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ABSTRACT
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foundation.

A FORTRAN based model for the radiative transfer inside the cavity reactor has
been developed. The cavity reactor consists of a closed horizontal cylinder (cavity) with
an opening (aperture) and a number of horizontal tubular absorbers at the
circumference of the cavity. An in-house collision-based Monte Carlo is used to optimize
the aperture diameter. Two separate models are used to trace the rays from the solar
simulator until they are either absorbed inside the cavity or leave the cavity through the
aperture. Vegas is used to trace the rays originating from the solar simulator to the
aperture of the cavity reactor. An independent collision based Monte Carlo ray tracing
(MCRT) model has been developed to trace the rays from the aperture of the cavity
reactor until they either get absorbed inside the cavity or leave the cavity through the
aperture. Significant re-emission occurs at higher temperatures. Re-emission from the
cavity surface and the absorber surface is also accounted for. A lattice Boltzmann
conduction code developed at University of Florida is used for the conduction modeling
in the absorbers. A zero-order Arrhenius-type chemical rate law is used to accounts for
the heat consumption due to endothermic reaction inside the absorber. The finite
difference (FD) method is used to model the 3-D conduction at the cavity surface. The
MCRT model, FD code and the lattice Boltzmann model are coupled together to obtain

the steady state temperature profile and the heat flux distribution in the absorbers and



at the surface of the cavity. The study state temperature and heat flux distribution is

obtained for multiple energy input level.

A participating medium Monte Carlo ray tracing (MCRT) method is employed to
trace the rays inside the porous medium of the reactor. Emission from the reacting gas
inside the reactor is negligible due to the short length-scales of the porous structure.
Anisotropic scattering is taken in account for the radiation modeling. Due to
comparatively large particle size (around 100 micrometer) of the porous medium,
geometric optics is used to determine the extinction coefficient of the participating
medium. MCRT is more accurate as compared to other radiation models but it is also
computationally more expensive. Due to the large optical thickness of the medium a
simpler radiation model, the diffusion approximation is then used. The diffusion
approximation provides strongly temperature dependent radiative conductivity, reducing
the radiation problem to a steady state diffusion problem. The diffusion approximation is
not accurate near the boundaries. So the more accurate P;- approximation is used. It
further reduces the computational time as compared to that of MCRT at the same time,
increases the accuracy compared to that of diffusion approximation. The P;-
approximation is a first order accurate spherical harmonic method. Each of these
models is used individually with the finite volume conduction model. A comparison of

these three models is carried out.



Nomenclature

A = surface area of the enclosure (m?)
E, = Activation energy should be experimentally determined (kJmol*)

dF = generlized radiation exchange factor between

dA —>dA
surface elements dA and dA
h = Specific enthalpy of the reactants or products (kJ kg ™)
h = Heat transfer cofficient (Wm7?K™)
I, = Modified Bessel function of the first kind
J,,J; = Bessel function of the first kind and
order 0 and 1 respectively.
K, = Modified Bessel function of the second kind

v

k = Thermal conductivity of the material (Wm™K™)

k, = Pre-exponential factor (kg m'zs'l)

T(?) = surface temperature at location ? (K)
q(?) = local surface heat flux at location ? (Wm™)
r = Radius of the back plate (m)

Io,0, = VOlumetric reaction rate (kg m’s™)
L = Thickness of the back plate (m)
= length of the cylindrical part (m)

g(r) = total hemispherical emittance of the surface at r
|, =radiative energy flux per unit solid
angle and wavelength

x, = absorption coefficient
I,, = black body intensity
S, = extinction coefficient
® = phase function

o,, = scattering coefficient

G(r) = incidence radiation

o, = single scattering albedo

A = Asymmetry factor
7 = optical thickness
V..., = Volume of void space

void
\Y = Volume of particles

particle



WINDOWLESS HORIZONTAL CAVITY REACTOR MODELING

Introduction

Solar thermochemical fuel production using metal/metal oxide cycle is a two-step
process. The first step consists of the oxidation of a metal, typically using water to
produce hydrogen and the second step consists of the thermal reduction of the metal
oxide. This second step is highly endothermic, requiring significant energy input at high
temperatures [1]. Concentrated solar energy is used as the energy source for thermal
reduction [2, 3]. Denoting M as the used metal and MO the corresponding metal oxide,

