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Abstract

A Study of Heat and Mass Transfer in Porous Sorbent Particles

Nagendra Krishnamurthy

This dissertation presents a detailed accounteokthdy undertaken on the subject of heat and mass
transfer phenomena in porous media. The currenk wpecifically targets the general reaction-
diffusion systems arising in separation processisguyporous sorbent particles. These particles are
comprised of pore channels spanning length scales almost three orders of magnitude while
involving a variety of physical processes such assdiffusion, heat transfer and surface adsorption
desorption. A novel methodology is proposed in Whigk that combines models that account for the
multi-scale and multi-physics phenomena involvedreResolving DNS calculations using an
immersed boundary method (IBM) framework are usesirhulate the macro-scale physics while the

phenomena at smaller scales are modeled usindpgte modeling’ technique.

The IBM scheme developed as part of this work igliegble to complex geometries on curvilinear
grids, while also being very efficient, consumiregd than 1% of the total simulation time per time-
step. A new method of implementing the conjugatat teansfer (CHT) boundary condition is
proposed which is a direct extension of the metleet for other boundary conditions and does not
involve any complex interpolations like previous Thinplementations using IBM. Detailed code
verification and validation studies are carried ¢wtdemonstrate the accuracy of the developed

method.

The developed IBM scheme is used in conjunctiof w&itstochastic reconstruction procedure based
on simulated annealing. The developed framewotkested in a two-dimensional channel with two

types of porous sections — one created using anarassembly of square blocks and another using
the stochastic reconstruction procedure. Numeramsiigtions are performed to demonstrate the

capability of the developed framework. The compuytegssure drops across the porous section are



compared with predictions from the Darcy-Forchheiragquation for media composed of different
structure sizes. The developed methodology is ajsglied to CQ diffusion studies in porous

spherical particles of varying porosities.

For the pore channels that are unresolved by the flBmework, a sub-pore modeling methodology
developed as part of this work which solves a aneedsional unsteady diffusion equation in a
hierarchy of scales represented by a fractal-tygargetry. The model includes surface adsorption-
desorption, and heat generation and absorptios.dstablished that the current framework is useful
and necessary for reaction-diffusion problems irictvithe adsorption time scales are very small
(diffusion-limited) or comparable to the diffusiotime scales. Lastly, parametric studies are
conducted for a set of diffusion-limited problen®s $howcase the powerful capability of the

developed methodology.
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Chapter 1

Introduction

Understanding the physics in processes involvingy® media has generated tremendous interest from
researchers due to their use in a variety of tdolgies. A technology that has found tremendousesgc

is the use of porous particles for gas purificatibonthese processes, a stream of gaseous mixdure i
passed through sorbent particles which show prefieateadsorption capacity towards the particular
species that is to be separated. Adsorption, baisgrface phenomenon, requires a large amount of
surface area to exhibit high separation capacineshence the particles used for this purpose sarally
highly porous. Other desirable properties for sotbeaterial are selectivity towards certain spedgs
interest, the adsorption/desorption kinetics, regation capacity and the overall sorbent costsQi of

the important applications of this technology sutse in separating carbon dioxide C@om flue gas
streams as part of the carbon sequestration prodessng the many solid sorbents used for carbon
capture, the use of amine-based adsorbents istéar interest to this study. Apart from sepamatof

CO,, the solid sorbent technology is also used in mber of other bulk separation processes such as

removal of suphur dioxide [2] and alkali vapor agion [3].

This work is primarily concerned with the computatil modeling of heat and mass transfer in porous
particles, a problem inherent to solid sorbent Basparation processes. In doing so, there arenouse

challenges are identified:

the porous particles exhibit very intricate micrastural contours, hence a way of dealing with

these complex surfaces is necessary

the structures entailed in the particles also sadavge range of length scales — usually 3-4 orders

of magnitude, thus rendering the system to be raadle in nature



the underlying physics in the system is governedniitiple phenomena — transport of heat and

mass, and surface reaction of the adsorbate speitiethe adsorbent porous surface

the possibility of widely differing time scales owg to the dominant physical mechanisms or the

local length scale.

The main aim of this work is to develop the numariools necessary to study this complex multiecal
multi-physics problem to quantify the flow of hemtd mass into the porous particles, coupled wigh th

reaction kinetics. The following are the major @sh questions answered as part of the current:work

1. Is it possible to create a single framework that cccount for all the multitude of scales and

physical mechanisms?

The porous geometry contained in any porous medasugenerally composed of intricate microstructural
contours. Additionally, the difference between lugest to the smallest channel sizes usually spahs
orders of magnitude. The dominant physics at tferdnt scales are also expected to be differemtva\
pronged approach is hence proposed in this workctmunt for the different length scales — directly
resolve the larger channels and model any of thesoived smaller scales. This will indeed allow tise

of a single framework wherein the most relevantgatal mechanisms are accounted for in the larggr an

smaller pore channels.

2. How does one account for the complex microstruttoasure of the porous particles and be able to

perform accurate simulations through such surfametours?

Even while only the larger channels are resolvedctly, the complex nature of the geometry in these
channels prohibits the use of traditional numerteahniques. To overcome this issue, a non-boundary
conforming approach — the immersed boundary mettigid) — will be used. IBM allows computational

modeling of flow and heat transfer around arbilyashaped surfaces with relative ease owing to the

simplified and straight-forward grid generation gees.
2



3. Can it be ensured that the porous geometries usddaat for the larger pores that are directly

resolved are representative of the real sorbentiplas?

In order to ensure use of realistic porous med@rgries, a stochastic reconstruction procedurebwil
employed. This is an alternative to using experit@gnobtained images directly, which are usuakyyw
hard to obtain, especially complex three-dimendis@ids. Instead, two-dimensional experimental
images can be used to extract statistical descsipat can subsequently be used in conjunctiohn thi
stochastic reconstruction technique to obtain pprgeometries. A combination of IBM and stochastic

reconstruction will be used to simulate the physiosurring at the larger channels in the poroutigies.

4. Lastly, what are the physical mechanisms that gotlee smaller scales and how can we account for

these?

A new methodology to include the effects of anyasotved smaller scales and the dominant physical
mechanisms thereof will be developed. Along witingport of mass and energy, the surface adsorption
effects become important as the smaller channelallysaccount for most of the surface area avadlatl

the porous medium. A hierarchical network of pdnarmels that are unresolved by the IBM framework
will be created within which the effects of the i@imentioned physical phenomena will be modeledgusin

simplified one-dimensional governing equations.

The rest of the dissertation is presented in thmdependent chapters. In the second chapter, slefaihe

IBM framework developed and the related test situba are discussed. This includes the
implementation in a curvilinear grid framework, aachew approach to solving conjugate heat transfer
problems using IBM. In chapter three, the develofi?d framework is applied to realistic porous media
geometries that are created using stochastic regaotien techniques. In chapter four, a novel salep
modeling methodology is described which modelsuheesolved scales and the relevant physics. These

chapters correspond to the last three researchignesnd are written in an independent fashiomrmiv
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that the contents are mostly non-overlapping. Hemesery chapter has a separate introduction and
conclusions section. The references however argedanto a single section to avoid repetitions ared

presented at the end of the dissertation.

The work performed as part of this dissertation fessilted in peer-review journal publications ahe t

details are as follows:

“Flows Through Reconstructed Porous Media using éms®d Boundary Methods”, K. Nagendra

and D.K. Tafti, Journal of Fluids Engineering, 1(@%, 040908, 2014.

“A Novel Approach for Conjugate Heat Transfer Pesbs Using Immersed Boundary Method
for Curvilinear Grid Based Solvers”, K. Nagendradad.K. Tafti, Journal of Computational

Physics, 267, 225-246, 2014.

“A Sub-pore Model for Multi-Scale Reaction-Diffusid’roblems in Porous Media”, K. Nagendra

and D. K. Tafti (manuscript under preparation).

“Modeling CG, diffusion and adsorption in mesoporous silicaipkes”, K. Nagendra and D. K.

Tafti (manuscript under preparation).



Chapter 2
A new approach for conjugate heat transfer problems using immersed

boundary method for curvilinear grid based solvers !

2.1 Abstract

Use of immersed boundary method (IBM) based tealesichave helped considerably in easing the grid
generation process in flows involving complex getsiee and/or large boundary movements. Body
fitting grid based techniques still, however, atgantageous in terms of accuracy and efficiencyhis
work, we have developed an IBM scheme applicablecuwvilinear coordinates, aiming at taking
advantage of both the methodologies. The framewsss efficient algorithms for search, locate, and
interpolate operations. A new method of implememtthe conjugate heat transfer (CHT) boundary
condition is proposed which is a direct extensibthe method used for other boundary conditions and
does not involve any complex interpolations likeeypous CHT implementations using IBM. The
developed scheme is shown to be applicable to econg#ometries on curvilinear grids, while also bein
very efficient, consuming less than 1% of the tetalulation time per time-step. Very good scal&pitin
massive computations is demonstrated using straating study up to 1024 cores. Detailed code
verification process is undertaken to show thatntfe¢hod is second-order accurate for both the itgloc
and temperature fields for all the boundary condgi considered. Further, validation studies invajvi
uniform flow over stationary and oscillating cylers are carried out to demonstrate the accuratyeof
developed method. Lastly, simulations are performeedtudy flow and conjugate heat transfer through
thick-walled micro-channels using body-fitted backghd grids and the results are shown to be in

excellent agreement with previously published rssul

! Reprinted from Journal of Computational Physicd, 267, Nagendra, K., Tafti, D.K. and Viswanath, ¥ new
approach for conjugate heat transfer problems usingersed boundary method for curvilinear grid loaselvers”,
pp. 225-246, with permission from Elsevier.
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2.2 Introduction

In the last couple of decades, the use of boundansconforming techniques for computational fluid

dynamics problems has gained considerable popgulanting mainly to the versatile capabilities that

such implementations offer in comparison to traditl CFD codes. The time spent on generation of
body-fitting meshes requires a huge amount of ugert for complex geometries. For moving boundary
problems, the structured body-fitting grids requicemplex grid deformations and/or re-meshing

algorithms, most of which still have limited allolta range of boundary movement. While unstructured
solvers are better in terms of ease of grid geimgrand re-meshing, they are much harder to imptéme

and require large amounts of book-keeping and mgrasage. In contrast, the use of boundary non-
conforming formulations allows simulations of fluftbw around bodies with complex features, large

movements and surface deformations on a fixed lvaokgl mesh with minimal overhead in setup.

Solvers based on such methodologies have the koliddary “immersed” in a background mesh and
generally utilize a series of special treatmentpliag near the solid surface. These methods are
commonly termed immersed boundary methods (IBME iea originated from the work of Peskin [4]
where this method was used to simulate blood flowough heart valves using a fixed Cartesian
background grid. Following this work, several magifions and improvisations to this method havenbee
proposed over the years showcasing its wide rahgpmicability. A wealth of literature is availabbn

the range of capabilities that can be developedguishmersed boundary techniques [5]. Here, we first
present a brief review of the different types oplementations available. The implementations mainly
vary in the way the boundary conditions are appliadgeneral, the use of IBM can be thought of as a
modification applied to the governing Navier-Stolegguations. The exact nature of this modification

distinguishes the different schemes from each other

A widely used approach is the use of a forcing fiamc— usually a Dirac delta function — as a sotecm

in the momentum equations. Peskin and coworkeligadia forcing function that is spread acrossva fe
6



cells neighboring the immersed surface [4, 6-8]fdat, numerous applications exist in the literatur
especially for flows with elastic boundaries sushflaid-structure interaction problems involvingobtl
flow through arteries, for which this approach isatural choice. One drawback of such formulations,
however, is the smearing of the boundaries dukdspreading nature of the forcing function. Whkilis
may not be an issue for elastic boundaries, tluieases the grid resolution requirement substéniai

flows with rigid immersed surfaces.

This issue can be avoided by directly computingftireing function to be applied from the discretize
momentum equations and using it as a source teriméonodes that lie in the immediate vicinity bét
immersed boundary. This approach was pioneereddiydVY usof and coworkers [9, 10] who proposed a
second-order accurate scheme based on a locallgndept interpolation stencil. This method is
applicable to sharp solid interfaces and does ulfé¢rsfrom the blurring which may occur in a contous
forcing approach. Several improvements have beepoged since, mainly with an aim of developing a
general methodology applicable to wider spectrunproblems including arbitrarily shaped 3D surface

contours with deformation and/or movement [11-14].

Another set of works that falls into this categadsy the cut-cell techniqgues used prominently by
Udaykumar and collaborators [15, 16]. The methogpl@dopted in these works is to perform
simulations on control volumes that are reshapesecto the immersed surface, thus simulating gpshar
interface. The method has been successfully emglége a variety of problems both in 2D and 3D
geometries, though it should be noted that the Bplementations are not trivial due to complex

polyhedral cells that are formed as a result ofctitecell procedure.

