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OUTLINE

= A bit of history
= FEA s just a tool, you are the problem solver! (Introduction, kind of)

= Our equipment sometimes fails, do we understand why? (The physics behind the
component failures)

= How can we limit/eliminate the failures? (Examples of thermal and structural
optimization via FEA)

= NEW Horizons! (Less mainstream applications of FEA)
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A BIT OF HISTORY...

...about me

= | am a mechanical engineer,

= | am NOT an analyst!

= | have 35+ years of experience in heat transfer
engineering and mechanical design,

= | work in the Mechanical Engineering and design
Group at APS, ANL since September 2000,

= Currently, I am a principal mechanical engineer
working full time on the APS-U project.

Same generation —
-about FEA (deep intra-generational understanding?)

cca 1960

= According to Wikipedia, the origins of FEA can be
tracked to China in the later 1950s and early
1960s where, based on computations of dam
constructions, K. Feng proposed a systematic
numerical method for solving partial differential
equations
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LET THE TALKS BEGIN!
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WHAT IS FEA?

Wikipedia definition:
» The finite element method (FEM) is a numerical technique for finding
approximate solutions to boundary value problems for partial differential

equations. It is also referred to as finite element analysis (FEA). FEM
subdivides a large problem into smaller, simpler, parts, called finite elements.

Autodesk definition:

* Finite element analysis (FEA) is a computerized method for predicting how a
product reacts to real-world forces, vibration, heat, fluid flow, and other physical
effects. Finite element analysis shows whether a product will break, wear out,
or work the way it was designed.

Bran’s definition:

» The finite element method (FEM) is a tool, widely used in the design of

stuff, that can cause you, depending on how you use it, a lot of good or a lot
of harm!
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FIVE COMMANDMENTS OF FEA
P-H-B-M-R!

= Use your tool properly!

— Know your Physics!

— Do your Homework!

— Know the Boundaries!

— Know your Materials!

— Understand your Results!
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FEA COMMANDMENT #1: KNOW YOUR PHYSICS!

Here’s an example of FEA analysis implemented to analyze temperatures
and stresses in the tubes of the furnaces of large power plant boilers

» The Physics!!
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Schematics of power plant and
power plant furnace

Power plants produce electricity converting the
potential energy of steam into kinetic energy in
the turbines and then into the electricity in the
generators

Steam is generated by evaporating water in the
furnaces of the boilers. The generated Steam is
then superheated in the superheaters

The heat needed for evaporation and
superheating is generated by combustion of
fossil fuels

The generated heat is transferred from the
products of combustion to the boiler tubes by

radiation and convection
« Radiation is the primary mode of heat transfer in the
furnaces
» Convection is the primary mode of heat transfer in
the rest of the boiler
Water and steam are convectively heated while

flowing through the tubes
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KNOW YOUR PHYSICS—DEFINE THE PROBLEM!




FEA COMMANDMENT #2: DO YOUR HOMEWORK!

Here’s an example of FEA analysis implemented to analyze temperatures and
stresses in the tubes of the furnaces of large power plant boilers

B w » The Homework!!
e ¥ 2 20 (B) ¥ — Heat is transferred from the products of
mEmlE %W O F(ENE combustion to the outer surfaces of the
i ) ™ furnace tube walls primarily by radiation:
SO VP o » Exact computations possible but very time
e N T T consuming and CFD module is needed,
S R “” o * Luckily, there is plenty of experimental
e - data on radiative heat fluxes in furnaces
— Heat is transferred from the inner
| ‘;e 223245 st surfaces of the furnace tube walls to the
Mo s 1060 o _15100 Wi water running thru them by convection,
Eggfe”gtgssom Steam prod.=430 kg/s| .« . « Exact computations possible and less time
i Eombs = MM | Circ. Ratio.=8:1 consuming than in the previous step, CFD
kil M | | Water mass flow: module still required,
b ¢ £t .|  total=3440kg/s 1§ FRosat e st [T ikt « Numb f . irical £
i VL] | eases S5kl e umber of semi-empirical equations are
Msar | B _| Watervelogityin tubez | w o v rw e wsece available for calculation of convective heat
e N R g e W transfer coefficient from tube walls to the
H = b | water
Sog
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DO YOUR HOMEWORK—QUANTIFY THE PROBLEM!
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FEA COMMANDMENT #3: KNOW THE BOUNDARIES!

In order to start FEA analysis we need the geometry (2D or 3D model)
and the boundary conditions (loads and constrains)

Geometry

» The geometry can be simplified

[~
— Although the boiler furnaces are very
large objects with a relatively complex
geometry, the model used in analysis
o can be very simple
* The boundary conditions for thermal

<

Boundary conditions

analysis ARE simple
— As the heat is transferred from the hot
products of combustion to the tube
walls, almost exclusively by radiation,
B . the heat absorbed by the tube walls
h=15100 W/m?k equals the incident heat
— The cooling is fully defined by the

/ / f}}" coefficient of the convective heat
//fd/ 0. = 206 KW/m? transfer and the water temperature
e
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FEA COMMANDMENT #3: KNOW THE BOUNDARIES!