the reduction and oxidation steps cab be represented by
Reduction Step MO iti2e0 = MO reiiced + O, (1.1)
Oxidation Step MO.,.yeeq + H,O = MO0 + Ho (1.2)
The corresponding reaction equations for Fe3O4/FeO are given by [4]
Reduction step
Fe,0, — 3FeO +(1/2)0, , AHS,. =319.5 k] mol™ (1.3)
Oxidation step
3FeO +H,0 — Fe,0, +H, , AHS,, =—33.6 k] mol™ (1.4)

By reducing operating pressure of the reduction process, reduction temperature lowered
due to LeChatelier's principle [4]. For the Fe;O4/FeO redox pair at 10 bar operating
pressure, thermal reduction temperature falls below to 1500 °C [5]. Steinfeld et al. [6, 7,

8] used horizontal cavity reactor with a quartz window for solar thermochemical fuel



production. They directly irradiated the reactant particles leading to an efficient energy
transfer. The aperture window must be kept clean and cool using constant gas-flows.
Also scaling up refractory windows is extremely challenging, making windowed reactors

undesirable for commercial processes.

Absorber

Insulation

Absorber

Aperture

Fig. 1.1 Schematic layout (front view) of Fig. 1.2 Schematic layout (side view)
the windowless horizontal cavity reactor.  of the windowless horizontal cavity
reactor.

In the present work, a windowless horizontal cavity reactor (Fig. 1.1) is considered. The
windowless horizontal cavity reactor consists of an insulated horizontal cylinder (cavity)
with a small opening (aperture) and a number of tubular cylinders (absorbers) at the
circumference of the cavity. The cavity allows multiple reflections of the rays so that the
behavior of the cavity closely resembles that of a black body. Due to multiple reflections
inside the cavity, the apparent absorptance of the cavity increases as compared to the

actual absorptance of the cavity material [9, 10]. The reactants inside the absorber are



indirectly heated by the solar radiations. Low pressure inside the absorbers is created

using a vacuum pump.

Melchior et.al [11] performed a Monte Carlo ray tracing analysis of a vertical cavity
reactor for diffusely/specularly reflecting walls, containing single tube and multiple
tubes, and a selective window and a windowless aperture. In the vertical cavity reactor,
a large fraction of radiations hit the cavity walls leading to low efficiency of the reactor.
In the current design, absorbers cover the periphery of the cavity to facilitate maximum
radiations hitting the absorbers rather than hitting the cavity. In their work, Melchior et.al
did not stimulate the heat transfer inside the absorbers. Rather, they considered the net
power absorbed by the reactor as a parameter and calculated the energy transfer
efficiency based on the variation of this parameter. In contrast, the current analysis
involves the development of a coupled model in which radiation model is integrated with
the lattice Boltzmann model, accounting for the conduction inside the absorbers and the

reaction rate of the reduction process.

In lab-scale experiments, the University of Florida high flux solar simulator will be used
as the radiation source. Radiative transfer from the simulator to the reactor is modeled
using the Vegas Monte Carlo ray tracing code. Then, the aperture diameter is optimized
using the Vegas [12] code. A collision based Monte Carlo ray tracing (MCRT) model is
used to further trace the rays from the aperture of the cavity until either they are
absorbed inside the cavity or escape the cavity through the aperture. Re-emission from
the cavity surface and absorbers surfaces is also considered. The radiation model is
coupled with the lattice Boltzmann model (LBM) to obtain the temperature profile at the

absorber surface. The LBM accounts for the conduction inside the porous medium of

9



the absorber. A zero-order Arrhenius-type rate law is considered to account for the heat
sink term due to the chemical reaction inside the absorber. The finite difference method
is used to solve the unsteady state 3-D conduction at the cavity surface. Losses due to
re-emission and convection from the cavity surface are also considered while solving for
the temperature profile at the cavity surface. The radiation model, the cavity conduction
code and the LBM are coupled to obtain the steady state temperature profile and the
heat flux at the absorber and the cavity surface. Temperature and heat flux profile at the
surface of the absorber is obtained for multiple energy input. The maximum temperature
achieved at the absorber surface is 2557 K for a 5 KW energy input. This temperature is

sufficient to carry out the magnetite thermal reduction process.