The approaches discussed thus far focus on thefu€artesian grids as background mesh due to the
simplicity of mesh generation. In fact, that wase aof the driving factors for the use of immersed

boundary methods. While this is true in a numbesitfations, the use of a non-orthogonal mesh as th



background grid may also be desirable in some sicEnaExamples for these cases are problems
involving internal flows through domains of relaly simple outer boundaries (non-orthogonal) while
there are complex internal structures either gtatip or moving within these domains. For the overal
domain, it would be beneficial to use a curvilindaody-fitted discretization scheme because ofebett
computational efficiency as well accuracy in suakes, while still utilizing the advantages that il
schemes offer for the complex internal solid suitet There already exist a few works in the litgrat
that have focused on developing such a hybrid freonle [17, 18] including applications to pulsatile
flows through bileaflet heart valve [19] and flistlucture interaction problems [20, 21]. These are
essentially extensions of the sharp interface mietifoGilmanov and Sotiropoulos [14] to curvilinear
coordinates. An important step in these implemematis tracking of the immersed boundary and is
commonly known as the interface tracking probleroraBjani et al. [22] note that this identification
accounts for close to 5% of the total computaticc@dt per time-step (for a simulation involving 10

million grid nodes and 2048 surface elements).

Extension of the immersed boundary methodolog¢osblution of energy equation is conceptually very
similar. Numerous works are available in literatfwe the two commonly used boundary conditions —
constant temperature (Dirichlet) and constant fleat(Neumann) [18, 23-25]. The implementation of
these two boundary conditions is a natural extensiom the formulation developed for momentum
equation solution. However, in heat transfer phesrmananother commonly encountered situation is the
need to solve the energy equation inside the salahg with the fluid region. This phenomenon tedme
“conjugate heat transfer” (CHT) is in fact physigahore realistic, when the conduction within tlodics
cannot be assumed to be infinitely faster compaoethe fluid region. This boundary condition is a
combination of the Dirichlet and Neumann boundaoyditions which are both to be satisfied at the

immersed surface. Modeling such a boundary conditdmuires the knowledge of temperature field on



both sides of the immersed surface. In contradh) kee velocity and constant temperature/heat flux

boundary conditions require information of temperatfield only on the fluid side.

One of the first such implementation of a CHT sckaming IBM was by laccarino and Moreau [26].

laccarino and Moreau applied the method to botlirabtand forced conjugate heat transfer problems
using a RANS model. More recently, Kang and cow@f27] developed an interpolation technique for

the conjugate heat transfer implementation andiegpghe methodology to turbulent flows which are

buoyancy dominated. This method involved interpotet around a disjointed fluid-solid interface to

solve for the conjugate heat transfer problem. d¢wuracy of the scheme was also observed to drep du
to the limited size of the interpolation scheme atehcil size used for the reconstruction. In thagk,

we aim to develop an IBM scheme for CHT problenet is formulated as a natural extension of the
Dirichlet and Neumann boundary conditions withogduiring any complex interpolations. Hence the
CHT boundary condition is expected to present Hmeslevel of accuracy (second order) as Dirichlet o

Neumann boundary conditions.

Summarizing, the major aims of the current study. &t) to develop an efficient immersed boundary
methodology for a curvilinear grid based solver §agto formulate an accurate and straight-forward
implementation for conjugate heat transfer probleisiag IBM. In this paper, we present the detafls o
the formulation developed for this purpose. A ceumf example applications are presented to
demonstrate the utility of the developed framewditke accuracy of the developed method is verified b
using an analytical solution. This is followed bgeries of validation studies to confirm the accuraf

the different capabilities.

2.3 Nomenclature

2.3.1 English symbols

) area



/0

12

34

56

78

distance

diameter

length

surface normal (direction)

Nusselt number

pressure

pressure correction

Prandtl number

heat flux

radius

Reynolds number

Strouhal number

time

temperature

characteristic temperature

velocity

cell-face flux

2.3.2 Greek symbols

<

surface entity
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grid size

probe distance

thermal conductivity

absolute viscosity

density

flow variable

volume entity

2.3.3 Subscripts

C%

D

GC

H/

26E

boundary condition

cell

nearest element

fluid

inner wall

IB node

mirror probe

node

outer wall

probe

reference value
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J solid

K wall

2.3.4 Superscripts

L dimensional value

2.3.5 Miscellaneous

MN ONdébmputational space coordinates

FN QN Btructured grid indices

2NS radial coordinates

TN UN Cartesian coordinates

(bold) vector quantities

W (overhead) intermediate value

XYL time-stepping operator

\ Y2 boundary condition operator

] Y2 mass conservation operator

2.4 Numerical methodology

All the calculations are performed in an in-housdec— GenIDLEST [28] (Generalized Incompressible
Direct and Large Eddy Simulation of Turbulence) paaallelized fluid flow solver developed for time-
dependent flow and heat transfer calculations. BEBET solves the incompressible Navier-Stokes

equations in generalized coordinate framework amdcdpable of handling temperature dependent

property variations. For brevity, only the non-dm@nal form of the governing equations abbreviated
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using Einstein’s index notation for low-speed canstroperty flows is given below. More details abo

the formulation can be found in [29, 30].

e 2.1)

/\. N AN N .

A—8' A_Tab _-aC d A_T_ %GATaA:I_af (22)
S ? f .
g A, 512 AT AT, @9

where the non-dimensionalizations are:

T . 8. Gn Itd/ g 9Ld 9 gy
T ik —i8 % —2j9 ik
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L L L ol
56 Aghi - ghi " ghi 12 @ /gghi

@i

The above equations are transformed to generatiagedtinates and solved using a conservative finite-

C
?ghi

volume formulation on a non-staggered grid topoldgye Cartesian velocities, pressure and temperatur
values are calculated and stored at the cell centsgreas the contra-variant mass fluxes are catmll
and stored at the cell faces. For time integratemrojection method using second order predictor-
corrector steps is employed. The predictor steputaties an intermediate velocity field and the ecior

step calculates the updated divergence free vglatithe new time-step by solving a pressure-Poisso
equation. Linear systems resulting in the implicatment of the momentum and energy equations, and

the solution of the elliptic pressure equationswoled using a preconditioned BICGSTAB method.

13



2.5 Immersed boundary framework

The proposed immersed boundary methodology is tension of a scheme first proposed by Gilmanov
and Sotiropoulos [14] to a curvilinear coordinagetem on a non-staggered grid. In this implemeorati
no additional forcing term is used in the governgmmiations. Instead, solution to the governing tons

is suitably modified at nodes that lie in the immagel vicinity of the immersed surface. The maj@pst

in the implementation can be listed as follows: idgntify the location of the immersed surface and
determine which of the surrounding nodes are fanid which are solid, (2) solve the governing equmeti

at all nodes in the domain that are not in the idfiate vicinity of the boundary and (3) at the notlest

are directly next to the IB, apply a special treatirto reflect the presence of an immersed surface.

2.5.1 Search-locate and interpolate (SLI) algorithm

Of the different tasks involved in our immersed hadary methodology, there are two general operations
that are to be performed repetitively — relatingaglpitrary Lagrangian point to the background Hater
fluid grid and interpolating values onto this arbity point from known values at the background .grid
Depending on the problem size, these tasks may twebd performed a large number of times every
time-step and hence should be handled in an efficiganner. We use a search-locate and interpolate
algorithm proposed originally by Allievi and Bermej31] for application in particulate flows for ¢hi
purpose. This algorithm determines the cell in \Whao arbitrary Lagrangian point lies and also tesi

the weighting coefficients needed for tri-lineateirpolation. Only a brief description of the algbm is
presented here — details of the full formulatiod axamples can be found in the original paper [3%].
the name suggests, the algorithm performs two mémnations — identify the cell in which a givenmoi
lies (search-locate step) and compute the valugngfvariable of interest at a given point in thd, ce

provided the values are known at the surroundimtjoess (interpolate step).
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In order to determine whether a given pdint YTNUN Wfes within a hexahedral cell., first the
physical coordinate¥TN UN &re transformed into the computational space ¢oatesYMN ONdRifined
with respect to the cell.. A two-dimensional example of the transformatiershown in Figure 2.1. It
can be observed that the edges of the cell aresepted by the lindd m andO m (andP m

for the 3D case) in the local transformed coordisaHence, the poihtlies within the bounds of the cell

. only if the following locate condition is satisfie
d MCIP (2.4)

It follows that in the example provideld, lies within the cell whereds is outside it.

The eight vertices that make up are represented compactly lag nmanmivith the signed indices
identifying the direction of the vertex in the sttured grid framework. For example, in the 2D case
shown in Figure 2.1,, noarepresents the lower left vertex whiile yparepresents the upper right vertex.
Using the widely used tri-linear interpolation faien, the coordinates of locatidncan be expressed in

terms ofl ;, nmaniin@nd a set of computational space coordindus ONtRat correspond to:

vi o_Ioann\ d M ’ |p_loalon\ ) MV‘\ d C[

fu xYdP [{
: vl o_NpaNox dM[ "I p_NpaNoX "M [wY O [ :
| WINONP -« ) 5 (2.5)
s vl o_Noapr dM[ "I p_NoaNp?( "M wYdO| 7
Sy < «Y' P [7
r vl o_NpaNpﬁ d '\/[ T p_NpaNp?‘ ) '\/[V\\ ) C[ y

It is easy to observe that the computational spam@dinates of the vertices would bg, nmanrhn
Yn Nm Nm[. Numerically, an iterative scheme is required, &esv, to invert the above function to

determine the values 8MN ONPThe Newton-Raphson method is employed for phigpose.
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In the event that the locate condition mentionediezas satisfied, the obtainedN ONVlues also can
be directly used to compute interpolation factarstfi-linear interpolation. Assuming that the \adoie of

interest is known at the eight vertex locations,just replacd by the scalar valuBY [ and the vertex
vectorsl 1, nmanrnbY the corresponding known values of the scadaiable at these locatiom, nmanmn

The simplified expression for the weights attacteedach of the vertices will be:

Y mMY mC[Y mP|
q

(2.6)

} m_NmaNmn

In case the locate condition is not satisfied ,(tlee location does not lie within the cell.), then the
SLI algorithm needs to perform the search-locaterajon on other cells in the domain. Since the
number of cells is likely to be large, an efficiemy to determine the cell that is most likely tmtain
the location of interest is necessary. The outpth@search-locate operation above gives a gokhae
which neighboring cell is most likely to contairettocation of interest. Since the obtaindtN ONsPare
the cell based computational coordinates, on atstred grid we can use these to obtain YABIQNR
indices of the next most likely cell. For exampfeY FN QIdie[the indices of the currently search cell
and the values d¥IN OMiRe all~ , then the cell most likely to containwould beYF™ NQ ° NR ™ [.
Similarly, f MNO d whiled P would indicate the next cell is most liketfif d NQ d N[Rand

SO on.

In summary, the described SLI algorithm provideg#Hitient algorithm of determining the indicesthé
cell in a structured grid where a given locatlonies. Also, without any additional computationise t
weighting factors for a tri-linear interpolation lag based on known surrounding vertex values can be

determined. The steps in the SLI algorithm caridied as follows:

1. Start with an initial guess for the cell in which locationl is likely to reside.
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2. lteratively determine the cell-based computatiapaice coordinatedIN ONdt | with respect to

3. Check if the location lies within. — if yes, go to 5; else, go to 4.
4. Change the guess cell to be the next most likely cell based on the valofe™N ON Bo to 2.

5. If desired, compute the tri-linear interpolatioreffecients based on the valuesYMN ON P

2.5.2 Interface tracking

The first step in the proposed IBM scheme is thaniification of the immersed surface represented in
Lagrangian fashion with respect to the backgrountefan grid. This identification step comprises of
locating the individual triangular surface elemefis line segments in 2D) using the SLI algorithm
described before. The centroid of every surfaceneid is used as the Lagrangian marker represettigng
element and the background cell in which it lieglégermined. This step is to be performed onchet t
beginning of the simulation for stationary immerdmilindaries and at the beginning of every time-step
for moving immersed boundaries. This is followed dssigning of node types to all the nodes in the
calculation domain. Here, it should be noted thatterm node is the same as a cell and the twstaren

used interchangeably in the following descriptions.

2.5.3 Definition of node types
We define three primary types of nodes — fluidjdsaind IB. The fluid and solid node definitions are
trivial — any node that lies in the fluid regionadluid node and if not, it is a solid node. AnnBde, on

the other hand, is any node that lies in the imatediicinity of the immersed boundary.

For any non-CHT simulation, solution to the govaeghequations using the iterative solvers is necgssa
only at the fluid nodes. No solution is neededhat $olid nodes, while at the IB nodes, values of th

solution variables are obtained by applying theirddsBC (discussed later) at the immersed boundary.
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For CHT simulations though, the temperature fislddlved both in the fluid and solid regions. HerBe
node assignment is necessary on either side afrimersed boundary as opposed to only fluid side for
non-CHT simulations. The solid nodes that lie disenext to the immersed boundary are called si@id

nodes.

For clarity on these definitions, a two-dimensiorahmple of different node types for a CHT case is
shown in Figure 2.2. The background mesh is a tstred body-fitted circular grid with a concentric
circular solid immersed in it. It is important tote that the fluid 1B and solid IB nodes are thetfset of
nodes lying direct next to the immersed boundamte©set of fluid nodes (and solid nodes, for eperg
equation) are affected by the presence of the im@teboundary through their interaction with thedflu

(and solid) IB nodes.