Be careful when applying boundary conditions!

| Filter: Name - Fal

ter: o 3 &
()jzztmE “ Project -
=] Model (B4) =] -@ Mod;;g(}::
ey § oo
A Coordinate Systems >k Coordinate Systems
i i Connections
/% @gnnections t
A M & Mesh
-2 Stealy-State Thermal (B5) =-./2] Steady-State Thermal (C5) =
/= IntTemperature .,3 Initial Temperature
/A AnalySgsettings 74 Analysis Settings
ﬁ Heat Fl /AL Heat Flux
! - ‘Convection
B Convectiol [ e
£-,/@ Solution ( £,/8 Solution (C6)
/4 solution Information

/31 Solution Inf@gnation

A Temperature B Temperature ~

Details of "Heat Flux”" 7
= Definition

Type [Heat Flux

Magnitude | 2.0622e+005 W/m? (ramped)
Suppressed [No

Details of "Heat Flux"
= Definition

Type [Heat Flux
Magnitude | 2.0622e+005 W/m? (ramp:
Suppressed [No

etails of "Convection”

Details of "Convection”

B Scope
Definition

Type Convection
Film Coefficient 15100 W/m*“C_(ramped)
Ambient Temperature 3105 °C_(ramped)
Convection Matrix Program Controlled
Suppressed No

Definition
Type Convection

Film Coefficient 15100 W/m**C_(ramped)
Ambient Temperature |310.5 °C_{ramped)
Convection Matrix | Program Controlled

310.56 Min

Suppressed No

We can apply boundaries with identical values, and get very different
results if we apply them to different areas of the model!
9 Argonne &

NATIONAL LABORATORY




FEA COMMANDMENT #3: KNOW THE BOUNDARIES!

Very, very careful!

]Filter: Name - <]
Project
B @l Model (B4)
A0 Geometry
- 3% Coordinate Systems
/481 Connections
- A& Mesh
=-,/2] Steady-State Thermal (B5)
w720 Initial Temperature
e 7N Analysis Settings
Lo, Heat Flux

-, Convection
E Solution (B6) 334.52
330.62 {4 Solution Information 330,53

327.28

M Temperature 326.53
323,93

32254

320.59 Details of "Heat Flux" B 318.54
217.25 LG s 314,55
3130 = Definition - 310.56 Min

310.56 Min Type Heat Flux

Magnitui de 2.0622e+005 W/m® (ramped)
S No

Film Coefficient 15100 W/m?*°C (ramped)
Ambient Temperature |310.5 °C (ramped)
Convection Matrix Program Controlled
Suppressed No

= Sometimes errors come from convenience features of the software!
= Even one misplaced load out of fifty can make a significant difference
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FEA COMMANDMENT #3: KNOW THE BOUNDARIES!
Back to Physics, know your boundaries REALLY well!

— BETTER
R RRRR R R R RIRRERY!

358,18
353.85
349.52
345,19
340.856
336,53
3322

327.87

333333
111111
888888

acceptable —

AR
97206 kwim?

9,0,0,

The more accurately our boundaries represent real
loads the more accurate results we will get!
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FEA COMMANDMENT #4: KNOW YOUR MATERIALS!

Yes, MATERIALS!!

T.=371.2°C T T o
Construction A 106 Gr. B 1Cr 0.5Mo
Steel 2

Your best bet

» relatively cheap carbon steel
» higher thermal conductivity
12

T,.x=486.1°C

max

SS 304H
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FEA COMMANDMENT #4: KNOW YOUR MATERIALS!

Thermal Conductivity [W/mK]

60.00
Good for furnaces
50.00

40.00 \
3000 TS —

20.00
10.00
0.00
OO0 0000000000000 00CO0O0O0O0QO0QO0
MM A MEgDOM~ASD MRS NQMS
AN NN T TNN DO O MNMN®000O0
o A106 Gr B s 1Cr-0.5Mo 30455

A material’s properties can define its range of use

13 Argonne &




FEA COMMANDMENT #5: UNDERSTAND YOUR
RESULTS!

Do the cross-checking!

NRWNNNN0 AR RRRRRIRRRRE

Outline L}

- QOutline 7
JF'“EE Name - [ -
& & Model (C4) Ll ]fllter: Name v
- @ Geometry B @l Model (E4) -
-2k Coordinate Systems /& Geometry 18
: ) -4 Coordinate Systems
-8 Connections :
. Mesh -8 Connections
347.35 /8 Mes %1 Mesh
244 B- /= Steady-State Thermal (C5) &-,/2] Steady-State Thermal (ES)
340.66 /20 Initial Temperature /= Initial Temperature
gggg% 74 Analysis Settings = -, A Analysis Settings
33062 o T, Heat Flux 8, Heat Flux 3
327.28 - J Convpctign /B Convection
323.93 E|¢. Solu (c6) <o, Heat Flux 2
giggg (4] Solution Information /% Heat Flux 3
3139 s B, Heat Flux 4
310.56 Min L =-/& Solution (E6)
l ; ‘., [F] Solution Information | e
/@ Temperature
Details of "Reaction Probe” 2 ‘.. 4 Reaction Probe -~
Definition - 4 | I | »
Options B Detalls of "Reaction Probe” R
Result Definition p
= Maximum Value Over Time = =1 Options ]
Heat |—1.3073e+005 W Display Time |End Time
= Minimum Value i Resul =
Heat -1.3073e+005 W =l Maximum Value Over Time H
Information - -1.3221e+005 W
=I| Mini Valus i
Heat | |-13221e+005w | |
Information

= From the Homework and the boundaries:

Qinc= 300kW/m?2ms q,= 206 kW/m?