1.1 Radiation model

The schematic layout of a windowless horizontal cavity reactor with absorbers at the
inner periphery is shown in Fig. 1.1 and Fig. 1.2. Ideally, the absorbers should be
touching each other so that incoming rays will not hit the cavity walls. However, some
clearance must be left between the absorbers due to manufacturing limitations. The
Vegas code is used for optimizing the aperture diameter. The fraction of the incident
radiations at the aperture from the solar simulator varying with the diameter of the
aperture is shown in Figure 3. As the size of the aperture increases, the fraction of
incident radiation admitted into the cavity increases; however with increased aperture
size, the radiation losses through the aperture also increase. Due to a part of radiations
absorbed at the solar simulator mirror surfaces, incident power at the aperture never
converges to 1. Approximately 75% of the solar simulator output radiative power is

incident at a 5 cm diameter aperture. For a 10 KW reactor, 5 cm diameter aperture

10



provides the required incident heat flux at the aperture from a solar simulator of 13.3
KW output power. Rays from solar simulator are traced up to the aperture using Vegas.
The MCRT code is used for further tracing the rays until they either get absorbed inside

the cavity or escape through the aperture.

For a non-participating medium and assuming a refractive index of unity, the radiative
heat flux leaving or going into a surface, using MCRT, is governed by the following

equation.
. . 4y ; agp dFdA’—>dA '
q(r)=e(r)oT (r)—jg(r )oT (r)TdA (1.5)
A

The first term on the right hand side of eq. (1) represents the emission from the
cavity/absorber surface at location r and the corresponding temperatureT(r). The

second term represents the fraction of energy originally emitted from the surface atF,

which eventually absorbed at location .

Each ray is assumed to carry same amount of power. The power Q_ carried by each

ray from the simulator is given by

Qin ut,simulator
Qray = ’\IJIL—“ (16)

ray,total

The cavity and the absorber surfaces are assumed to be diffusely reflecting / emitting.
The cavity surface and the absorber surfaces are divided in small elements of equal

area.

11
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Fig. 1.3 Variation of fraction of
transferred power from the solar
simulator to the aperture with increase in
the aperture radius.

The number of rays re-emitted by absorbers and the cavity surface are given by

4
80'T i,cavitydA N

i,cavity = Q ray,total
cavity

N

4
_ eol i,absorberdpﬁ

i,absorber — ray,total

Qabsorber

Where

n
4
Qcavity = Zé‘GT i,cavityAA
i=1

12

(1.7)

(1.8)

(1.9)



and Qabsorber = Z 6'O'T 4i,absorberA'% (1 - 10)
i=1

The lattice Boltzmann method (LBM) [14] is used for the calculation of the heat transfer
inside the absorbers. The absorber heat flux calculated using MCRT is provided to the
LBM to obtain temperature profile of the absorber. Due to multiple number of absorbers
used in the simulation, an average heat flux approach is used to reduce the
computational time of simulation. A FORTRAN based finite difference code is
developed to solve the 3-D conduction within the cavity surface. The temperature profile

for the cavity surface is obtained by using cavity conduction code.

1.2Chemical reaction rate

The reduction of iron oxide is an endothermic reaction. The heat of the reaction is given

by
q;'hem = rl—:;aso4 (SﬁFeO + OSHO2 - I'_TFes,OA) (111)

A zero-order Arrhenius-type rate law [15, 16] is used to model the reaction rate.

