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Background

Polymer foam encapsulants provide mechanical, electrical, and thermal isolation in engineered systems. When heated, foams thermally decompose and create gaseous
products. In fire environments, a sealed container filled with foam will pressurize and may result in mechanical failure. Accurately modeling organic materials in fire
environments is therefore crucial for system safety analyses, but it is challenging due to complex physics. A finite element model including conservation equations and models
for porous flow, thermal decomposition, and vapor liquid equilibrium (VLE), was developed to simulate the physics of the decomposing foam problem.

Experiments Vapor Liquid Equilibrium Motivation

Upright The use of separate gas/vapor splits for the inverted and upright orientations illustrates the need for a more sophisticated
~ method for determining the phase of the decomposition products. For the temperatures and pressures in question (up to

Sleeve I 800°C and 8 MPa), the mid- and high-molecular weight decomposition products can exist in both the gas and liquid phases.

Encapsulated

The table to the left shows the major
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Molecule Weight Temperature  Pressure Antoine Coefficients decomposition products, along with the
mnemee I C'itical temperatures and pressures. The
The Foam in a Can (FIC) experiments were performed ir Sample Aniline 93 698 4.89 934541  1661.858 -74.048 Critical temperatures and pressures are all
a stainless steel can filled with 320 kg/m3 PMD I \ithin the range of the experiments.
o Propylene glycol 76 624 6.1 11.07936  2692.187 -17.94 5 -
polyurethane foam and containing an embedded meta
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object. Overall can dimensions are 9cm diameter, 6.5crr The graph to the right shows the phase diagram for aniline. The pressure-temperature  '© s 0.8
tall, 0.5mm wall thickness. A radiant heat flux from a @ Pressure in psi curves trace the inverted and upright experiments. They pass through the vapor dome, £ s

H o o : 9 : 1 psi=.007 MP . . . . . . . —_
heater array heats the lid to 800°C at a rate of 50°C/min (s i indicated by the quality, where 1 means the mixture is in the gas phase and 0 means it ¢ ¢
and causes the polymer to decompose and the is in the liquid phase. This means that there will be liquid products as the foam 3 ,
container to pressurize. The experiment is performed in decomposes, which will change the pressure and heat transfer. Including a ~ ,
the upright and inverted orientations. methodology for determining the vapor liquid split will improve the predictiveness of
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R R = = foam Vi The vapor liquid equilibrium model is an addition to the porous media model. The foam still decomposes through a three step
21_§ase/‘ : \\20=220pposit;—23 200 sec mechanism into CO,, high and low weight organics, and char. However, now the mass fraction of organics in the gas and
. . . 800 sec condense are determined through a vapor liquid equilibrium equations. Equilibrium is defined as, for a constant temperature
Temperature is monitored on the top, along the sides, . oy . . . .
and pressure, the change in the Gibb’s free energy is equal to zero. By the Gibbs-Duhem equation, this means that the
and on the bottom of the can as well as on an . . . . : )
. . . chemical potential of the vapor and liquid phases are equal to each other. This leads to two equations: Raoult’s Law and
embedded object. The internal pressure is also Henry’s Law
monitored. Raoult’s Law Henry’s Law The saturation pressure can be solved for through the Antoine
o : B
Liquid sat equation: log;o(Psst) = A ———. Raoult’s law cannot be used
Th i displ h li d f decomposition _ Xyapor,i _ P (T) Xpapor,i _ H;(T) . r+c sat : :

