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Many colleagues have contributed data, technical advice, and
management assistance regarding foam response modeling:

Terry Aselage, Jim Aubert, Jeremy Barney, John Bentz, Ben
Belone, Ted Borek, Steve Bova, Jo Bridge, Jaime Castafeda, Tze
Y. Chu, Dan Clayton, David Darrow, Dean Dobranich, Kevin
Dowding, Ken Erickson, Tom Fletcher, Nick Francis, Walt Gill,
Kevin Grossarth, Chuck Hanks, Mike Hassard, Gene Hertel, David
Ho, Roy Hogan, Paige Jackson, Robert Kerr, Andy Kraynik, Marvin
Larsen, Shawna Liff, Steve Lott, Jill Miller, Jim Nakos, John
Oelfke, Jack Pantuso, Martin Pilch, Mike Prairie, Mike Ramirez, Art
Ratzel, Anita Renlund, Ed Russick, Brian Rutherford, Thomas
Sanchez, Jerry Stoker, Amy Sun, Kyle Thompson, Paul
Thompson, Steve Trujillo, Scot Waye, and Steve Younghouse.

In 1987, Dr. Smoot set up a 1 hour/week tutorial with Drs. Grant
and Pugmire to teach me lattice statistics. Smoot’s goal was to
predict/publish phenomenology to be confirmed later with
experimental discovery. This work exemplifies Smoot’s goal. @ S
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Introduction
Why Study Removable Epoxy Foam (REF)?
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Circuit board encapsulated in _
REF before (left) and after (right) A Blowing agent/surfactant (BAS)
removal with n-butanol at 90°C B Octamethylcyclotetrasiloxane (OS)

C Mixed products (MP)
D Bisphenol A (BPA)

Describe REF behavior in fires @ﬁgt“iﬂ‘.?a.
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e Chemical Structure
. Lattice Statistics

. . . Diffusion o,
¢ K I n et I C M eC h an I S m Populations in bulk phase . ) Jf)«
Lattice \: s “ “ Q

. Statistics { aSprd

» Mass Transport Resistance e I A
weights in bulk phase { ‘T:’)"

Equioram. |, FOLAD

e Vapor Liquid Equilibrium

condensed/gas mass fractions

Mass
Conservation

* Thermal Conductivity T |17 Ptst

P, Ay, etc. predicted

1= lend
Y

e Data Comparison G

Sandia
National
Laboratories



= o
}‘ Polymer Structure for REF

Repeating Unit (RU)  Model Structure Graphic

Tl :xéx 1
/;L - Dimethyldicyane
% 0?\) | (Ancamine 2049)
/\ \ b L .

Diglycidyl Ether
of Bisphenol A

Pentaerythritol
Triacrylate

Nonyl Phenol

Part of RER

Real lattice approximated with Bethe lattice @ﬁ:t"iﬂ‘:a.
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Lattice Sites

Simplified Site

site - does not have any mass

site - does not include bridge mass "axtended site" - includes half the

"extended site" - includes half the bridge mass from neighboring sites
bridge mass from neighboring sites (Mwsite = 1.5 X MWpyrigge)

Bridge M,, has same composition as polymer @ﬁ:t"iﬂ‘:a.
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A 4

Decomposition Products VLE Species (7)

* BAS (Blowing Agent and Surfactant)

H HaoN » OS (OctamethylcyclotetraSiloxane)
3-mer * MP (Mixed Products)
(344 g/maol) O~

HO 4-mer }::',}-’\
1@1_mer (516 g/mol) « BPA (BisPhenol A)

(172 g/mol) \% jc. e 2-mer, 3-mer, and 4-mer
residue

Nonvolatile Species (3)
N o
* Nonvolatile residue
% e L-mers (5-mer through n_-mer)
o)
S

Species in SREF Model

O
Q HO
/Furan
j”"”%
-mer to co-mer)

/
~Sij- . -
CeF1a 'Si-0, / XL-mers (N,

I II"‘--.

SiCH ..
4 O-$i.
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Foam degrades as either gas or polymer fragment @Sandia



}j SREF Mechanism

S —> pBAS (Blowing Agent and Surfactant, Mwg,s = 120 g/mol)

L 1 —> pOS (Octamethylcyclotetrasiloxane, Mw,4 = 296 g/mol)
L2 —> pl\/IP (Mixed Products , Mw,,, = 140 g/mol)

L3 > Pepa (Bisphenol A, Mwg, = 228 gimol)

Bridge population is the tie back to lattice statistics:

p=(L+Lo+Ls)/ (LygtLl, oty )
@lﬁa%lflriga%ﬁes
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}_‘ Mass Transport Resistance

r=Km(s—5*)

r=ks(s*)

K, = Aexp[(~E £ &0, ) /RT]
km:2D/Sfd*z2€Dm’o( T ) P~

298.15
*
S d

Effective rate constant like parallel resistance @ﬁgt"igﬁa,

Laboratories



’
}.qwstributed Activation Energy Model

“Sorbed Species” Polymer Reactions

1 — 8/8o

|
|
D(€) 1-(¢) |
0 ¢ 0 €

ki:Alexp[(—EiigaEi)/RT]

1-®(¢)

Mimics thermal damage caused by reaction
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‘ Vapor Liquid Equilibrium

A

% wp (330
L)

BAS MP

v&b é MP

Reaction BAS N Sl& - / @, CeF14
kinetics \-’> CeF14 SnCH4 b os| SiCHs 7
/‘ Mp&d? S|CH4
Mass n_., 4 mer 8( BAS VLE ‘%G}%_Ho
transport A-mer < K % $
BPA 2
L0S 2 *4-mer
NV—Carbon L-mer ¥ dmer %, %éf’“’gﬁ
oo NV-OS XL-mer BPA - o o
_ 9 z(K,- 1) NV-Carbon  L-mer
- a ® 1)V o NV-OS  XL-mer
V y. ifP<P. *
— . = 10 Gl _ 7/|P|
L = f (Kvalue i P’yi) i 7/i,oP/Pc,i if P> pc,i Kvalue,i TP

VLE defines the vapor/liquid split () i
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}.‘ Thermal Conductivity

A=+ 3= ) + st

lway+(1-w)a.]