Ak -E
r =0y a 1.12
0, =5 IO( RT] (1.12)

1.3Cavity Conduction

The horizontal cavity reactor is divided into three parts front plate, back plate, and the
horizontal cylindrical (as shown in fig. 1.4). The finite difference approach is used to
solve the unsteady state conduction equation for the different parts of the cavity. Due to
the geometrical complexity of the front plate, 1-D unsteady state heat conduction is

assumed. For the back plate and the horizontal cylinder part, 3-D unsteady state heat

13



conduction is solved. The Cylindrical part of the cavity interact with the front plate and
back plate. Coupling of the three parts is done assuming perfect surface contact

between each part.

The governing equation for a 3-D unsteady state conduction in cylindrical coordinates

for no heat source term [17] is given by

10 oT 1 0(,0T o(, 0T oT
——|K— [+ 5 —|K— |+ —| k— |=pCc—
ror or r<op\ op) oz\ 0oz ot

r_cavity T i\ ¥

Fig. 1.4 exploded view of the windowless horizontal cavity reactor

Boundary conditions

Cylindrical part

BC)]_ @ r= rcavity —k aa_T — _q" n 8O'T4(r)
r
BC)2 @ r=reca kI _h T T*
2 cavity_o — E = (I'(r) — ambient) + 0 (I’)

BC); 27 periodicity boundary condition in the ¢ direction
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T(9)=T(p+2m) and
ary _at
op|, Op

o+27
In the z-direction cylindrical part interacts with the front plate and back plate.
Coupling conditions (cylindrical part with front plate and the back plate)

Perfect contact between different parts of the cavity is assumed. The boundary
conditions for the interaction of the front plate and the horizontal cylinder part of the

cavity is given by

BC)ep1 @z=0 and r_. <r<r,

— “cavity_o

or

oT
Tcyl (Z) = Tfp (Z) and E oz

cyl fp

Boundary condition for the coupling between back plate and horizontal cylinder part is

given by
BC)CpZ @ Z= Lcy| and rcaVity srs rcavity_o
oT oT
Tc (Z) =T (Z) and —| =—
yl bp oz y o2 .
Back plate
BCq @r=0 T > finite
= oT ,
BC)2 @ = rCaVity_o —k E = h(r(r) _Tambient) +eoT (r)

15



BC)s @z=0and o<r<r,, kI =—q"+e0T*()

BC)s @ z = Lup —ké;—-lz-z NT (@) =T, ) + 60T (2)

mbient
BC)s 2z periodicity boundary condition in the ¢ direction

T(p)=T(pt2m) and
ary _ar
op|, Op

p+27
Front plate

Due to complexity of the front plate geometry, 1-D unsteady state conduction is

assumed. The governing equation for this case is given by

B (k aT(z)j e

oz\ oz ot
BC), @z=0 and < k oM _ g T*
1 raperture sr< rcavity - E =—Qq +éeo (Z)

or

BC). @z=Lgy E_O

1.4Validation of the cavity conduction code

A 2-D steady state conduction problem (no ¢ dependency) for the cavity cylinder is

solved analytically. The analytical solution is used to compare the simulation results

from the cavity conduction code.

16



The governing equation for 2-D steady state conduction in cylindrical coordinates for no

heat source term [17] is given by

}g(rk 8T(r,z)j+g[k aT(r,z)j ~0
ror or 0z oz

Boundary conditions

Cylindrical part
BC): @r= F'cavity T(r) ZTO

oT

BC), @ r = reavity _kE =h(T(r)-T

ambient)

o

Back plate

BC), @r=0 T — finite or 2—-::0
BC): @ = Feaviy.o K S =T ()~ Ty
BC); @z=0and o<r<r,, T(@)-=T,

BC)s @ z=Lyp —kz—z =h(T(2) = Typient)