e experiments display the complicated nature o 900 sec oroducts 900 sec K; = . . p K; = . = above the critical temperature, since P;**(T) is no longer defined.
the physics of decomposing foam. The rate of pooling on l‘qul{l’l \ liquid,t \ Henry’s law can be used above the critical temperature, however
pressurl.zatlon in the |nvert9d' cases |§ faster than in heated surface Ratio of the vapor to liquid Ratio of the saturation Ratio of the Henry’s the Henry S Constant’ Wh|Ch IS expe”menta”y measured’ must be
the upright cases due to the liquefaction and flow of mole fractions of the ith ~ pressure of the ith product constant i product  known for the two substances in guestion.
the decomposition products. In the inverted decomposition product to the total pressure u; :zsestc:;al
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orientation the liquid products flow towards the Zl(K —1) Known as the Rachford-Rice
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w, A  ideal gas equation of state is used to relate pressure and density, and Darcy’s : ; E | Pressure does not respond strongly 7 € ol Temperature also does not X |
0 . 0 0 i . P qJ .
%, A equation is used to model advection. In the condensed phase, the species and w ¥ = 20 ptrgjucc*;:nsgaetl:f;aileoc:r;;%se'tr't?ens 5 | respond strongly to a change in Upright
w ~  enthalpy conservation equations are solved, and the gas phase is coupled to = o ; =] propylene glycol with 4- o | decomposition products’ ‘
. . . “ O Q saturation properties.
w P the condensed phase through source terms in the species equations and a w . gm methylaniline has a lower pressure A £ 500/ prop
. . : - - o
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) 550! | 4 ] A 2D model of PMDI polyurethane o to gas. B 600| ]
vs condensed mass fractions. The _ - v , 5 The pressure is 5
© ¥ o’ foam surrounding a block of steel 2 13/ 3
same value was used for both the < o 00¢ , v lower due to X £ 500
= 5 was created. The heating rate was = gl the presence of |-
inverted and upright orientations v 4 © 450 o . . : liquid Upright 400
> ; o 50°C/min. The simulation was run quid
¢ Experiment 8-400 ) ) . 5/ decomposition 300
FOAM p[ 0.11]organicsygn; +[033]char + [0561C0, £ 5 (dashed) | @ using the properties of the major products.
FOAM ;>1034]organicsneavy +[0.66lchar Simulation 3507 decomposition products, where % 200 200 600 800 1000  2%% 200 400 600 800 1000
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In a second callbratlon, separate Time (sec) Time (sec) and phenyl Isocyanate were ’heavy'. Temp[e(l]‘ature Concentration Quality Temp[e(l]‘ature Concentration Quality
values were USEd for the invertEd The graphs to the right Show that [kganiline/maelement] [kganiline/maelement]
and upright orientations, leading to — Upright °>0 ' Upriéht | | | Iy the pressure or the temperature o f;)'gg:rbaetgz'lg;?
better agreement. However, this 2/ =~ | S00H _verted / - are generally independent of the é By 500s, there is
requires prior knowledge of 10} 550} a decomposition product properties. » amount I:(:::he
orientation. In addition, adding to g | Whilehavemore gasphase 4 2500 heated side
the char phase is non-physical = products improves the £ |
p p y . E 6 prediction early in time, it % 450 The addition of the VLE to the 8 As temperature
Upright 2 causes over prediction late in g di ti h 0 increases, more
0 : .
FOAM [ 0.01]organicsygne +[0.43]char +[0.56]c0, £ 4r time. £ 400 porous meadia equations changes '8 gas is formed. It
FOAM k—>[0.14]organicsheavy+ [0.86]char 210 P = 3501 both the pressure and the adV?Cts tohCOC’l?tr
FOAM 2[0.07)organicsneauy + [0.93] char V\Separat'on oceurs temperature predictions. Adding reglons where |
s 0 earlier, similar to | 3001 o condenses. Due
Inverted the liquid phase lowers the pressure | to lack of liquid
FOAM —[ 0.22]organicsygn; + [0.22]char + [0.561C0 experiments 250 . . . Q- H o
0 AM"l[O'%] g ”ght+[0'44] . T ~%0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 early in time, and, in the inverted, 2 ztaaysset?eigz”r;t'if
—|U. orgamcsheavy . cnar Tlme (SeC) Tlme (sec) . . . (@)
k, .
FOAMk—>[O.28]organicsheavy+[O.72]char agrees with the VLE late !n time heated again to
: when all the liquid has vaporized. the gas phase.
o In the inverted
. . 21 case, buoyant
F utu re WO rk The images to the right show the é flow heats the
temperature and the progression o foam more
The vapor liquid equilibrium equations have been successfully implemented into the porous media model, however, there of the creation of the gaseous and e q“'cfr:ye' I‘:,‘:Sij”"f
are still many issues to address. First, unlike the gas phase, the liquid phase lacks motion, meaning that it does not have liquid aniline. The amount of liquid ¢ products are
gravity dependence. Further, the sensitivity of the responses to the material properties outside the vapor liquid aniline varies with temperature, & t“g;)eod t|° 8:;15 by
ops . . . . . . . pe . o S. 1IN e
equilibrium model need to be examined (e.g. the liquid phase conductivity, specific heat, etc.). Even in 2D, the model is where hotter areas are in the gas § S upright, a small
slow, so work needs to be performed to decrease the run time. Once the run time is acceptable, the model needs to be phase and cooler areas are in the H - 1445 5 . amount of liquid . )
. . . . . . 1073 is still present at 300 1073 0 145
tested in 3D so that it can be validated against experimental results at multiple heat fluxes. liquid phase. alliouid) — (all gas) 1000s. il hquid) (ol gas)
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