— — (16;33)0']—'3

Pt
$=1-S, (p_p) ----- Qhg = (2/3)(1-)A
0.001 ' ' ‘ '
PP,
a) =
. N
(1_ ¢)pc + ¢p9 C'EJ
5
P, =M, /Vg =
2
p; = do, +(L-P)p, =
. 0.000
P =1
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Properties depend on extent of reaction @Sandia



More Equations and Parameters

oC

oT

Kinetic Parameters

Symbol

OE2
OE3

OE4

Value

1x10"
2x10™
2x10"
6x10"
28.7+1
46.4+1
58.1+1
43.5+1
0.76
2.8
6.6
0.79

Units

Kcal/mol
Kcal/mol
Kcal/mol
Kcal/mol
Kcal/mol
Kcal/mol
Kcal/mol

Kcal/mol

Energy

o .0T a
= A— |+ T,
ot ox Zq' |

OX i—1

Lattice Statistic Parameters

Symbol Value  Units
o+l 3 none
So 0.192 none
Lo 0.104 none
L2o 0.563 none
Lso 0.091 none
Mwgas 120 g/mol
Mwos 296 g/mol
Mwyp 140 g/mol
Mwgpa 228 g/mol
MWny.residue 1000 g/mol
MWy -mer 4000 g/mol
max-mer 10 none

Species

VLE/MT/Physical parameters

Symbol Value Units
P pas 5 atm
Pcos 13.1 atm
Pecwp 52 atm
P sra 28.9 atm

P ¢ nmer 40 atm
a7/ e 1 none
Yio 1 none

P 1 atm
Pto 0.312 g/cc
Pp 1.09 g/cc

Vot cell 0.638 cc

Parameter mean and standard deviation estimated @ﬁ:ﬁﬂﬁau

Laboratories



Comparison with TGA data

Gas Evolution Rates Observations
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Quantitative agreement with data from two labs @Sandia



Predicted TGA Trends
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Similar to measured trends

l
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| 20°C/min, d*/0
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0 Temp., °C 600

Observations

Heating Rate
 Profiles shift to higher T

* Magnitude related to kinetics

Pressure
 Profile shifts to higher T

* Magnitude related to VLE
and diffusion model

* Increasing diffusion
resistance is similar to
confinement effect

» Confinement should be
addressed using change in
bulk gas composition due to
influx and efflux.
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’
P . Constant Volume Hot Cell

Pneumatic .
cylinder Sample Temperature Observations
|1 q T
SR 300¢ * Preload displacement (=2 mm)
"I(_")hé_rmncnuple ol occurred at glass transition
111 &
REF sample i temperature
£l
= » Sample T assumed to be same
| as thermocouple T, actual
S0f l sample may have gradients
L B . « +27% error at 2 h (d*/6=1 cm)

"Unconfined" (d*/6 =1 cm)  "Confined" (d*/6 = 10 cm) « +7% error at 2 h (d*/6= 10 cm)

1001 4 100} i _ _
| — Menpresswe ] | — Mean pressure h » Largest error in unloading
o DR ) P ety (e predton menal) region where reversible
Er Er reactions may occur
sF 5t
alf alr « Confinement should be
i i addressed using change in bulk
' ¥ gas composition due to influx
0r 0r o
. . : . and efflux.
0 Time, hr 3 0 Time, hr 3

Sample size increased almost 2 orders of
magnitude over TGA samples (0.005 g to 0.2 g) @ﬁgt“iﬂ‘.?a.
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Pressurization in a “TUNA” Can

Schematic
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Radiographs Comparison

Radiograph [6]
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Observations

 Measured fronts were dark and
irregular (liquid?)

* T jumps on container sides (orange
arrow) implied channeling of hot
products

* Significant deformation after 8 m
e +5% error at 8 m when d*/8=1 cm
¢ -10% error at 8 m when d*/@= 10 cm

* Confinement affects are different at
different scales (hot cell vs Tuna)

e Confinement should be addressed
using change in bulk gas
composition due to influx and efflux

Sample size increased almost 4 orders of

magnitude over TGA samples (0.005 g to 34 g) @ﬁgt“iﬂ‘.?a.
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i Summary and Conclusions

« Semi-empirical model based on chemical structure, lattice statistics, mass
transport with chemical reactions, VLE with pressure dependent activity
coefficients, and thermophysical properties that change with reaction

* Results were within experimental uncertainty for confined and unconfined
samples ranging in size from 0.005 g to 34 g, a difference of nearly 4 orders of
magnitude

» Despite success, model deficiencies should be addressed
» Effect of confinement (influx and efflux of decomposition products)
» Reactive elastic/viscoplastic constitutive stress/strain model
« Thermal expansion and elastic/plastic response of the confinement
» Better activity coefficient, diffusivity, and thermophysical property models

* Need detailed coupled-physics modeling approach (thermal, chemical,
mechanical, flow, etc.) of both the gas and condensed phases to better
understand polymeric foam response during exposure to fire

@ Sandia
National
Laboratories
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