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ABSTRACT

Closed-cell polymer foams are increasingly gaining interest in building industry, thanks to their
optimal balance of thermal and structural properties, and their potential insulation capabilities.
Their low effective thermal conductivity (ETC) is one of the key performance indicators which
make them apt for building insulation. Heat transfer within such foams is primarily driven by
a combination of conduction and radiation. The present work aims to investigate the coupled
conduction-radiation heat transfer within these polymer foams and study the relation between
the cellular morphology and the effective thermal conductivity of these foams. A numerical
model based on coupled Monte Carlo—Finite Volume method is developed to simulate the
multimode heat transfer at the pore scale, in order to predict the effective thermal conductivity.
The in-house developed Monte Carlo code used is an improved version of a general collision
based Monte Carlo formulation capable of solving radiative transport in a multiphase medium
having different radiative properties and optical properties for each phase. The thesis works
begins with the development of a one-dimensional heat transfer model formulated using
multiphase approach (MPA) followed by extension of the model to three-dimensional
geometries. For the pore-scale simulations, three-dimensional representative foam structures
based on Cubic and Kelvin unit cells are computationally generated. A comparison with
experimental ETC measurements on real polymer foams validates the numerical framework’s
performance. Subsequently, the model is employed to conduct a study of the influence of
various foam morphology parameters such as porosity, cell size, foam thickness and wall

thickness on the ETC of the foams.

Due to the high porosity of polymer insulation foams, radiation contribution can become
significant along with the other heat transfer modes. Describing the radiative behavior inside
these foams require the knowledge of the radiative properties. Thus, a parameter identification
method based on coupled Monte Carlo—Particle Swarm Optimization (PSO) algorithm is
developed to predict the spectral radiative properties namely transport extinction coefficient
and scattering albedo using experimentally measured spectral transmittances across the
wavelength range 2.0-16.7 pm. The parameter identification method works by comparing
experimental transmittance measurements obtained for several wavelengths for a given set of
sample thicknesses with numerical transmittances stemming from a numerical model for the

corresponding wavelengths and sample thicknesses used in the experiment. The Monte Carlo



method is employed for inverse radiative analysis to obtain the numerical transmittances and
PSO is used to identify the unknown radiative properties. The PSO with adaptive weighted
delay velocity is implemented to prevent premature convergence and local trapping and ensure
unique solution. The spectral hemispherical transmittances are measured on three cylindrical
samples each for expanded polystyrene and polyethylene foams using Fourier Transform
Infrared spectrometer. A transport approximation is used to simplify the radiative transfer
equation (RTE) which expresses the RTE similar to an isotropic scattering case. The predicted
radiative properties revealed that these foams are strongly dependent on wavelength and have

a highly scattering nature.

Keywords: Closed-cell foams; coupled conduction-radiation; effective thermal conductivity;
Monte Carlo simulation; OpenMPI parallelization; Particle Swarm Optimization; Hot Disk

System; spectral radiative properties
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NOMENCLATURE

G incident radiation (W/m?)

I radiation intensity (W/m? sr)

k thermal conductivity (W/m K)
i unit normal vector

t unit tangential vector

qr radiative heat flux (W/m?)
Geona  conductive heat flux (W/m?)
T temperature

r position vector

X,Y,Z cartesian coordinates

n refractive index

E radiative emissive power

P probability density function

R random number

T transmittance

N conduction-radiation parameter (4:53)
GREEK SYMBOLS

A wavelength (um)

i extinction coefficient (m™')

o,  scattering coefficient (m™)

o  Stefan-Boltzmann constant (5.67x10® W/m*K*)
K absorption coefficient (m™)

®  scattering albedo

Q  solid angle (sr)

€ emissivity

@  scattering phase function

0 zenith or polar angle

o) azimuthal angle

p reflectivity
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T optical thickness

w  non-dimensional radiative flux

ABBREVIATIONS

HPA
MPA
MCM
FVM
ETC
MIR
RTE
PSO
RNG
LCG
PS
PU
PE
EPS
SPMD

Homogeneous Phase Approach
Multiphase Approach

Monte Carlo Method

Finite Volume Method
Effective Thermal Conductivity
Mid-Infrared Region

Radiative Transfer Equation
Particle Swarm Optimization
Random Number Generator
Linear Congruential Generator
Polystyrene

Polyurethane

Polyethylene

Expanded Polystyrene

Single Program Multiple Data
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