Q,=130.4 kW/m? = |130.7 kKW/m?| =~| 132.2 kW/m?

S,=0.633 m?
14 Argonne &
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FEA COMMANDMENT #5: UNDERSTAND YOUR

RESULTS!

Understand the effect of the boundaries!
» | oads and boundary conditions:

J Filter:  Name -
B Static Structural 1 (15) (35) ~
‘/:'fi Analysis Settings
ﬁn Pressure
s W Fixed Support
A Displacement
Imported Load (I6) W

3.2916 Min

v
J: Static Structural
Displacement
Time: 1.5
8/25/2016 2:21 PM
z X

. Pressure: 16.5 MP:
. Fixed Support
Displacement

5ii

|

Uniform pressure on the inner tube walls
(representing the hydrostatic pressure of
the water flowing through the tubes)
Previously computed temperature
distribution

Fixed support applied to bottom surfaces
(representing the supportive action of the
lower portion of the furnace wall)
Displacement Dx=0 applied to two end
surfaces at each side of the model
(representing the neighboring parts of the
furnace wall)

= Computed stresses:

Smax= 2642.6 Mpa,

10x the Sy for the material

The maximum stress levels are on the
bottom surfaces

The bottom surfaces are unrealistically
constrained as fixed surfaces can’t
thermally expand!

Argonne &



FEA COMMANDMENT #5: UNDERSTAND YOUR
RESULTS!

Understand the effect of the boundaries! - continued

B, /=] Static Structural 4 (L5)
vl Analysis Settings

ﬁ.\ Pressure

b S, Displacement
----- Imported Load (185)
==

|Dr|

» | oads and boundary conditions:

— Uniform pressure on the inner tube walls

— Previously computed temperature
distribution

— Displacement Dx=0 applied to two end
surfaces at each side of the model

— A weak spring option in the analysis is
turned on to prevent rigid body motion

» Computed stresses:

— Spa— 703 Mpa

— Max. computed stresses are 3x the s,
for the material

— Max. computed stresses are in the
areas where the membrane fins are in
contact with the tubes

— The elimination of the ability for walls to
expand in x direction (Dx=0) is too
restrictive

Weak Springs

16 Argonne &




FEA COMMANDMENT #5: UNDERSTAND YOUR

RESULTS!

Understand the effect of the boundaries! — (even more) continued

J Filter:  Mame A
E,{=] Static Structural 2 (F5) "
o8 Analysis Settings

Wa W Fressure

0.49133 Min

17

» | oads and boundary conditions

Uniform pressure on the inner tube walls
Previously computed temperature distribution
Displacement Dx=0 applied to only one
surface (the structure can expand in that
direction)

Displacement Dy=0 applied to the bottom of
the model (the structure can expand in that
direction too)

Weak springs turned on

= Computed stresses

Smax— 196 Mpa,

maximum computed stresses are 0.6x the s,
for the material

Maximum values computed on the inner
surface of the tubes on the heated side
Eliminating the expansion restrictions created
more realistic boundaries and results

Argonne &



FEA COMMANDMENT #5: UNDERSTAND YOUR
RESULTS!

Analyze results in the full context of your engineering problem!

= Always analyze your results
having in mind all aspects of
the problem,

» This is particularly important in
the coupled analyses,

. = In the shown example of
w=g  coupled thermo-mechanical
£ analysis

3726

o — Stress analysis indicates that the
e inner surface of the tube can locally
= have stresses up to 30% higher

4,00E+008

than the outer surface,

— However, inner surface is at 80 °C
30024006 ] lower temperature in the same
- ] area, and
2,50E+008 .

; — Temperature dependent yield
2008008 5— g =200.9 MPa = strength of the tube material
1.somsone L s, =149.4 MPa |nd|cate_s that outer surface could

' be plastically deformed!

3,50E+008

o (Pa)

1,00E+008 " r T T
0 100 200 300 400 500

Temperature (°C) 18 Argon ne °




FEA STAND FOR DEUS EX MACHINA

ARE THE ONE WHO SOLVES THE PROBLEM!
MAKES MISTAKES!

= FEA MIGHT MAKE YOUR MISTAKES LOOK SEXY BUT

THE MORE YOU ARE PREPARED, LESS MISTAKES YOU WILL MAKE!

YOUR RESULTS!ITHE MORE YOU STUDY-THEM, EASIER' WILL BE TO CATCH THE
MISTAKES!

QUESTIONS?
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