2.5.4 Assigning node types

As it is evident from the above definitions, thesfitask in node identification is to determine iee a
given node is a fluid or solid node. It should asonoted that, by definition, all the 1B (fluidadsolid)
nodes will lie in the immediate vicinity of the inemsed boundary. Since the IB nodes exist only twext
the immersed boundary, we restrict all our idecdifion operations to the vicinity of the boundarpe

following are the steps followed to assign nodeesyp

1. For every surface element, define a stencil ardbactell on the background grid containing the
element centroid (identified during the interfacacking step). Determination of node type will
be performed only for nodes that lie within thigrgtil. The stencil size is proportional to the
relative size of the surface element with respecthe size of the cell in which it lies. For a
locally resolved drag/heat transfer calculationtio@ immersed surface, it is necessary to have
surface elements to be approximately the sameasizbe cells and in this case, the stencil size

will be 3 nodes in every direction.
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2. For every node in the stencil, identify the surfatement closest to it. For this, the sign of the
normal distance to this element computed baseti@fotlowing dot product is used to determine

whether the node lies towards the solid or fludksi
5 ML dlg[er  fKK kkE\I'F*
’ TF*

wherel ;+ andl, are the coordinates of the node and the centrbithe® nearest element,

respectively and is the surface normal directing outwards fromehament.

3. Next, of these nodes, all the fluid nodes that feMeast one face-sharing neighboring solid node
are marked as fluid IB nodes. Similarly, all thdidgmodes that have at least one face-sharing

neighboring fluid node are marked as solid IB nodes

4. At this point, we have assigned node types to @lles that lie close to the immersed boundary.
For assigning node types to nodes that lie fariimexy from the IB, we use an efficient “burning
algorithm” [32] which is applied recursively andnche summarized as follows: looping over all
nodes of known type (solid or fluid), assign theneanode type to any unassigned nodes that are
its face-sharing neighbors; repeat this processef@ry such newly assigned node until no

unassigned nodes are left in the domain.

2.5.5 Node identification: Radial swirler in an ann  ular combustor

We look at a representative example to demonstiaeapplication of the described identification
procedure to a realistic geometry involving compfeatures. For this purpose, we consider a radial
swirler in an annular combustor. Here, a periodiction of this geometry consisting of one such lewir

is chosen. A body-fitted non-orthogonal mesh isatge to encompass the volume within the annular
combustor while the swirler is modeled as an imegisurface. Figure 2.3 shows a CAD representation

of the swirler geometry as well as the identifirdd IB nodes. The surface is triangulated usirigtal of
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approximately 1Dsurface elements while the background mesh is oeetpof around 4xf@ells. It is
observed that all the features of the swirler gaombave been correctly captured by the node

identification method outlined in this section.

2.5.6 Setting of boundary conditions at IB nodes

In order for the outer nodes (both solid and flu@¥ee the presence of an immersed boundaryatbess

of flow variables at the IB nodes need to be siytabodified. For this, depending on the type of
boundary condition, a solution reconstruction pdure is used. Three types of boundary conditioas ar

considered at the immersed boundary — DirichleyrhEnn and conjugate heat transfer.

Similar to other sharp interface IBM schemes, tabke to reconstruct the solution at the 1B noses,
need to define probes which extend into the dorfram the 1B nodes. Solution variables are interfrzla
at the probe location using a tri-linear interpialatscheme and these values are used in conjungttbn
the desired boundary condition at the immersed @iagnto obtain the IB node values. The obvious
choice for the location of the probes is to chotheen to lie along the surface normal directionHart

into the calculation domain. Mathematically, thelpe locatiorl - for an arbitrary point (can be either

a fluid or solid IB node) in the vicinity of the IB given by:

I
o > ””ET.F’lG(I,I*G

I d =l " JITPIGW,1*6 2.7)

where=, is the distance of the probe from the IB node sarslthe surface normal.

In choosing the value &f., it must be ensured that the probe is far enougim the 1B node not to be

significantly affected by the IB node itself (inethinterpolation) and yet, close enough for the near
boundary assumptions to be valid. In spite of tbssjble curvilinear nature of the background gitidks

generally desirable that the grid distributiontie different directions is usually of roughly trere size
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in the vicinity of the IB for a complex randomlyiented immersed surface. For such a case, a good
approximation for, is the average cell size which is computed lodaliyevery 1B node. However, it is
likely that for certain cases, a mesh with varyaspect ratios is used as the background grid. &@r s
cases, the probe distarege can be calculated as the absolute value of the@maluct of the IB surface
normal and the longest diagonal of the IB cell.sTisi a more general definition which can account fo

varying grid distributions in different directioas well as the arbitrary nature of the IB orietati

2.5.6.1 Dirichlet condition

Interpolated values at probe locations are usedriplementing the desired boundary condition atill
nodes. The probe location, as stated earlier, ésah to be at a cell distance away along the surfac
normal direction. Figure 2.4 illustrates the imptration of Dirichlet boundary condition in our
framework. Interpolated value of the flow varialide at the probe location is obtained using the tri-
linear interpolation coefficients obtained using LI algorithm. Nodes that are part of the intéafion
stencil are highlighted in Figure 2.4 (b), usingébtircles. A second-order accurate formulatiorBiggis
then obtained by using the Taylor expansionsBigkandB. defined about the value at the wBH,

and eliminating the first gradient.

By " (2.8)

The assumption in the above implementation is ghabnstant gradient exists between the IB and the
probe location. The above equation is applicabletfie velocity and constant temperature boundary

conditions.
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2.5.6.2 Neumann condition

In a Neumann condition specification, the gradignthe flow variable at the IB is known insteadtioé
actual value. The most obvious choice in such a =® use the specified gradient value to comfhee
value of flow variable at the IB and then use thieichlet condition formulation presented earlier.
However, if the value at just one probe is usegeidorm this operation, the accuracy of the schese
observed to drop to first order. In order to preedhe second order accuracy, it is necessaryfioeda
second probe which is located another probe distap@way from the first probe continuing along the
surface normal direction. The arrangement of pradnes applied profile is shown in Figure 2.5. As

before, Taylor series expansions ¢ B> and B, about the value at the wall are used —

eliminatingB and a higher order gradient term to obtain thiefahg expressions fdBy,s

b*%od *~cBs b, d * 9, CB> d b*%od * Cb*%od *_chr. d*. CA—B( I

Byos
*> d *>

On the other hand, if a first-order formulationsigfficient, only information of the flow variable the

first probeB. is necessary. The formulation in that case rediaes

"B
Bys B> db*s d*¢8—C (2.10)
) S(
2.5.7 Conjugate heat transfer treatment
For simulations involving conjugate heat transfeH(), the energy equation is to be solved in toelfl
region as well as the solid region. To accomplish, tthe solid material properties are used to adep

the value o056 Z 12for nodes that lie in the solid region. Along withis, a special treatment to handle

the immersed boundary implementation is necessary.
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The CHT boundary condition is different than theriéilet/Neumann conditions discussed earlier
because the solid side of the immersed surfacenaleds to be taken care of while handling the pieEse

of an IB. We have already discussed the definitibiB nodes on the solid side of the immersed s@fa
for a CHT simulation which is necessary since salidles are also part of the governing equations. A
main difficulty in IBM-CHT implementations is thdB nodes on either side do not coincide onto the
same location on the surface and hence, this esjliterpolations on the surface to determine the
boundary condition. For instance, Kang et al. [258 projections of the solid and fluid 1B nodesoatie
immersed surface and reconstruct the temperatlcedi the IB using second-order polynomials. This

a non-trivial operation and can be complicatedeesly if we are dealing with arbitrarily shapegdface
contours. In contrast, the scheme proposed hegedisect extension of the other boundary condition
implementations presented earlier and does nothiavany complex interpolation schemes. The
treatment of solid and fluid IB nodes is done inglggently, coupled only by the multiple iterationisieh

we do in order to make sure that we approach aerged solution.

For CHT simulations, two boundary conditions arebw® satisfied at the IB simultaneously — (1) a
Dirichlet condition at the IB which ensures the thomity of the temperature field across the integfa
between the two media and (2) a Neumann conditidgheawall location which accounts for the balance
of energy transferred across the interface. Ividant that this requires, for every IB node (flmdsolid),
information from the other side (solid or fluid) tie surface. Hence, additional probes called mirro
probes are defined at geometrical mirror locati@msut the IB. Mirror probes are defined for allriBdes
(fluid and solid) as illustrated in Figure 2.6 Btwo-dimensional example. Further discussion éviped

with respect to fluid 1B nodes only, but exactlg ttame procedure applies to solid IB nodes as well.

The first condition used is the equality of heakfacross the fluid-solid interface.
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2 A (2.11)
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where,, is the surface normal direction, pointing outwdindsn the solid. The gradients on the fluid and
solid sides are obtained using Taylor series expasf the IB probes and mirror probes, respeltive
From the above equality, an expression for the teafiperature is obtained.

d*> b?.92> ) ?| 9> C‘ *> b?.92> : ?| 9> C

9 - (2.12)
b*, d*, ch? ~ ?.c

For the corresponding formulation for solid IB nedeve only need to swap and?. in the above

expression. Then, the value at the IB node carxpeessed in terms of the temperature values ainbe

probe locations and wall as:

%,

s> Do ® s €O ¥ g8 bFL d¥ 89 T Dy s cbfgd* s cbfs d¥ s e (2.13)
* * b* d* c
> > > >

2.5.8 Implementation in a fractional-step algorithm

Based on the node identification performed, the matational domain is divided into different regions
for the purpose of calculations. These demarcatayesdepicted in Figure 2.7 for both non-CHT and
CHT cases. For non-CHT case, three regions ar@etkfi- (i) the solid region. that is completely
encompassed by the immersed surfgge (i) the fluid IB region .5, covering the space between the
IB and an imaginary stair-case interfaggs,; formed by the shared faces between the fluid nadddB
nodes and (iii) the fluid region; covering the remaining portion of the calculataymain. For a CHT
case, an additional region,,s,. is defined on the solid side representing theoref@etweens, sand the

imaginary stair-case interfagg s,. which is the solid counterpart &f, s,;. The solid region . in this
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case represents only the region encompasseg &y These demarcations clearly distinguish the tyfjpe o
nodes that lie within them as well — fluid, fluid,lsolid IB and solid nodes make up the regiops
%Soir %S0 aNd ., respectively. Now, we describe the implementatainthe 1B methodology

described thus far in the framework of a fractiestelp algorithm. Following are the main steps

performed within the time-loop integration.

2.5.8.1 IB movement and node identification

For a moving boundary problem, tracking of the Bweell as the assignment of node types is to be
performed at every time-step. This implies thatdbénitions of<, s <50 and<y s,.are reevaluated and
correspondingly the different regions in the domaie redefined. Also, the boundary conditions for

velocity components are updated based on the moveshéhe IB during the current time-step.

2.5.8.2 Intermediate velocity field
In the IBM framework, the discretized forms of tnementum equations are solved only for the ceds th

lie within ;. The equations solved in these regions are witlamyt modifications to the original

formulations. The appropriate boundary conditiores applied to the cells contained withig, s.; (fluid

IB nodes).

For ;: o XY FIe[ L FT gl X Flsl/F]

For o0 e\ h.c (2.14)
For . (and ¢.,.): .

where, XYZ[is the time-stepping operator for the discretizedmentum equations andY{ is the
boundary condition operator, which for velocityusually the Dirichlet condition given in Eq. (2.8he

boundary condition value would be non-zero if th® i moving or has surface blowing/suction.
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Application of IBM related boundary condition isrfiemed within the linear solver iteration loop.&h
overheadW represents the iterative nature of the solutiefdfand these iterations are continued until a

desired level of convergence criteria is satisfied.

2.5.8.3 Temperature field

When solving for energy equation for a non-CHT datian, the solution methodology to be followed is
exactly the same as for the momentum equationseititier a constant temperature or heat flux boyndar
condition applied as given by Egs. (2.8) and (283pectively. For CHT simulations though, we regui
solution to the temperature field within the salisl well. Adopting the same nomenclature as betbee,

following methodology is adopted:

For ; and .: 9 Xb9*I9c
(2.15)
For o0 and o.s0: 9 \h%i%.c

where,\ Y1 now represents the CHT boundary condition opegit@n by Eq. (2.13).

2.5.8.4 Satisfying mass conservation

The velocity field obtained at this stage howeveesinot satisfy continuity yet. Solution to thegsiee
equation is to be used subsequently to obtaindheaions to the pressure and velocity fields coteg
earlier which will render the field divergence-fraFith the introduction of an immersed surfacehas
been observed in the past studies that satisfyagsroonservation can be a non-trivial issue andtsas
spurious pressure oscillations near the IB. Theraguh adopted here is similar to the approximated

domain method proposed by Kang et al. [33].

As with the intermediate velocity field calculatibefore, we have different approaches for the twiol f

regions of interest — ¢ 5, and ;. No solution is necessary in the solid regionse Tinst mass
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conservation condition to be satisfied is to enshia¢ total mass flux out of the IB is the saméha&smass

coming out of the stair-case interfaggs,;.

=) Yy e [F) g (2.16)

where,: ’s are the cell face fluxes computed based onnterrmediate velocity field and), . and)
are the discretized areas of the cells faces aridcguelements, respectively. In order to accorhpliss,
the error in the satisfaction of the above condit®calculated and an average correcliorso computed

is applied to all the cell faces that make< ;.
For all faces i : L (2.17)

The pressure equation can now be solved as isiouter fluid region ; . Since the fluxes at, s, are
already updated to satisfy conservation, we septhlesure corrections at the cells withigs,; to be

zero. This, along with the corrected fluxes at skadr-case boundary, ensures that the outer flgibn

instead sees a physically realistic flow field desthe near-1B region.

