionless)

14

Stress Evolution ar
Stress Evolution and Thermal Effects
In the stress evolution equation,
'_V[‘:JL[D—DP]—Hé,
the term II6 represents the stress change that would occur

due to pure thermal expansion alone, without any mechanical
loading.

* Thermal expansion induces st
* Subtracting IT6 ensures only r
Summary: * This keeps the constitutive mo

23
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ne for Anand Model

16

Evolution Equati
Stress Evolution Equation (Rate form of Hooke's Law)
v .
T =L[D - D?] — I1§

(rate-form Hooke’s law for finite deformation
plasticity, with frame-indifference enforced through
the Jaumann rate.)

Jaumann Rate Definition

v
T=T-WT+TW

e Stress rate follows Jaun
¢ Elastic response govern
Summary: * Thermal expansion intrc

21
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Avity of stress m

: (yield)
ange causes big change in strain rate

: Varying $m$

18

Flow

Tensorial Flow Rule (directional form)

Equivalent Stress Definition

3
G=,4/=-T:T
2

 Direction given by T"'.
¢ Magnitude determined by hyperbolic
e 7 represents the effective shear stre

e 5=,/3T': T is the von Mises Eq
Summary: ¢ Full flow = direction x magnitude.
19
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n Constituative Laws
Stress and Power Quantities

¢ Kirchhoff stress (weighted Cauchy stress):
T = (det F)T

¢ Stress power split:
w=w’+w’

e

W=T:E , "=(C°T):L?

mary:

ad relative to the relaxed configuration, cleanly separating

istic dissipation from elastic storage.
symmetrically captures nonlinear elastic strain relative to the

red as an intermediate to compute E¢ from the elastic
oordinates

28

Schematic Variants for .

Part 1 — Chamber and Baffle FEt2=I

Part 4 — Showing perforates (aimed at
fiberglass)

i
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¢ vs Plastic in Anand’s Model

Key Physical Insights

¢ Elastic deformations are recoverable and do
not cause entropy production.

* All dissipation stems from the plastic flow: w?.

¢ Plastic work increases entropy and governs
viscoplastic evolution.

Summary:
The stress power split ensures that the second law
is satisfied by assigning dissipation solely to
irreversible processes.

30
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‘onfiguration
Key Equations in the Reference Frame
¢ Free energy:
¥ =9(E*,6,9,B,5)

¢ Dissipation inequality:

[+ 76— pg'S : E+ (pu8) 'ay - g < 0]

« Constitutive relation:

5%
S=maee

mary:

2ss updates, and internal variable evolution are formulated
bjectivity.

32

Multicomponent Mufi
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lynamics
Stress Power and Kirchhoft Stress

¢ Stress power per relaxed volume:

:;J:(&)T:L
p

¢ Weighted Cauchy (Kirchhoff) stress:

T = (det F)T| or |T= <ﬂ> T
P
¢ Decomposition of stress power:

w=w’+oP

= ‘e

w'=T:E a°=(C°T):L?

1 govern thermodynamic consistency.
s into elastic and plastic parts.
tress evolution accounting for volume changes.

34

Multichamber .
Michael Raba, MSc Candida

Created: 2025-0
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mulation

pproximating muffler walls as fluid at 20 deg C

Loss vs Frequency at 20°C

600 800 1000
uency (Hz)

uffler between 5 Hz and 1000 Hz at 20°C.

44

1. Code Execut
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imulation

5 (0-1000 Hz) Simlab model

1 Loss vs Frequency

!

I

|
AEYA

NN

’ bl \\"m

600 800 1000
Juency (Hz)

46

POD Analysis of T
M. I

Created: 2025-0
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le Download Center

ANSYS Simulation

¢ File: Mark-I-MDF-clearned-data.wbpz
¢ Created with: ANSYS 2023 R2
* 1 Download ANSYS File

48

Refer
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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

Note: These references are foundational texts in muffler ai
schematic development, an
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mponents

al units in mm

105

390

600

Sidlab Components

1. Pipe

= 2. QWT 7.Pipe
3. Pipe 8. QWT
4. QWT 9. Pipe
5. Pipe 10. QWT
6. QWT 11. Pipe

50

Simulated vs Meas!

Measured vs Simulated TL

Simulated vs Measured Insertion Loss - Big Blue Madness
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ayout

in binary files, takes eg m-fft

corrMat, finds eigenvalues
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2.4. Reco

The reconstruc

60— ) ~ > ay(t)ey©)
=

q(r,0,t;2) = q(r,0,t;2) +

Since the snapshot pod implementation is not error-free, the re

q(r,0,t;x) = q(r,0,t; ) + (factor
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yout 2

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

dial graph)
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2.3. Snapshot I

r

1
lim — ur (k;m;r,t)
oo 1 o

= <I>¥Z)(k;m; r))\(")(k; m
R (k;m;t,t') = /u(k;7

r
-

1
lim — uy (k;m;r,t)
oo T Jg

= <I>,(17f) (k;ym; r))\(")(k; m
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it Switches
ns (above) are called, data is stored in sub-structs:

:al flags such as quadrature (simpson/trapezoidal), number of gridpoints,
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2.2. Classic POD

/ 7'1/251',]‘ (r,7'sm; f) 7"

Y — e
Wi (rr'sms f)

= X m, )r24"

——————— e

3 mig) 6" trym,

%mm:[man
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in Code Procedure
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2.1. Classic Pt

The following equations a

/ S (kym;r, ') 8™ (k;m;r')
177

. . 'y — 1li _
S (k;m;r,r') Lim — A u(k

™ (k;m;t) = /u(k;m;r,t)d

”
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nstruction

his is incorrect. The necessary use of (factor +y) is incorrect
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4.3. Klassik

Klassik Rel1700 Velocity W POD i
nl
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ivation
Jation, consider the integral:
)™’ (k; m; t)dt.

ith its expansion:

) (k; m; t)) o™’ (kym; t)dt.
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4.2. Snapshot-Clz

Klassik Re11700 Velocity W POD for Rotation Number N = 0.0

0 100 200 300 400 500 600
1r
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erivation

1 integration, and apply orthogonality,
D (ks m; )™ (k; m; t)dt) .
hat a™ and a®) are uncorrelated

=g,

d there remains only the [ = n term,
(k; m; )™ (k; m; t)dt) .

along with the eigenvalue relationship to simplify the original integral into a

of each mode scaled by its significance (/\(")) .

80

4.1. Radi

Klassik Rel1700 Velocity W POD

@ ms )
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erivation

t)yu* (k;m;r,t’) v dr. This tensor is now transformed from [3r x 37'] to a
10des are then constructed as,

n;t)dt = B (I m; 1) AP (ks m).
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4. Result Comparis
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POD S=3.0

or Rotation Number N = 3.0
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1=0 Classic

for Rotation Number N = 0.0
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i Classic

) for Rotation Number N = 3.0

4 5 6 7

96
6.1. Reco
Snapshot of u, fluctuation:
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6. Recon
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