Front plate

The 1-D steady state conduction is assumed for the front plate. The governing equation

for this case is given by

17



i(kmj:o
0z 0z

BC): @z=0 and r_ .. <r<r T(z)=T,

rture cavity

BC). @z=Lgp —=0

Coupling conditions

A perfect contact between different parts of the cavity is assumed. The boundary
conditions for the interaction of the front plate and the horizontal cylinder part of the

cavity is given by

BC)epr @ z2=0 and r_. <r<r

cavity o

Tcyl (Z) = Tfp (Z) =To

Boundary condition for the coupling between back plate and horizontal cylinder part is

given by

BC)ep2 @ z=Ley and Feavity < T < Tonvity o

Tcyl (Z) = pr (Z) = To

Analytical solutions based on the above governing equations and boundary conditions

are given below

18



Horizontal cylinder

I,(4,a)

0 .
5():;% sin(4,2)(1,(4,r) - KL )K o(A1))
Where
. (G
" Loy K l,(4,2) _1,(48) ’
A AL+ R KGN +(1,(A0) =8 CEEKL(,0)
Eigen values are given by
A= n=1234....
HZT_TO ’00 :To _Tambient’ a=Tiy and b= Feavity o

Back plate
2y (eosh(f,2 - (AL i JD, 300
0, mdwzh) OWAUﬂ%ﬁmwmu " 3,(Bab)
Where

Eigen values are given by

Jo (BD)
J1(8,b)

h
ﬁm_E

19



and b=r

cavity_o

O=T-T, ,0,=T,-T

ambient ?

Front plate

T=T,

In figs 1.5 and 1.6, a comparison of contour lines for the analytical solution and the
modeling result for the horizontal cylindrical part and the back plate part of the cavity

respectively, is shown. The modeling result shows the conformity with the analytical

solution.
—~ 020 \J 0.1
G
0.28} -
2 S 0.08
,U S’
w0
£ .26} @
> = 0.06F
g ~d
> .
T 024} =
— 0.04}
E 2
= =
S 0.22f 2,
.E ,MU 002'
S =
T ool . . ] /A . | |
0. ol 02 0.3 0 0.1 02 0.2981
Horizontal cavity length (m) Back plate radius (m)

Fig.1.5 Comparison of analytical Fig.1.6 Comparison of analytical
solution (solid contour lines) and the solution (solid contour lines) and the
modeling result (dotted contour lines) modeling result (dotted contour lines)
within the horizontal part of the cavity.  within the back plate part of the cavity.
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1.5Process flow diagram
Figure 1.7 describe the process flow for the coupled model consisting of MCRT

model, cavity conduction model and LBM.

Start

y

Calculation of heat flux, from solar simulator, at

the cavity surface and the absorber surface using
MCRT model.

q:avitv,sim ’ qabs,sim,avq

Final heat flux after re-emission from absorber
surface and the cavity surface. (for the first
iteration re-emission flux from the absorber and the
cavity is zero.

qcavity = qcavity,sim + qcavity,reemission

qabs,avg = qabs,sim,avg + qabs,reemission,avg

Calculation of the absorber average surface
temperature and the cavity surface temperature
using the LBM and the cavity conduction code
respectively.

Re-emission from absorbers and the
cavity, using MCRT model, based on
the temperature profile obtained from
the LBM and the cavity conduction

code. l/

No

AT.

iteration

<&

Fig. 1.7 Process flow diagram for the cavity coupled model
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1.6 Results

Figure 1.8, shows the steady state average temperature distribution of the absorber

inside the cavity for a 1.25 KW solar simulator power input.

0.3 T (K)
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0(°)
Fig.1.8 Steady state temperature

profile at the surface of the absorber
(max T= 1550 K).
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Fig.1.9 Steady state heat flux profile at
the surface of the absorber.

The maximum steady state temperature reached in the cavity is 1550 K. There some

high temperature regions at the absorber’s surface. In most parts of the absorbers the

surface temperature lies between 1200 and 1250 K. Fig 1.9 shows the steady state heat

flux distribution at the surface of the absorber.