For ;: « /% 1 bc
For g.soi /0 (2.18)
For . (and ¢,.): /0

where,] Y is the mass source calculated in terms of the tatime cell face fluxes for every cell. The
final pressure field can then be calculated bygisie correction term? for cells in the ; region while
a Neumann condition for pressure derived from tlementum equations is applied for cells within

%0S0i*
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For ;: AL

For o0 k
nf p * (2-19)

For . (and ¢..): | *P

If the IB is stationary, then the condition fog, s, reduces to a zero pressure gradient conditiomeal.
The cell-face fluxes and nodal velocities (in) are then corrected using the pressure corregtdues.

The final flux values obtained then satisfy theedgence-free condition.

For ;: S et s

For o0 P\ pIec (2.20)
For . (and ¢,.): L ¥p

2.6 Results

We now present a few example calculations to sheevtiae capabilities of the proposed IBM framework.
Specifically, calculations are performed to compthie order of accuracy of the developed method

followed by a few validation simulations involvitgth stationary and moving immersed boundaries.

2.6.1 Computational overhead and parallel scalabili  ty

Including IBM framework in the solution methodologwolves additional computational overheads and
it is important to ensure that these costs argmifstant compared to the overall simulation timkds
necessary to account for overheads especially taing 1B simulations wherein there are certain IBM
related operations to be performed every time-sfepprevious IBM implementation in generalized

coordinate systems reported approximately 5% coatijpumial cost for the node identification procedure
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alone when using an IB made up of 2000 surface ezlésnand 10M background grid cells [22]. We
performed flow simulation of similar magnitude tstablish a comparison of the computational
requirement of our identification algorithm. In diitth to node type identification, redeterminatiofithe
surface element location and the subsequent re4tmgpof different element and nodal propertieshsuc
as surface normal directions, probe locations aedcorresponding interpolation coefficients addhis
repetitive expense. Since these operations argraiteo a simulation involving a moving 1B, we inde

the computational costs incurred due to these stepsrt of the identification related expense.

For this purpose, a problem involving the flightadynamics study of a bat wing is considered [34].
While a discussion of the involved physics is olitlee scope of this paper, we use this simulatmn t
study the additional computational cost incurre@ do inclusion of IBM. The domain consisted of
approximately 23M fluid cells on the background Metthe wing is composed of roughly 18.4K surface
elements. The entire identification procedure Fag talculation accounted for less than 1% of Werall
computational cost every time-step. This demoretrahe inexpensive nature of the implemented

algorithm for a reasonably sized problem of interes

Application of IBM framework for realistic problenaso dictates the grid resolution strategy and thi
brings in the aspect of parallelization. Studiethim past have shown the feasibility of IBM framekvto
parallelization by demonstrating impressive scéitgbfor large problems [35, 36]. The current IBM
scheme has been implemented within the MPI-basethiiodecomposition framework of GenIDLEST.
Unlike the flow solver though, the immersed bougdarsually spread across only a few of the blanks
the domain. For IBM related computations, this iegpldynamic load imbalance. However, given that the
time spent on these computations is relatively kmal expect the introduction of IBM to have a miail
effect on overall scalability of the code. To assé¢ise parallel performance of the current IBM
implementation, a strong scaling study is undertalkdl calculations are performed on Virginia Tegh’

supercomputing facility — Blueridge. This machirmibses two octa-core Intel Sandy Bridge CPUs and 64
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GB of memory per node with InfiniBand interconnedbe bat flight problem described earlier is used
for the simulations and the performance is inveséid from 32 to 1024 cores. The number of cellthen
background mesh contained per core varies approgiynftom 718K to 22K, respectively. During the
simulation, the wing undergoes complex movementsutih its flapping cycle traversing through
multiple blocks. Figure 2.8 shows the near wingckldecomposition for the simulation performed on
1024 cores. Computational times for 50 time-stapsracorded and the results are presented in Figure
2.9. It is observed that the scalability is exadllep to 1024 cores with the parallel efficiencynige75%

even at 1024 cores.

2.6.2 Rotational flow between coannular cylinders

2.6.2.1 Order of accuracy

For the code verification procedure, a two-dimenalgroblem of rotational flow between two coannula
cylinders is considered. A schematic of the useatrggry is shown in Figure 2.10. The problem setup
consists of a solid region . contained between the inner cylinder and the ghlid interface which is
modeled using an immersed boundary. The spgcéetween the IB and the outer cylinder wall cossist
of the fluid which is set in rotational motion dteethe rotating outer wall. For the velocity fiel-slip

condition is enforced at the IB while the rotatibgseed of outer wall isy

For all simulations, the outer wall is maintaingédaaconstant temperature ®f while three types of
thermal boundary conditions are considered at Bie- Iconstant temperature, constant heat flux and
conjugate heat transfer. For the constant temperatse, the 1B wall (and hence the solid) is naaned

at a constant non-dimensional temperaturgy,pf , while for the constant heat flux case, the IBas

to have an outward heat fl3% . In the CHT simulations, the inner wall is mainti a9 . For
each of these cases, analytical solutions can teedefor both velocity and temperature fields aard
given here [27].
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Velocity field:

HHHHHRRREEEEEERRRERRRRREL R HHHHIIE 1 215 2 .. 59, WJITFY[

5545 , . _5 (2.21)
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Temperature field:

Constant temperature BC at IB

Ol FHHFHEEEEEEERRRRRREEEEEERRERHHIIE 1 215 .. 2 .. 59, MIITF[

N2 YO d 9§ TIPYS ¢2f . (2.22)
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Constant heat flux BC at IB
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Conjugate heat transfer BC at I1B
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For all the calculations, a body-fitting structurgdd that conforms to the outer and inner wallghef
geometry is created. Four systematic mesh refintsvame considered with every successive level being
half of its previous level. This corresponds todgsizes = 0.1, 0.05, 0.025 and 0.0125 in the radial

direction. In order to examine the global disciegiian error behaviof, norms of errors in velocity and
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temperature fields are computed with respect taddréved analytical solutions for each grid levighe
obtained error norms are plotted in Figure 2.11 different cases. It is observed that second order
convergence is exhibited by both the velocity fialtl the temperature field for all boundary coodii

at the IB.

2.6.2.2 Sensitivity to probe distance

The same problem set-up is considered next to she&lgependence of the results on the locatiohef t
IB node probes. A total of five probe distances ewasidered — 06., 0.8=., =, 1.2=, and 1.4,
where =, is the standard probe distance computed as dedciib section 2.5.6. Results from these
simulations are used to compare the radial variatb the solution variables. Only a plot of the
temperature profiles obtained with a CHT boundarydition is presented in Figure 2.12. It is obsdrve
that in spite of an40% variation in the probe distance, the profileseatially overlap each other with the
maximum difference of less than 0.5%, showing tthet results are not very sensitive to the exact

location of the probes.

2.6.3 Uniform flow over stationary cylinder

Uniform flows over bluff bodies — specifically cylilers (2D) and spheres (3D) — are used for vatidati

of many IBM codes. We first consider the two-dimenal case of flow over a stationary cylinder.
Simulations are performed for different inflow velties corresponding to Reynolds numbers (based on
the inflow velocity and cylinder diameter) in thenge 10-200. This range covers both the steady and

unsteady flow regimes.

A rectangular domain of size 45D x 30D is used wheris the cylinder diameter. In the stream-wise
direction, the inlet and outlet boundaries areistadces of 20D and 25D, respectively so as todaany
influence on the near body flow structures. Therlgawies in the cross-flow direction are 15D awayrfr

the cylinder and have walls sliding at inflow vatgc A uniform grid resolution ofF = 0.0125D in the
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vicinity of the cylinder is used and the resolutismelaxed away from the body according to a higpks

tangent distribution.

2.6.3.1 Steady flow regime (56 )

In the steady regime, the wake is characterized bngcirculation zone consisting of two symmetric
vortices attached to the immersed cylinder. Theeolesl coefficient of drag and the size of the
recirculation zone size have been well documentdddrature. For comparison, results from numeérica
simulations of Park et al. [37] are used. The samohs of Park et al. are performed on a bodysdfitte
staggered grid framework using a total of 128 gwithts around the cylinder surface. Table 2.1 prisse
the comparison of coefficients of drag and recattoh zone lengths for three Reynolds numbers 200,
and 40. In Figure 2.13, the local distribution oégsure coefficient for the same three Reynoldsheum

are compared against the results of Dennis andd3&). Excellent agreement is seen in all cases.

2.6.3.2 Unsteady flow regime (56¢ ~ )

For higher Reynolds numbers@g ~ ), the wake of the cylinder becomes unsteady asaltsein the
Karman vortex street. The shedding pattern is cbeaniaed by the Strouhal number defined in thiecas
as78 E+2. ., whereE is the frequency of vortex shedding and is the approach velocity. The
Strouhal numbers obtained for various cases asepted in Table 2.2 and as can be seen, compare ver

well with existing results in literature (from Séet al. [39]).

2.6.3.3 Heat transfer results

Simulations are performed for all the Reynolds neraslpresented so far with both constant temperature
and constant heat flux boundary conditions at flmder surface. Table 2.3 presents Nusselt number
data for the two boundary conditions in the steadyme in comparison to the numerical results cdrh

et al. [40]. Very good agreement is observed fdhlibe types of boundary conditions. For the urttea

regime, average Nusselt number values are calduldtee computed values of Nusselt number are
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plotted for the entir®6, range considered in Figure 2.14 and the comparigttnavailable results from
literature (Lange et al. [41]) is excellent. Fig , the local Nusselt number values are averaged
over multiple vortex shedding cycles. The distribatso obtained is compared to the numerical resilt

[23] as shown in Figure 2.15.

2.6.4 Uniform flow over an oscillating cylinder

In continuation with the study of flow over blufblies, a moving boundary problem is considered. next
The problem set-up is similar to that used in ttagienary cylinder case, albeit with the oscillatiof
cylinder perpendicular to the flow direction. Thglimder is prescribed a cosine oscillation given by
UYg )-o-k Y®ESZ[, where) andE are the non-dimensional amplitude and frequerespectively. For

a cylinder oscillating near the natural sheddimgjérency, the vortex shedding pattern changes demgend
on the oscillation frequency. In this lock-in reginthe average energy transfer from fluid to thidso
changes from positive to negative value when thplit&uae of oscillation is increased beyond a certai
threshold. Simulations are performed for a Reynaldsiber of 200 for oscillation amplitudes Yf=
0.199 and 0.696 while the frequency is maintaineE a . At the higher amplitude, the reduced
velocity exceeds the threshold frequency resuiting change in the vortex shedding pattern as shiown
Figure 2.16. The variation of lift profiles at vawis times is plotted in Figure 2.17 and comparethéo
results obtained by Leontini et al. [42], notingttthe change in the shedding pattern which aftbetsift

profile is predicted correctly in our calculations.

2.6.5 Conjugate heat transfer through developing mi  cro-channel flows

In order to demonstrate the validity of the develbpmethod in a more general problem setup, we
consider the case of flow through a circular michannel tube with thick walls. A body-fitted strucgd

grid is generated encompassing the whole domaihdeilouter wall of the tube. The inner wall of thbe

with which the fluid will be in contact is modeleging IBM. The background fluid grid is intentiolyal
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created in a way that the IB is located complefelythe non-orthogonal region of the domain. A

schematic representation of the grid used aloniy thié immersed surface is shown in Figure 2.18.

The problem set-up is similar to that used by Norgnhal. [43] to facilitate one-on-one comparisémhe
results. A uniform velocity profile is used at timet. At the outer wall, a constant heat flux bdary
condition is used while the end walls of the tube¢ha entrance and exit faces are adiabatic. A CHT
boundary condition is used at the immersed sutdiackethe appropriate properties are used for cdlonla

of the Prandtl numbedf,2 in the solid and fluid regions. The diameter @& tuter wall is set at  + B
while the length of the tube is + . The ratio of thermal conductiviti€s 2 ?; is set at 25 while the
density and specific heat of the solid are takebetdhe same as that of fluid. Simulations aregoeréd

assuming that these properties are constant. Tdrgtlated tubular surface consists of approxirgatel

109K surface elements.

Two grid levels are considered for the backgrouresim The grid size near the IB is maintained to be
approximately= + and + inthe cross-flow directions. Since the domairoises developing
flow near the entrance region, the grid distribmitio the stream-wise direction near the inlet istaebe

= + and + (same as that in the other two directions) angraslually increased along the
flow direction. Simulations are performed for a Relgls number of 50, defined based on the inner tube
diameter and the inlet velocity. The valuel@number for the fluid is set at 5 — hence the tlaffield is
expected to take much longer to attain a fully dmyed state compared to the velocity field. A
comparison of the stream-wise distribution of lobhisselt number obtained using these two grids is
presented in Figure 2.19 along with the computafioasults of Nonino et al. [43]. It is observedittthe
results at both the grid levels agree very wellhwi¢sults of [43]. The local Nusselt number values
obtained across the inner wall surface is averagedg the cross-flow directions since the flow is

axisymmetric.

35



Lastly, the effect of the flow velocities on theahéransfer characteristics is studied by consigetivo
higher Reynolds numbers — 100 and 200. Same conslitire retained for all other parameters. Forethes
calculations only the finer gric( + ) is used. The thermal development lenGttor laminar flow

in a tube can be approximated as [44]:
T _ .
T * 156 212 (2.25)

This evaluates to lengths of 25 and 50, respegtifel 56 and . The effect of entrance and
exit regions on the Nusselt number distributioheésce expected to be significant. The obtained &luss
number distributions plotted in Figure 2.20 cleanighlight this aspect. Unlike the6 =~ case, the
local Nusselt number distributions for both theesaare not fully developed, especially evidentther

56 case.

2.7 Conclusions

In the current paper, a new methodology for impletimg IBM on multi-block curvilinear grids is
described in the framework of an existing in-hoasde. The main contributions of the work are: (1) a
efficient methodology that can combine the advagdagf both IBM and body-fitted grid techniques and
(2) development of a straight-forward method of lenpenting conjugate heat transfer boundary

condition in the described framework.

Search, locate and interpolate algorithms basedliscrete phase modeling techniques are used to
perform the tasks of identifying any arbitrary Laggian point on the background Eulerian grid and
subsequently interpolating values onto this poliitese are utilized in the interface tracking andeno
identification steps, which in the past have bebseoved to be the most time-consuming operations of
the whole IBM scheme. Since they may have to beateml every time-step, these tasks are criticidleto

efficiency of the implemented IBM scheme and arewsh to consume less than 1% of the total
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computational time per time-step. As a result, gshalability of the fluid solver is unaffected evim
cases where the immersed surface is spread uneeendgs the computational domain and/or the
immersed boundary is moving. The versatility of thgplementation is demonstrated in identifying the

surface contours of a complex radial swirler.

To implement conjugate heat transfer boundary ¢mmjia new method of extending the same idea as
used for other boundary conditions (Dirichlet andulhann) is described. This is done by defining
additional ‘mirror’ probes on the other side of iBewhile keeping the other details of the methodgl

the same. Extensive verification studies are pevéal using a rotational flow problem between coaanul
cylinders. Both velocity and temperature fieldswglscond-order error convergence for all the boonda
conditions. These are followed by a range of sitmutg validating the flow and heat transfer restdtsa

variety of cases involving stationary and movingolBboth orthogonal and body-fitted grids.

Consequently, it is established that the curreM E2heme implemented in a body-fitted grid frame«wor
provides a versatile and powerful framework for @imting flow and heat transfer in complex dynamic

problems.
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Figure 2.1 A two-dimensional example of transfororabf two arbitrary points. andl s from physical

coordinates to computational coordinates with resfze |,
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Figure 2.2 Identifying the node types in a cunahn grid topology - (a) a body-fitted 5 block gedirpe

for a circular domain, (b) zoomed-in view of noglpds identified for a conjugate heat transfer case
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(c)
Figure 2.3 (a) A CAD representation of the radvairtler geometry; (b), (c) the fluid IB nodes assigron

an annular non-orthogonal grid
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Figure 2.4 Dirichlet condition implementation invislg the use of a single probe in the normal dioect

The distance$q,sand* . are both measured from the immersed boundary
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Figure 2.5 Neumann condition implementation with aétwo probes both placed along the normal

direction. All the distance’sy,s* . and*. are measured from the immersed boundary
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Figure 2.6 Conjugate heat transfer treatment wathaf probes and mirror probes. Distances are again
measured from the immersed boundary and the npradres mpl and mp2 are located at the same
distance as pl and p2 (that ig at and* .. , respectively). The gray and the blue circledbinrépresent

the interpolation nodes used in the solid and fltemions, respectively
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Figure 2.7 Definition of domain types for (a) norfCand (b) CHT cases
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Figure 2.8 Close-up view of the near wing domaicotposition showing the spread of the IB over

multiple blocks on the background grid
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Figure 2.9 Strong scaling performance of the imgetation for a flow simulation involving bat flight

aerodynamics
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Figure 2.10 Coannular cylinder geometry used faleceerification
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Table 2.1 Comparison of drag coefficiebgsand lengths of recirculation zongs at different Reynolds

numbers for uniform flow over a stationary cylinder

Reynolds T >

number [37] Present [37] Present
10 2.78 2.80 0.25 0.25
20 2.01 2.00 0.95 0.93
40 1.51 1.54 2.30 2.26
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Table 2.2 Comparison of Strouhal numbers computédfarent Reynolds numbers for flow over a

stationary cylinder in the unsteady regime

Reynolds number Strouhal number

Silva et al. [39] Present

100 0.16 0.166
150 0.18 0.185
200 0.20 0.198
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Table 2.3 Computed Nusselt number values for cahgtaperature and heat flux boundary conditions at

the cylinder surface

Reynolds o™ (CWT) o™ (CHF)k
number

[40] Present [40] Present

10 1.86 1.83 2.04 2.00
20 2.46 2.42 2.78 2.71
40 3.28 3.20 3.77 3.67
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Chapter 3
Flows Through Reconstructed Porous Media Using Imme rsed

Boundary Methods 2

3.1 Abstract

Understanding flow through real porous media isaisiderable importance given their importance in a
wide range of applications. Direct numerical sinmiolas of such flows are very useful in their
fundamental understanding. Past works have focosedly on ordered and disordered arrays of regular
shaped structures such as cylinders or spheresuta porous media. More recently, extension e$¢h
studies to more realistic pore spaces are availallee literature highlighting the enormous poi@nbf

such studies in helping the fundamental understanai pore-level flow physics. In an effort to adea

the simulation of realistic porous media flows fat, an immersed boundary method (IBM) framework
capable of simulating flows through arbitrary sadacontours is used in conjunction with a stochasti
reconstruction procedure based on simulated amgealihe developed framework is tested in a two-
dimensional channel with two types of porous sestie one created using a random assembly of square
blocks and another using the stochastic recongtruptocedure. Numerous simulations are perforroed t
demonstrate the capability of the developed frammkewbhe computed pressure drops across the porous
section are compared with predictions from the Pd&orchheimer equation for media composed of
different structure sizes. Finally, the developedthodology is applied to GQOdiffusion in porous

spherical particles of varying porosities.

3.2 Introduction
Studies related to fluid flow and heat transferotiygh porous media attract significant interest from

researchers due to their application in a varidtproblems such as those related to the geothermal,

2 Reprinted from Journal of Fluids Engineering, i86(4), Nagendra, K. and Tafti, D.K., “Flows Thgbu
Reconstructed Porous Media Using Immersed Boundatirods”, pp 040908, with permission from ASME.
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mechanical and material sciences. Flows througloysomedia, as seen in most of the literature, are
generally modeled using modified governing equatiaith correction terms to account for the porasity
Resolving flows through porous media with direghgiations using conventional CFD techniques is
often quite challenging given the task of generptinds around intricate microstructures throughcivh

the flow is to be simulated.

Early works on porous media flows mainly involveddifications being applied to the basic governing

equations based on volume-averaged simplifyingrapsans. These modified equations are shown to be
applicable to a wide variety of problems includis@turated and unsaturated flows [45]. On the other
hand, the initial numerical works generally studitmivs through ordered arrays of regular structures
[46]. A main reason for the choice of such simalasi was the use of periodic boundary conditions tha
allowed such simulations in a much smaller geomiitag saving large amounts of computational time.
In the last couple of decades, flows through poroeslia constituting randomly arranged simple-shaped
obstacles are seen in the literature [47-49] anc lpwoven to be immensely useful in the fundamental
understanding of porous flows. With the improvementomputational capabilities, more studies relate

to disordered porous media have become feasibke tAtust is slowly shifting towards simulationsttha

can resolve the pore structures by means of diatierical simulations [50-53].

Different methods have been employed for simulagbpore-resolving porous media flows in the past.
These include use of lattice-Boltzmann [54, 55],0ethed particle hydrodynamics (SPH), moving
particle semi-implicit (MPS) [51, 56] methods amantgers. A viable alternative to the above mentibne
solution methodologies is to perform pore-resolvsichulations solving complete Navier-Stokes
equations in conjunction with immersed boundary hods (IBM). IBM has already been used by
Smolarkiewicz and Winter [50] and Malico and de So{b7] for porous media flows. In order to account
for realistic pore spaces, it is common practicage high resolution imaging techniques to repredhe

porous geometries, both by directly using the awdél measurements and by using statistical proesdur
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to produce faithful reconstructions of the origisalmples. For instance, Zaretskiy et al. [58] usady

CT reconstructed geometry in conjunction with dtéirelement solver while Ovaysi and Piri [51, 56]
employed a particle based solution methodologytwous media flows for solute transport. While ake
direct experimental imaging for pore space geomaiegation is ideal, in many cases it is hard tdqoer
these measurements. In such cases, use of stoateastnstruction procedures provides a very vialalg

of obtaining good replicas of the real pore spau#eed, the quality of the resulting geometrieditiectly
limited by the accuracy and resolution of the als# experimental measurements (which are used to
produce the necessary statistical descriptorsy. the primary goal of this work to establish aaigtht-
forward methodology for simulating fluid flows thrgh complex microstructures that exist in real psro
media, by way of using a combination of stochasticonstruction procedure with direct numerical
simulations using IBM framework. From a CFD poirft view, the problem at hand is two-fold: (1)
capability to recreate three-dimensional porouscstires which closely match real porous media &pd (
being able to perform numerical simulations of fiothrough such complex structures. The objective of
this work is to develop a suitable framework wheeim perform high-fidelity direct numerical simutais

of flows through real porous media and study tHated effects in different flow regimes. The paper

details the work undertaken in this regard.

The simulation of random heterogeneous media fiomdd statistical data is an intriguing problenaith
has attracted a lot of interest recently. Such gutapes are useful in reconstruction of three-dinoeras
structures using the information obtained from expentally obtained two-dimensional slices. Among
the many approaches that have been used in thegp@stechnique that stands out from the rest due t
the ease of implementation and the generality efgfocedure is the use of stochastic reconstruction
using statistical methods [59-61]. Following theBelitis et al. [62] developed a hybrid method thses

a process-based initialization procedure with autated annealing algorithm to produce microstruetur

It is shown that this method is able to producecsures that show a better match to the origire thith
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just the simulated annealing algorithm while at faene time being significantly computationally less
intensive. Also, implementing additional statisticalescriptors is straight-forward, though

computationally expensive, making it a very atirgcprocedure.

While generation of microstructures that mimic is& porous media in itself is a challenging task,
simulation of flow through these geometries usingditional CFD techniques is also a non-trivial
problem. The time spent on generation of bodyrijttimeshes for structured grids requires a huge amou
of user input, especially with increasing geometomplexity, and in many cases may be a fruitlask.t
Unstructured solvers are better in terms of easgidfgeneration but are much harder to implemedt a
require large amounts of book-keeping and memohesé difficulties have led to the development of
non-boundary conforming techniques for CFD problemtsch have gained considerable popularity,
owing mainly to the versatile capabilities that sumplementations offer in comparison to traditiona
CFD codes. In contrast to the body-fitting techesjuthe use of non-boundary conforming formulations
allows simulations of fluid flow around bodies witomplex features on a relatively simple fixed
background mesh. A class of such techniques knamhea “Immersed Boundary Methods” (IBM) was
first proposed and popularized by Peskin and comrsrf4, 6] who used this method for blood flow
simulation through heart valves on a fixed backgbCartesian grid. Numerous implementations have
been presented since with applications ranging fdiffusion dominated flows to direct numerical
simulations of turbulent flows through complex nmayigeometries. A wealth of literature is availathe
the range of capabilities that can be developethu8iM. For a detailed review of the different ftag of
IBM, the reader is directed to the detailed revignMittal and laccarino [63]. Only a brief revievi the

most relevant works is presented here.

The basis of any immersed boundary (IB) scheme $®lve the governing equations with the additibn o
a force field in and around the solid surface. Tgjly, the grid is non-conformal to the solid boarids

and an additional forcing is applied to the flovanthese boundaries to enforce the appropriatedaoyn
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conditions. The different IBM techniques differ time exact way in which the forcing is applied i th
vicinity of the immersed boundary. The implememtatused in the current work is based on a forcing
approach first proposed by Mohd-Yusof and cowork@rsl0] and later extended to a more general 3D
framework by Gilmanov and Sotiropoulos [14]. Thifieme involves usage of an unstructured triangular
mesh for surface discretization allowing the dgsmn of arbitrarily shaped 3D contours. It is apable

to sharp solid interfaces and does not suffer fidorring of the interface which may occur in a

continuous forcing approach originally proposedgkin and coworkers.

The outline for the rest of the paper is as folloWl) discussion of a suitable immersed boundary
framework for simulation of flows through compleranetries, (2) a brief description of the adapted
scheme for generation of realistic porous mediangdies, (3) details of validation studies on the

developed numerical framework and (4) simulatiosiofple test flows through porous geometries.

3.3 Nomenclature

3.3.1 English symbols

) Forchheimer term

* distance

*S average size of porous structure

+ cylinder diameter; diffusion coefficient
E friction factor

. channel height

, normal direction

1 pressure
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56 Reynolds number

56.  particle Reynolds number

8 time
velocity
T coordinate direction
U component mass-fraction

3.3.2 Greek symbols

» porosity

? permeability

A density

B flow variable

@ absolute viscosity

3.3.3 Subscripts

C%  boundary-condition (value at the wall)
F, inlet
/ probe

26E  reference value

3.3.4 Superscripts

L dimensional quantity
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3.4 Methodology

All the calculations presented in this work are fpened using an in-house code Generalized
Incompressible Direct and Large Eddy SimulationTofbulence (GenIDLEST) [28]. As part of the
current work, a framework is developed to simuflies through real porous media using a combination
of immersed boundary techniques and stochasticnstieection. A brief description of the numerical

methodology used is presented here.