22



03 T(K) o q (W/m?)
= 2400 B . 10°
=025 :

- 2200 = :
= 0
a0

2000 = 02
§ 0.2 E ‘ 0
= 1800 g
g o5 fn: 0.15 4
= 1600 3
Z ol = 0l -2
= 1400 < ‘

0.05 1200 0.05 -3

1000 0 el S | -4

0 100 200 300 360 30 300 360
0(°) 0()

Fig. 1.10 Steady state temperature profile Fig.1.11 Steady state heat flux profile at
at the surface of the absorber (max T= the surface of the absorber.
2557 K).

In figure 1.10, steady state temperature distribution at the absorber surface is shown
for a simulator power input of 5 kW. The maximum temperature reached is 2557 K.
Absorber surface temperature increases with the increase in the power input. For the
Fes;0, reduction process (eq. 3) around 1500 °C temperature is needed at 10 bar
pressure, which can be achieved by using high input power of the simulator. Figure 1.11
shows the steady state heat flux profile at the surface of the absorber for 5 kW power

input.
Conclusion

A radiation model has been developed for a windowless horizontal cavity reactor.
The Vegas code has been used to optimize the aperture diameter of the cavity. A cavity
conduction model has also been developed for a 3-D unsteady state conduction at the

cavity surface. The lattice Boltzmann model developed at University of Florida has been

23



used for conduction modeling inside the absorbers. These models have been integrated
together and used for investigating the effect of reactor length and diameter on the
steady state temperature and flux distribution at the surface of the absorber. Except
some regions of the absorber surface, temperature distribution is found to be uniform.
The maximum temperature reached is 2557 K for a 5 kW solar power input. In future
studies, the effect of different lengths and diameters of the cavity on steady state

temperature distribution and flux distribution will be considered.
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RADIATION MODELING IN A PARTICIPATING MEDIUM

Introduction

Radiation is the predominant mode of heat transfer in many high temperature
engineering applications [18]. Particularly in porous materials or media containing
particulates radiation heat transfer [19,20] plays an important role. Fluidized beds,
packed beds, catalytic reactors, combustors, soot and fly ash, sprayed fluid, porous and
reticulate ceramics, microspheres and multilayered particles are typical applications of
porous media [21]. For the purpose of radiation modeling, only the porous matrix is
considered as a participating medium. The reacting gases are ignored in modeling since

they contribute less than 5 % to the radiation heat transfer [22]

The Monte Carlo ray tracing (MCRT) in a participating medium is used for the radiation
modeling. In classical MCRT, photon bundles are traced until they are absorbed inside
the system or lost to the surroundings [23]. MCRT can handle any arbitrary geometry of
the system. For large numbers of photon bundles MCRT results converge towards the
exact solution. MCRT can be used easily to solve non-gray, non-isothermal and
anisotropic problems [23]. However, due to the statistical nature of MCRT model, a
large sample of photon bundles needs to be traced, making it computationally

expensive [13].

The diffusion approximation is an efficient alternative method, which can be easily
applied since the porous matrix considered is an optically thick medium. It is a simpler

model and computationally less expensive [13]. The radiation heat transfer inside the

25



optically thick porous media is due to local emission and absorption of the thermal

radiations [24] thereby justifying the use of diffusion approximation.

One major drawback of diffusion approximation is the inaccuracy at the system
boundaries [25]. The P;- approximation, a first-order spherical harmonics method, is
used to counter the deficiency of the diffusion approximation. In the P;-approximation,
the integro-differential radiative transfer equation is converted to a set of partial
differential equations [13]. These partial differential equations can be solved by
employing the common numerical schemes. This method is computationally less
expensive compared to the MCRT method and is more accurate at the boundaries than

the diffusion approximation method.

The Radiative properties of the porous media are determined using geometrical optics
for large particles [13]. An experimental specimen is used to determine the particle
volume fraction of the porous medium. Linear anisotropic scattering is assumed inside
the porous medium. Boundaries are assumed to be perfectly insulated and diffusely
emitting/reflecting. All the above models are then individually integrated with the
conduction model developed by Li et al. [14]. Since MCRT is the most accurate of the
methods considered; a comparison of the diffusion approximation and the P;-
approximation with the MCRT is performed. Figure 2.1 shows the schematic layout of

the porous medium considered for the study.