3.4.1 Fluid flow solver

GenIDLEST is an incompressible fluid flow solverpahle of simulating flows with temperature
dependent property variations on a generalizeddioate framework. It uses a hybrid structured mesh
with unstructured multi-block topology for simulatis in complex non-orthogonal geometries. The
program uses state-of-the-art linear solvers, fipalty designed for modern hierarchical memory sub
systems, based on Krylov methods (CG, BICGSTAB a®@MRES) with multi-level

additive/multiplicative Schwarz preconditioners.

The governing Navier-Stokes equations for incongibds fluids with temperature dependent property
variation based on Sutherland’s law are writtefiollews in hon-dimensional form using index notatio

[29]:

Mass conservation

/\A N
- F\A i (3.1)
Momentum conservation
N N /\1 N N /\.a
—Y —bA. . A s e At d D @R .
A [ ApbA e dAT— 56T €T Tf c/ csa/ (3.2)
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where the non-dimensionalizations are givenfbyA "Afj,, 8 8% Gy @' g T T2 G\ .

525 ghi 56 Aghiighigni 2@l bltdlg;caAL g and@ @° @y -

The above mentioned governing equations are tramsfibto generalized coordinates and solved using a
conservative finite-volume formulation on a nongstared grid topology. The Cartesian velocities and
pressure values are calculated and stored at theerger, whereas contravariant volume fluxes are
calculated and stored at the cell faces. For timegration, a projection method using second order
predictor-corrector steps is used. The projectep stalculates an intermediate velocity field and th

corrector step calculates the updated divergemeevielocity at the new time-step.

For a multi-component system involving speciesudifin, the same governing equations are applicable
albeit with the use of average properties for thetume. In addition, the following species contityui

equation needs to be solved to ensure mass cotisargéthe individual components.

AMNALT] . A . A AL

where,U is the component mass fraction ands the binary diffusion coefficient.

3.4.2 Immersed boundary method

For immersed boundary modeling, a sharp interfapeaach capable of handling complex 3D surface
contours is implemented. This is based on a scHesteproposed by Gilmanov and Sotiropoulos [14]
and has been modified suitably to conform with tlea-staggered generalized coordinate framework of

GenIDLEST. The major steps in the current IBM inmpéatation are summarized below.

3.4.2.1 Definition of surface grid
The solid boundary to be modeled as IB surfacedsiged as input in a discretized form. Each of the

discrete surface element (hereafter referred telawent) is associated with information regarditsg i
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location with respect to the fixed background flgdd, surface normal and area. The areas of the

elements are maintained at roughly the same siteea=ells on the background mesh.

3.4.2.2 Identification of nodes

Each of the nodes existing in the calculation donisicategorized as a — fluid, solid or an IB noflee
determination is based on location of the cell eenf each node with respect to the IB surfaca. dell
center lies within an IB surface, it is termed akdsnode while if it lies outside of it, it is tered as fluid.
A new type of node is then defined called the IBl@owhich is any fluid node that lies directly ddjog

the 1B surface and thus, will have at least onthefsix neighboring cells to be a solid cell.

The essence of our method is that no calculatiorsparformed on the solid and IB nodes, thus
necessitating the above mentioned determinatiamodé types. The iterative solvers provide solutmn
the flow variables only at the fluid nodes whilesgecial treatment is employed for boundary conlitio

setting at the IB nodes which is discussed next.

3.4.2.3 Boundary treatment for IB nodes

Since the governing equations are solved at the flades without any modification, the values ofafl
variables at the IB nodes essentially act as thdary conditions. The IB nodes hence are prowdéd
values so as to reflect the presence of a solithseimext to them. For this purpose, every IB nizde
associated with a probe which will be used in thtirsg of boundary condition as shown in Figure 3.1
The location of the probe is taken to be at onédistance from the IB node in a direction along th
surface normal. A tri-linear interpolation schemeused to determine the value of the desired pvienit
flow variable from the surrounding nodes. The vadgeobtained at the probe is then utilized in the

computation of the value at IB node satisfyingdpgropriate boundary condition.

It is to be noted that among the surrounding nddesvery IB node probe, at least 1 of the surraugd

nodes is an IB node. Thus, multiple inner iteradiane performed for computation of IB node valwes t
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overcome any implicit dependence on other IB naglees. The convergence criteria used for the inner
iterations are the same as those for outer iterst{bnear solvers) and it is observed that corsecg

occurs within the first two inner iterations fof tile simulations.

For Dirichlet boundary condition (used for velocitpmponents), a constant gradient in the region
between the IB surface and the probe location ssiraed. This leads to the following formulation for

Dirichlet condition:

(3.4)

On the other hand for Neumann boundary conditisedqufor pressure), an application of a one-sided

difference equation leads to:

"B
B B.d* 5 (3.5)

The normal pressure gradient at the IB surfacakert to be zero. In order to ensure a divergeres fr
velocity field, averaged flux corrections (computedsed on error in global mass conservation) are
applied at all the cell faces that lie between Bnnbde and a fluid node. This enforces the mass
conservation in the approximated fluid domain treat outside of these cell faces at which the ativas

are applied [33].

3.4.3 Stochastic reconstruction of porous media

In the current work, a reconstruction procedureetlasn the hybrid method developed by Politis and
coworkers [62] is adapted. The method is capablecofeating two- and three-dimensional structures
with prescribed statistical characteristics of gmrous medium. A great many studies are available i

literature that describe in detail the developmeinsuch methodologies [64]. Generation of “reatisti
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structures which match the original structure degestrongly on the type of statistical correlatiosed
for reconstruction. While the porosity and two-gotorrelation function are the necessary descigptor
they are by themselves insufficient in providing thore connectivity information, thus resulting in
porous morphologies with poor pore space connégtiVihe lineal path and two-point cluster functions
are additional descriptors commonly used in therdiiure to improve the connectivity of the genetate
structures [65]. Though computationally expensivee of these additional correlations in the sinadat
annealing procedure is straight-forward. In thigdgt our primary objective is to demonstrate the
capability developed using porous media that arehststically reconstructed. Hence, in order to kbep
computational requirements of reconstruction sbep bare minimum, we have used only the porositly an
two-point correlation function for reconstructiof.brief listing of the step-by-step methodology dise

provided here:

1. Provide the medium porosity and n-point autocoti@hafunction as the inputs. For generation of
correlation functions, a randomly packed array iofutar structures whose diametet. is the

same as the expected average size of each porocsis is used.

2. Initialize the reconstruction process by generaaing@ndom field of desired porosity across the

domain consisting of 0’s and 1's (0 is porous ragiad 1 is solid).

3. Compute the energy of the systdmndefined as the sum of the squared differencesemet input

correlations and those of the generated strucBiceeA as the energy of the old stdte

4. A new structure is obtained by interchanging twoda@mly selected pixels of opposite phases.
Selection of pixels of different phases ensures ttie porosity of the structure is maintained at

the original value.
5. Compute energy of the new configuratiyn

6. The new configuration is accepted based on a piiiiyagiven by the Metropolis rule:
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N N N 3d —— —A ~
1A AgdA[ O/ ¥ pgehFisA (3.6)

FHHRE R El=A

7. Steps 4-6 are applied at the same temper8tgused in the Metropolis rule) N times.
8. Decrease the temperature by a very slow rate gehtesteps 4-7.
9. Exit when the number of successful swaps beconssgian a specified value.

The output of this procedure is to produce nodetbdsnary information about the domain representing
all the solid nodes as 0 and fluid nodes as 1.rei§.2 shows an example structure created on aidoma
of size 10x10 with a porosity of 0.85 and an aversigucture of 0.25. The procedure described alsve
capable of generating both two-dimensional andetidienensional microstructures. For generation of
realistic microstructures, statistical descriptolgained from experimental measurements will havieet

used and will need to include additional correlagito ensure adequate connectivity.

3.5 Results and Discussion
This section presents a detailed account of thdtsegbtained using the numerical framework desctib
in the previous section. A few validation studierfprmed as part of the work are presented first,

followed by calculations performed on 2D porousrotels.

3.5.1 Validation

As part of the validation exercise of the IBM maththe case of uniform flow over a stationary cgén

is considered. Numerous simulations are perfornmedtiae results are compared to experimental or-high
resolution numerical results available in the &tare. The extent of the domain considered is 4bihé
stream-wise direction and 30D in the cross-flovection. The inlet is maintained at a distance dd 20
from the cylinder while the exit is at 25D to avaidy influence of the inflow or outflow boundaries

the flow-field. Calculations are performed for ayRelds number range of 10-200 based on the cylinder
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diameter and inlet velocity. This encompasses tiwlsteady (attached recirculation zones) and adgte
(shedding Karman vortex street) flow regimes. A-noiform Cartesian grid with hyperbolic tangential
vertex distribution is utilized in the flow domaivhile maintaining a uniform distribution in the indy

of the IB surface with a total of 80 grid points ( 0.0125D) in each direction across the cylinder.

3.5.1.1 Steady flow regime (56  40)

There is a wealth of experimental and numericalltesavailable in literature for this case. Theufes
from the numerical results of Park et al. [37] whave discussed results in the range of Reynolds
numbers matching with the current work and showadgagreement with other experimental works is
chosen here for validation. The simulations of Perlal. are performed on a body-fitted mesh on a
staggered-grid framework using 128 grid points adbthe cylinder surface. Table 3.1 presents the
coefficients of drag and the lengths of the redatian zones calculated at various Reynolds numaeds
the corresponding numerical results from [37]. Fég8.3 shows the distribution of coefficient of ggare
obtained for each of the three Reynolds humbensnarthe cylinder. A good agreement is observed in a

the cases.

3.5.1.2 Unsteady flow regime (56 ~ 40)

It is well known that for higher Reynolds numbers~40), the recirculation zones become unsteady and
shed alternating vortices in the wake called thaniém vortex street. The shedding pattern is
characterized by the Strouhal number — a non-dimeak measure of the shedding frequency. For
comparison of these results, the experimental tefwm Norberg [66] and numerical results of Zhahg

al. [67] are used. The comparison of the averagéficeents of drag and Strouhal numbers are present
in Table 3.2. It is seen that the agreement ofecurwork with past results is good. The differente

Strouhal number compared to the experiments of {66]56g = 200 is due to setting in of three-
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dimensional effects in the flow field, while thelaalations are performed in a two-dimensional setup

This discrepancy is well documented in the litera{67, 68].

3.5.2 Flow through porous channels

Next, a series of calculations are performed usivg developed IBM framework to simulate flows
through porous channels. The porous media usect@aged using either a random arrangement of square
blocks or the stochastic reconstruction proceduseudsed earlier. This section presents in deftail t

results obtained from various calculations andieelaiscussions.

3.5.2.1 Computational details

For all the calculations, a two-dimensional charfles¥ as shown in Figure 3.4 is considered. Thegtlen

of the channel is three times the channel heightthe first and the last sections are plain chisnmbile

the middle section consists of the porous mediuhre €hannel geometry consists of top and bottom
stationary walls and inlet and outlet conditionbeTmeasurement of pressure drop is made across the
middle section by computing the average pressuresaca cross-section perpendicular to the flow

direction before and after the porous section. #oam Cartesian grid is used in all the calculason

3.5.2.2 Grid sensitivity study
A grid sensitivity study is conducted to ensure shfficiency of grid resolution in the flow fieldhe
porous medium is generated using stochastic recmtisin procedure described earlier for a porosfty

0.75 and average structure size*gf <A . The Reynolds number based on the channel height a
inlet velocity is 100. Calculations are performen three grid levels with grid resolutions o
N and . Figure 3.5 shows the reconstructed porous medjeametry used in the

calculations. The locations of two cross-sectionasered for velocity profile comparison are also

shown. The stream-wise velocity profiles at twossrgections inside the porous medium shown in Eigur
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3.5 are compared at the three grid levels andealdgtt Figure 3.6. It is seen that the agreementngmo

profiles at the three grid levels is good.

In the discussions presented next, the pressupeabserved across the porous medium is comparéd wit
the theoretical predictions using Darcy-Forchheieguation. Hence a comparison of the pressure drops
obtained across the porous section of the chamsnptavided in Table 3.3. It is seen that the values
obtained for pressure drop are in good agreemehtesich other. Hence for all the calculations presk

next, a grid resolution of " in each direction is used.

3.5.2.3 Darcy-Forchheimer equation for pressure drop
The classical way to calculate pressure drop aadssmogenous porous medium is to use the Darcy

equation with Forchheimer correction [52] given(dimensional form):

e .. .-
= . LZII ) L‘AL; l_i (37)

dAYE oot

where,; ; is the average inlet velocity (also termed theesfigial velocity), ?- is the permeability and

) L is the Forchheimer function. The viscous and iakeffects are accounted for by the first and sdco
terms, respectively. The inertial term becomes igddé for very low velocity (Darcy) flows and this
equation reduces to the standard form of presswop diven by Darcy law. Numerous experimental
studies have been undertaken in the past to estithatpermeability and Forchheimer’s function for a
variety of porous geometries. Based on these studagrelations relating these quantities to thecsiral
characteristics of the porous media such as thesfigrand average structure size have been dewklope
and are widely used under certain simplifying agstions. The permeability is commonly estimated
using the Carman-Kozeny equatidh » AxL a 7Y d» [ , while the Forchheimer function is given
by)- &£ Yd» [a»A*k [69]. Though the Carman-Kozeny equation was deexlofor spherical

particles, it has been used extensively for poroedia in the limit of homogeneity and isotropy [72}.
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For porous flow calculations, it is common to uke average size of the porous structdresand the
porosity» in the definition of Reynolds number, called thatizle Reynolds number, given 6.
A; *>» 2@ We compare the pressure drop predicted by thalations to a non-dimensional form of

Eq. (3.7), expressed in terms5§.., » and* .. given by:

N »o .
E 56>‘5 ) (3.8)

where, the? and) are non-dimensional equivalentsaf and) b, respectively. In addition te and* .,
found in Eq. (3.8), the values ®fand) are also dependent on the structural charactarigfithe porous
medium. We would like to study the influence of f@ous structure sizes at different flow velositsand
hence, in order to reduce the number of indepengarmeters, we use a fixed porosity value of

» g for all the calculations presented here.

3.5.2.4 Pressure drop from simulations

Two kinds of porous medium geometries are constldoz numerical simulations — the first one
composed of square blocks of a specified sizeateatandomly placed to obtain the required porasiky

the second type which is generated using the ssticheeconstruction procedure described in section
3.4.3. Three structure sizes are considered. —eA , A ande<A . For every structure size,
calculations are performed for different inlet w@ties and for each of these cases, we create a new
configuration of square blocks with appropriateustiire size and porosity. Though the statistical
descriptors used may be the same for differentscate actual resultant structures may “look”
completely different between different configuratio To highlight this aspect and also the complex
nature of the structures generated, the reconsttugtometries for the threég values are shown in

Figure 3.7 for two cases each.
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Figure 3.8 shows the pressure drop values predigyedumerical simulations in comparison to the
theoretical values calculated using Eq. (3.8). pllo¢ is provided on a log-log scale for purposelafity
and hence the actual differences are larger they dppear. It is observed that the agreement Wwéh t
prediction from Darcy-Forchheimer equation is gdod *. <A and <A and the maximum

deviation is within 15% for all the cases considerEor*. <A however, the deviations become

relatively larger with a largest value of around@5 his increase in deviation can be attributedniyad

the increase in the relative size of the porouscaires in comparison to the channel geometry. The
correlations used for computation of permeabilitg &orchheimer’s function may no longer be accurate
since localized effects of fluid flow around theustures start dominating The increased discrepancy
especially shows up in the inertial term which &itisia strong dependence on the geometry of thaugor
structures. Indeed, the applicability of Darcy-Hdreimer equation (and the two correlations) shdeld
limited to fine-grained homogeneous porous media; increased structure sizes clearly violate these
assumptions. It is in these scenarios that theofisecurate direct numerical simulations to preflmyv

features becomes a necessity, even when the poredis is only composed of same sized square blocks.

Figure 3.9 shows the computed pressure drops agosgsstructed porous channel for different vahfes
56.. It is seen that relatively, the deviations frdmedretical predictions are larger in these simoitesj
especially for the two larger structure sizes. Atbe differences are observed to be case deperfdent

example, the largest deviation for, ~  (~50%) is for56. while for *. , 56,
(~110%) and (~62%) exhibit larger differences. Knowing thaffelient geometries are used for each of
these simulations, this shows the highly geomedpetident nature of these problems and emphasizes th
importance of accurate prediction of localized fléeatures. As the structure sizes are increasds to
comparable to the channel dimensions, the locaing#ic characteristics dominate the flow field and
hence influence the observed pressure drops, gighig the need for direct numerical simulations to

accurately predict flow in realistic porous medraconclusion, as has been shown in the past [T2H1&
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use of macroscopic relations like Darcy-Forchheieguation is limited to homogeneous and isotropic
porous media. In the case of any increased geanwamiplexity or higher flow rates which may resalt
unsteadiness and eventually turbulence, use ofatecdirect numerical simulations maybe the only wa

forward.

3.5.3 CO, diffusion through porous spherical particles

Next, to demonstrate the applicability of the depeld framework to a three-dimensional problem, we
consider calculations to simulate diffusion of Q@rough porous spherical particles and study dita t
time to saturation for different particle porosstielhe particle geometry is created using the sisith
reconstruction procedure explained earlier. A ram@orangement of spheres is used to generatephe in
correlations. Figure 3.10 shows a reconstructedysospherical particle of diameter 100 microns and
porosity of 0.45. In these calculations, it is ased that the diffusion process is driven purelytivy
presence of local concentration gradients and hdreceonvective terms in the governing equatioes ar

neglected.

A uniform discretization consisting of 200 meshmisiacross the diameter is used in the vicinityhef
particle. The particle is placed within a cubic @gamconsisting of 15% CQand 85% N initially. The
boundaries of the domain are set up to enforceliequim with the ambient conditions and thus act as
infinite sources of 15% COwhile a zero-gradient (Neumann) boundary conditfon the species
concentrations is used at thepore surfaces. The fradion of CQis initially set to 0% in the pore space
of the particle, while the remainder is constitutgadthe carrier species N The patrticle is said to be
saturated with COwhen the average mass fraction of @@ide the particle is 95% of the ambient CO
mass fraction. Porosities in the range 0.2-0.6 amesidered for the simulations and the computed
diffusion times are shown in Figure 3.11. It is@h®d that for higher porosities (> 0.4), the tdtak for

saturation shows an asymptotic behavior. As thegty of the particle is decreased below 0.4, afste
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increase in the diffusion time is observed. Thigxpected due to reduction in the number of approac
paths to the pore spaces in the interior of thégbar While these are only preliminary calculagsothey
demonstrate the use of the developed methodologgrimplex three-dimensional pore spaces. In future,
such simulations can explore a broad spectrum @byso media flow problems and improve our

fundamental understanding of the subject.

3.6 Influence of stochasticity on saturation times

Use of a stochastic procedure for the porous gegnueation affects the simulation behavior. For
example, in the previous section, the particulaongetry used for the diffusion simulations affedis t
overall saturation times. In order to assess tfecebf the stochasticity of the geometry, simulas are
performed through two-dimensional porous circulartigles. The problem set-up is similar to the,CO
diffusion in porous spherical particles explaineatlier. The particle considered is 100 microns in
diameter and a total 200 grid points are used adtws particle diameter. The particle porosity.& @&
total of 25 simulations are performed and the timsaturation is computed for each of the simutetio
From these computations, the average time to de&nregs observed to be 0.30 ms while the standard
deviation is calculated to be 0.02 ms. Hence, f#ilution of the values for different geometrigs
within a small range — the standard deviation &s lthan 7% of the mean value while the maximum
absolute deviation from the mean is 18%. Conseyanis established that the results indeed cogwe
to an average value and that the deviation frormthan value is also within acceptable limits gities

inherent random nature of the geometry creationgss.

3.7 Summary and Conclusions
The primary contribution of this work is developmesf a framework for performing computations
through complex pore-space geometries in a strégghtard way and studying flow regimes wherein

application of empirical formulations may be ina@@e. In order to create realistic porous media, a
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stochastic reconstruction procedure based on sietllannealing algorithm is used. The framework is
applied to porous channel flows and the computesqure drops are compared to predictions using
Darcy-Forchheimer equations. Use of analytical esgions is subject to inaccuracies when the porous
geometry tends towards heterogeneity. The simulstidemonstrate the capability of the developed
methodology in simulating flows through complex @os morphologies and the importance of
performing such studies. This lays a foundationsimdying macroscopic properties of realistic psrou
media such as permeability in relation to the vaifow regimes, including turbulence. €@iffusion
simulations are performed on reconstructed spHepimaus particles for varying porosities showihg t

extension of the developed framework to three-dsiwral problems.
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Figure 3.5 Porous channel geometry used for tliesgmsitivity study showing the stream-wise velpcit
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Figure 3.6 Comparison of u velocity profiles obtairat the three grid levels at (a) section 1 aipd (b

section 2
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Figure 3.8 Comparison of pressure drops from sitimla and Darcy-Forchheimer equation for porous

channel constructed using square blocks
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Figure 3.9 Comparison of pressure drops from sitimla and Darcy-Forchheimer equation for porous

channel constructed using stochastic reconstruction
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Figure 3.10 A 3-D porous spherical particle of deen 100 microns and porosity of 0.45
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Figure 3.11 Computed diffusion times for porousesimal particles of varying porosities
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Table 3.1 List of coefficients of drag and wakegtins computed for uniform flow over a stationary

cylinder at various Reynolds numbers

Reynolds Coefficient of drag Wake length

number
Present Present
10 2.78 2.80 0.25 0.25
20 2.01 2.00 0.95 0.94
40 151 1.54 2.30 2.27
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Table 3.2 Strouhal numbers obtained at differertni@iels numbers and the comparison with existing

experimental and numerical results

Reynolds number q. Strouhal number
Present Present
100 145 143 0.165 0.170 0.166
150 140 1.39 0.185 0.190 0.185
200 140 1.38 0.181 0.202 0.198
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Table 3.3 Non-dimensional pressure drops obsereess the porous section

Grid Total grid Resolution Pressure-
size CAE drop (EEA
El)
A 600%200 0.005 2.35
B 1200x400 0.0025 2.36
C 2400%800 0.00125 2.36
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Chapter 4
A Sub-pore Model for Multi-Scale Reaction-Diffusion Problems in

Porous Media

4.1 Abstract

Applications of reaction-diffusion systems in posauedia pose a challenging problem for computationa
modeling approaches due to their multi-physics rmndti-scale nature. In this work, a length scaledaa
dual approach is proposed — the larger pore chanimehcro-pores) are resolved using conventional
numerical techniques and a novel ‘sub-pore’ moslelsed to account for the unresolved pore channels
(sub-pores) and the important physics therein. Thigter provides the details of the sub-pore nioglel
technique. In this chapter, a novel methodologyt @ecounts for all the length scales and physical
phenomena involved in a single framework is desctiirhe porous network in the sub-pore system is
composed of a fractal-like hierarchical system tfight cylindrical pores. Simplified governing
equations for mass and energy transport are sdbredgithin the sub-pore system along with a reactio
kinetics model to account for surface adsorption. itaplicit coupling strategy is used to couple the
macro-pore and the sub-pore systems so as to ecsnservation. The developed methodology is then
applied to a number of test cases. This includee piffusion and adsorption simulations which are
performed to assess the individual process timkescH is established that the proposed framevi®rk
necessary for problems where the adsorption tinaesis much smaller than (diffusion-limited) or
comparable to the diffusion time scale. The diffusiimited case is shown to be applicable t0o,CO
adsorption process on meso-porous silica. This masxplored further by way of parametric studies,

demonstrating the capabilities of the proposed ouztogy.
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4.2 Introduction

Diffusion and adsorption in porous media have foandumber of successful applications in processes
involving separation of a variety of gaseous migtuf75-78]. One of the prime examples for the dse o
these technologies is its application to carbortwrep[1l, 79-81]. These processes involve use dilhig
porous materials which, owing to the large amountwface area, are ideal for a surface phenomenon
like adsorption. Porous media are typically catemgal based on the size of the predominant pore
channels that they are composed of and are divitedthree types — macro-porous (> 50 nm), meso-
porous (2-50 nm) and micro-porous (< 2 nm) solBimaller pore channels result in increased surface
area available per unit mass of the material anacéneneso-porous and micro-porous solids find

numerous applications in a variety of adsorptioseabaseparation processes.

In terms of physical phenomena involved, theseesystinvolve diffusion of mass (and possibly energy)
into a network of pore channels and a subsequestdrpiion reaction with the surfaces of the porous
media. The mathematical and numerical aspects efcthssic reaction-diffusion problem that these
systems represent have been studied in great dtethié past [82, 83]. It is routinely observedtttiee

time scales governing the reaction and diffusiom$ecan be quite different [84] and hence these

problems pose a challenging task for any computdiased approach.

The next issue, also related to scaling, is thavidely differing pore channel sizes contained anqus
media. Porous materials generally exhibit a distiiim of pore channel sizes rather than being caeqo

of uniformly sized pores. In fact, the length sedlemany porous media used for adsorption usgalin
over 3-4 orders of magnitude. For example, mesoysosilica particles that are used as sorbent rahter
for CO, separation from flue gases are sized around 100#8@rons while the smallest channels
contained in them are as small as 25-30 nm. Thadetpl such a wide-ranging length scale variat®n i
dual — it introduces additional time-scale dispadind affects the dominant physical phenomena. It

follows that it is near impossible to perform nuroal simulations resolving all these length scaled
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the relevant physics in a single framework. Themujective of this work is to develop a feasibhel a
cost-effective numerical approach which is geamuaatds such multi-scale reaction-diffusion problems

involving porous media.

Considering the effect of the complex network ofgpohannels on mass transport alone, it has been
shown in the past that the diffusion process depesitbngly on the nature of the porous structure
underneath [85, 86]. Attempts have been made ipaiséto account for these varying pore channeksiz

in a number of ways. Most common approaches inctaddeling them as a network of interacting or
non-interacting capillaries [87, 88] and their sdngent use in either homogeneous or heterogeneous
single porous particle systems wherein the effdctthe pore size distribution is modeled using
integrations performed over the entire pore sizegea[76]. For example, flux expressions for the
diffusion into the void space of porous particlesd been derived by assuming a network of cylidiric
capillaries capable of satisfying arbitrary poreestlistributions [89, 90]. Simons and coworkers, [85,

92] described the use of a “pore tree” structurentmel gasification in coal char. In the pore trine,
network of capillaries form a river- or tree-likgstem wherein the larger channels break down into
smaller ones and so on, and the diffusion andimaprocesses are modeled analytically (using Blgita
integrations). Another alternative approach isomklat porous media as being composed of fractaspo

[86, 93, 94] and use an effective diffusion coedint in the formulation of the species diffusioruation.