2.1Monte Carlo Ray tracing model
A Monte Carlo ray tracing (MCRT) method for a participating medium is used for the

radiation modeling in a porous medium. A participating medium emits, absorbs and
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Fig. 2.1 Schematic layout of the porous matrix inside the reactor.

scatter radiations. The Radiative heat transfer in a participating medium is govern by the

following equation (RTE) [13]

dl o, . A A
d_sl:,()]m—ﬂllﬂ+4—;£[Ii(si)®(si,s)d£2i, (2.1)

The first term on the RHS of above equation expresses the augmentation of intensity by

emission. The second term expresses the reduction of intensity by extinction. The last

term quantifies augmentation by in-scattering, where the phase function @®(§,,8)is the

probability that a ray is scattered from direction §, into direction§. The porous medium

(fig. 2.1) is discretized into smaller sub-volumes. Each sub-volume is supposed to have

constant radiative properties. The divergence of heat flux is given by [23]

v, =[x, (4xl, - [ 1,dQ)d2 (2.2)
0 Ax
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The porous matrix is assumed to be nongray, absorbing, emitting and linear
anisotropically scattering participating medium. The medium particles are assumed to
be opaque and spherical in shape - a reasonable assumption for irregularly shaped and

randomly oriented particles [19].

2.1.1 Random number relations
The point of emission from the surface of a sub-volume is given by

In the r-direction r=r+9Rdr (2.3)

In the z-direction ~ z=1z +%Rdz (2.4)

Where R is the random number between 0 and 1.
The emission direction of the ray from the emission point is given by

Azimuthal angle w=27R, (2.5)

And polar angle 0 =cos " (1-2R,) (2.6)

By using the above random number relations for azimuthal angle and polar angle, the
direction cosines can be used to obtain the direction of the emitted ray. The photon
bundle emitted is traced until it is absorbed inside the medium or leaves the boundary.
The emitted photon bundle is not absorbed and allowed to move further until the below

criterion is satisfied.

S I
: 1
ds ds = In(— 2.7
!Kz < ‘([Ka (%K) (2.7)
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S

Where I’%ds = chﬂksk (for k sub-volumes of constant
0 k

absorption coefficient). The photon path length (I, ) is given by |, =iln(mi) .
Kﬂ K

Similarly for the scattering, the distance a ray travels before getting scattered is given by

s |
t 1
o, ,0s < |o,,ds = In(— (2.8)
‘([ 'ﬂ ! ll (SRO')

Where | L In(i)
O-sl SRO'

The azimuthal angle and polar angle of the scattered ray for linear anisotropic scattering

is given by
Azimuthal angle y, =27 R, (2.9)
1 Ao
Polar angle R, =§(1—cos¢9+?sm 0) (2.10)

The new direction vector can be found by introducing a local coordinate system at the

point of scattering and using above angles.

2.2Diffusion Approximation
If the optical thickness of a medium is too high ( 7, :J.,B,]ds >> 1), the relatively simpler
0

diffusion approximation can be used for the radiation modeling inside a porous medium

[13] . The below equation can be used to obtain the heat flux
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B 16n°cT? d_T
38, dz (2.11)

A strongly temperature dependent Radiative conductivity can also be defined from the

above equation as

_16n%0T®

s 38, (2.12)

Where the Rosseland mean extinction coefficient ( 4;) is given by

Bo A40T°3 B dT

9 dl
L __= ji b (2.13)

This reduces the radiation problem to a simple diffusion problem with strongly
temperature dependent conductivity. The diffusion approximation is not accurate at the

system boundaries [25].

2.3P;- Approximation

The Radiative transfer equation (eq. 2.1) is an integro-differential equation in six
independent variables: 3 space coordinates, 2 direction coordinates and a wave length
coordinate. The high dimensionality of the problem the method of spherical harmonics
can be used to transform this equation into a set of partial differential equations with a
higher order of accuracy. The P;-approximation is the lowest order and most used

spherical harmonics method. The governing equation is a Helmholtz equation:
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VG- (- 0)(3-Aw)G =—(1-w)(3- Aw)irl,

The Incidence radiation is given by

G(r)= [ 1(z,8)d

4

The single scattering albedo is given by o, = ,BS”
n
2.3.1 Boundary conditions
2-g) 2 oG
BC z=0 - = +G=4rl
h @ e (3-Aw) oz e
BC). @ z=h 2=8) 2 &G g =4rl,,
e (B-Aw) oz
BC); @ r=R 2=8) 2 G G ym

e (B-Aw)or

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

A FORTRAN based finite difference model is developed to solve the governing equation

using the boundary conditions.

2.4Radiative properties

Radiative properties of the material are calculated by using the experimental specimen

of the porous media. Particle size of the medium is between 75 and 100 m . Based on

the particle size and the weight of the experimental specimen particle volume fraction

(f,) is calculated assuming particles are spherical in shape with uniform distribution in

the experimental specimen.
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f, = V—Vvoid (2.20)

particle

For the given particle size and f, geometric optics assumption is valid. Based on above

assumptions, the extinction coefficient is calculated using below equations.

The DC resistivity ( p,. ) for iron is given by [26]

P =(A+BT+CT*+DT*)10° (2.21)
The DC conductivity is given by o, =i (2.22)
Plc

According to the Hagen-Rubens relation [27] the index of refraction (n) is given by

n=,[3010, (2.23)

For n >> 1, the spectral hemispherical reflectivity ( p, , ) can be approximated by
2
Pos=l-—+—= (2.24)

Using eq. (2.24) and Hagen-Rubens relation the spectral hemispherical reflectivity can

be determine by

2 2

=1- +
P J30ic, 304c,

The absorption, scattering and extinction coefficient can be calculated by using the

(2.25)

following equations
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K, = Np(l—,o/l)ﬁa2 (2.26)
o, =N, o, (2.27)
L=kK,+0, (2.28)

2.5Comparison of different radiation models

The models described above are individually integrated with the conduction model
developed by Li et al. [14] at University of Florida and the effect of these different
radiation models on the temperature profile of the porous medium is analyzed. To test
the transient evolution of conduction and radiation heat transfer, the following initial

condition is applied:
T(z=0, r)=T(z=H, r)=1000K;

T(z/H=0.5, r)=250K and the initial temperature is linear in the z-direction.

. . time increases, diffusion t=500s

A . ] diffusion t=10000s

. : diffusion t=40000s

061 oo |+ MCRT 5005
MCRT t=10000s
MCRT t=40000s

X PI approx t=500s

\l x Pl approx t=10000s

02} . X P1 approx t=40000s

-------------- Initial condition

0.8}

I'J"\ *

0.4}

0.5
z/H
Fig. 2.2 Effect of different radiation models on the
temperature profile of the porous medium.
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Figure 2.2 shows the variation of the temperature with the increase of time based on the
different radiation models employed. The MCRT model is the basis of comparison for
other two models. In the beginning of the process, Pj-approximation and diffusion
approximation shows convergence to the MCRT model. As time increases,
convergence of both Pi-approximation and diffusion approximation decreases. The P;-
approximation and the diffusion approximation give similar results. So for an optically
thick participating medium, both the P;-approximation and the diffusion approximation
can be used. Since the diffusion approximation is particularly easy to implement and
computationally less expensive than the Pj-approximation, the use of the diffusion
approximation is recommended over Pj-approximation in optically thick participating
media. In the next chapter the diffusion approximation is integrated with the finite
volume conduction model and the random walk transport of species model. The coupled
model is used to investigate the effect of different input parameters on the hydrogen

production.

In the future studies MCRT and Pj-approximation will be used individually with the

coupled model and their effect on the hydrogen production will be investigated.
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