In the current work, a contrasting approach, imgof handling of the pore structure, is presefgd
attempting to resolve all the important length esairectly in a single numerical framework. Thisk is
however not straight-forward given the multi-scaleture of the problem and the multiple physical
phenomena involved. The main aim of the presenempapto develop a numerical methodology which
captures all the important scales and dominantiphlygshenomena in a general reaction-diffusionesyst

in porous media.
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4.3 Methodology

It is essential that the proposed scheme is compogdly tractable for practical applications anety
captures the dominant physics at all the lengtlesdavolved. In view of this, it is proposed topapach

the problem using a length scale based modeliategly — the larger channels are simulated usiragyex p
resolving approach by employing immersed boundagthod (IBM) while the remaining pore channels
that are unresolved are modeled using a ‘sub-poogleling methodology. The idea of dual modeling is
analogous to the sub-grid scale modeling usednulsition of turbulent flows wherein the large, eger
carrying flow structures are resolved on a reldyiv@arse grid and any of the unresolved scales are

modeled to include the important physics that datgrihese smaller length scales.

4.3.1 Elements of sub-pore geometry

The geometry in the sub-pore system is construaseal hierarchical system of pore channels witrelarg
channels branching into smaller ones and so ors iBhsimilar in essence to the “pore tree” geometry
proposed by Simons and coworkers [91, 92]. Whike geometry construction is similar, it should be
pointed out that the pore tree model presents intmus size distribution (termed ‘continuous biang
model’ by the authors in [92]). In comparison, tharent model approaches the problem in a discrete
fashion, thus rendering it ideal for numerical diations. Figure 4.1(a) shows an illustration of fuee
branching model used for the sub-pore geometryryEl@vel’ defines the structures of a particulées
with level 1 representing the largest channels higher levels representing incrementally smaller
channels. In the example schematic, structureseay éevel branch into two structures of the nextel
and so on and once the entire structure is consttud can be imagined to form a tree-like stroetu
Like in any self-similar fractal structure, the gaestric entities at all levels are similar exceptddength
scaling factor which is provided as part of the -pobe geometry definition. In order to keep the
implementation of the physical models to be sasvithin this system tractable, the channels hosen

to be cylindrical which allow one-dimensional asgtion for the models. A schematic of such a stgctu
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is shown in Figure 4.1(b). The sub-pore systentésgnt at the solid surface of the macro-pore geggme
and hence can be imagined to exist underneath evacyo-pore cell that forms a boundary with thédsol

surface of the macro-porous medium.

In construction of the sub-pore geometry, it iss@sial to identify the minimum set of input geonnexf
parameters necessary to create this geometry. 8iaeventual goal of this framework is to représea
pore channel network that cannot be directly resshivt is best to utilize experimental data thapse
perform this operation. It is common practice toaretterize a given porous medium by an
experimentally measured pore size distribution (R@Dpore size distribution provides the contrilouti

of channels of different sizes in the porous medtonthe overall pore space volume. Hence, given a
PSD, the size range of pore channels that will ned modeled using the sub-pore methodology ean b

derived. Once the size range is known, the data flee PSD can be used in the following manner.

Assuming that ¢ number of levels are used in the sub-pore sysdachthat the length scaling of level
with respect to the base level (that is level 1giieen byJ . This means that any length belonging to
level Fcan be computed using the corresponding lehgthelonging to level 1 andl to get the value of

J . By extension, any area element will scale asstheare of] , while any volume element will

scale as the cube 01‘. The values oﬂ_’s can be derived from the PSD as has been distuese:.

The total volume contributed by channels of levid all the sub-pores through the porous medium can

be calculated as:

[Nl B (4.1)
where,, is the total number of sub-porés, is the pore-space volume of one channel of lewand, i
is the number of branches of lewedxisting in every sub-pore. In the above expresdite values of
and, i, are yet to be determined. In order to relate titead volume contribution of a given level to the

PSD, the fractional contribution of the given leteethe total volume needs to be calculated:
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S = = | T ! '_AJA (42)

The above equation when written out for all thdevels forms a simultaneous set of equationsfgat{s
a trivial solution with all the j,’s being equal to 0. In order to avoid the trisalution, one of thei,’s
needs to be constrained and then apgy- 1 equations be solved to obtain a non-trividiitsan. The
definition of the sub-pore geometry requires tihat évery sub-pore starts with a single structure\l

1. Hence in Eq. (4.2) above, the number of branfhiethe first level i.e. is equal to 1. Also, since

Vi
the scaling is performed with respect to the level is equal to 1. Assuming the values, 9f andJ to

be known quantities and rearranging leads to atiequation in terms of;;’s:
YAS[, 1, YRS[, 1,0 bfsdife "0 Wwhsc i, d WS,
Using the values af and, i , and dividing byS throughout:
WAL VAL O vt doesw, g, O b, T (4.3)

The E" term, ass seen in Eq. (4.3) above, has an adalitienm in the coefficient. A set ofz — 1
simultaneous equations are obtained by writingaheve equation foF= 2 to, ¢ The final form is as

follows:
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The number of branches at each levgl can be hence computed using a solution to theeabwatrix

formulation. Given that the number of levels isalgua small number, the matrix size is expectetido

small and hence direct inversion works well for trezses.

The other physical parameter that is desirable @omatched is the specific surface area available,
especially for surface phenomena such as adsorptiothe porous surface. To help ensure that the

constructed geometry matches a given specific seréased) ., the number of sub-pores on the porous

medium, is used.

The total additional surface area available permule is the summation of the surface areas availab

due to structures at every level and can be exgiless

) > ) ) 0 4
where,) s are the total additional areas available at dachl. As mentioned earlier, the area element
will vary as the square of the scaling faclarNoting that a hierarchical geometry is used, ezfctne

levels are composed of geometries that are similascaled according to the scaling raktioAlso, since

these are the total areas, contributions due tahallbranches present at a particular level arbeto

accounted for.
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The amount of surface area added for one sub-morgaration is then used to determine the numiber o
such sub-pore configurations that should exist urelh unit area of the macro-porous surface. deror

to this, an expression for the total area on threywmedium is written as:

) Dz ) Dz G b)e (4.6)

where, the subscriptsl/ and J/ indicate contributions due to macro-pore and swute-pchannels,
respectively. The addition of the sub-pore systawedver also introduces additional pore space in the
medium. This change in the pore space should hHemceflected in the calculation of the specificface
area as well. An expression similar to Eqg. (4.6) ba written for the total pore volume in the paou

medium:

i i Z> ) i > i Z> : 3 I i > (47)
Now, if | 5 represents the total volume afglthe true density of the porous medium, the spesifirface
area is given by:

)

At d i (4.8)

As mentioned earlier, the specific surface aremigput parameter to the determination of the suie-
geometry and hence is a known quantity. After suhistg Eqgs. (4.6) and (4.7), expansion and

simplification of Eq. (4.8) above can be used tmpate, .., the total number of sub-pore systems per
unit area of the macro-pore surface, to obtainsirele value of the specific surface ajea
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4.3.1.1 Example 1: A uniform pore-size distribution

In this example, a macro-porous medium of poro8iy is considered which exhibits a uniform PSD
across all the pore channel sizes ranging betw86f &and 62.5 nm. Also, the macro-porous volume of
the medium is 1 m® and the surface area is167. Assuming a true density @ = 1000 kg/m, the
specific surface area of the macro-porous mediug®@ ni/kg while the desired value is 50000/kg,

i.e., a 250 times increase in the value due taodhiction of the sub-pore geometry. Details about

deducing the sub-pore geometry are discussed next.

For sake of simplicity, the scaling ratio betweancessive levels is assumed to be a constant.cHhac
ratio is equal to 0.25 and there are 3 levelslinTale corresponding values of scaling ratios ilhce be

J =1;J =0.25;J4 = 0.0625. The first level structures have a di@met 1 micron and consequently,
the second and third level structures will havarditers of 0.25 and 0.0625 microns, respectively. A
uniform PSD means that the volume contributionh&f individual levels is equal to a constant value —

e, S S Sjx % -—thevalue being a result of the total numbdewéls being 3.

For the current example, the two equations obtaimgdubstituting the above values into Eq. (4.3)

presented earlier will be:
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Upon solving these equations, the values;gfand, j , come out to be 64 and 4096, respectively. Using
the values of j’s and the other input data, value,af is determined to be 9.58x18ub-pores per m

area of the macro-pore surface, which ensuregshbatesired value of specific surface area isfeadis

4.3.1.2 Example 2: An ad-hoc geometry
Now, an example is considered wherein the PSD tskmown. For this case, geometrically self-similar
structures are assumed at all levels with a conssitin J between successive levels, the following can be

written about the scaling ratiod”.
JeJ Jxed O J 18 I
JJ z3 J-°

The value ofJ can be calculated using the smallest and largeshrel diameters in the sub-pore

geometry:

Also, if the PSD is not known a priori, the valugs i also will have to be specified. Here, a simplified
geometry is created assuming that the values increase as per a geometric progressiam tive

increasing level number. This means that the tadtaveen the number of branches at successive lisvels

a constant equal tg :
ety o ie®iig o,

loD¢’ log—o

10 s ioZvTO
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For this case, the final expression for the totaface area available per sub-pore given in Ed) (4.

simplifies as a geometric series. Using, , the total additional area per sub-pore can bé&emrias
follows:
3 t
N o e Y, i [Fod
) - ) BLe) WL )
N N J.id

Similarly the increase in overall pore space volwhe to introduction of one sub-pore is writtenovel

) ‘¢D A . to A . . Y\]A,i[iDd
- |N bJ_,[iC | NYJ i Z—JAT

If desired, even for this simplified geometry, tredues of] and, ; can be selected such that additional
physical constraints are satisfied. For exampld, i§ desired that the surface area contributibthe
smaller levels should be larger, but the volumetrdomion should be lesser, the following condiscere

to be satisfied:

4.3.2 Modeling macro-pore transport

The larger pore channels, here onwards referrad the macro-pore channels, are resolved directlye
current approach. Any porous structure is typicatynposed of a complex network of interconnected
pore channels and it is a challenging task to perfpore-resolved simulations through these inteicat
structures. In this work, the immersed boundaryhoe{(IBM) is employed for this purpose. IBM offexs
boundary non-conforming approach to resolving fldbwough complex geometries. The current IBM
implementation is within the framework of an in-lseu code GenIDLEST [28] (Generalized

Incompressible Direct and Large Eddy Simulatio ofbulence) and has been extensively validated and
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applied in a wide range of fluid flow and heat st problems [34, 95, 96]. The applicability ofsth
framework to complex reconstructed porous mediarggoes including to problems involving species

diffusion has been shown to be a promising aveausimulations involving realistic porous media][96

At the macro-pore level, governing equations aheesbto compute the transport of mass and energy. T
general form of the diffusion equation that is salvaumerically is given below using Einstein’s irde

notation:

AB A A A
E‘ "_Tab'ch "_Tae} "_Taf b (4.10)
where,B represents the quantity of interestis the velocity} is the diffusivity andc is a source term.
While solving for energy diffusionB is replaced by the total enerdy?49 whereA and% are the
mixture density and specific heat, respectivéyjs the temperature and represents the thermal
diffusivity. For the diffusion of species in a metbmponent systenAU is the system variable wherein
U is the component mass fraction gnd replaced by the binary diffusion coefficient computed with

respect to the carrier species.

It is assumed that the individual components exteptcarrier species are present in a dilute ptmpor
thus eliminating the need to consider diffusionfficient for a multi-component system. Since theiima
goal of this paper is to highlight the differenpasts of the sub-pore modeling methodology, theorsi

components are assumed to be negligible. This nteahshe problems considered are purely diffugive
nature and hence the convective term in the equatiove is eliminated. The linear systems resulting

the implicit treatment of the above equations ateexl using a pre-conditioned BICGSTAB method.

The above formulation involves use of certain ptgiiproperties of the gaseous mixture under

consideration — i.e., the specific hégt the densityh, the thermal conductivity and the binary diffusion
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coefficient+. Of these, the values &k, A and? can depend on the mixture composition and also the

temperature, while the value efvaries only with temperature.

The ideal gas law is used to calculate the depemdef the individual component densities on the
temperature and pressure:
A = (4.11)
- 59
where,5 is the specific gas constant of comporerkiternately, given the density at a tempera@ye
the density at any temperat@avould be given by:

A @ (4.12)

TheseA'’s can be combined with the mass fractions to ¢ateuhe mixture density:

(4.13)

The temperature dependence, on the other hanke efiermal conductivity of the individual comporent

is calculated using Sutherland’s law [97]:

A
2 .99 7
7— 7—¢ ¢

. (4.14)
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where, 7 is the Sutherland constant arfdygis the known component thermal conductivity at a
temperatured;. The component thermal conductivities are therdwdeng with the mass fractions to

compute the mixture thermal conductivity using misempirical formula [97]:
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where,T anda are the component mole fraction and molecular lsigespectively. The mole fractions
are calculated directly from the mass fractions motecular weights:
uca
T "i_—_,
- 1 Zx bUcta,c
In contrast to other fluid properties, the variatiof specific heats with change in temperaturesisally
smaller. Hence, no temperature dependence for vafigpecific heat is considered in the simulations
The mixture specific heat hence is calculated singsl a function of the component mass fractions and
the known reference specific heats:

¥
% %L (4.16)

N

As mentioned earlier, the assumption of all the ponents being present in dilute quantities imptlies
the component binary diffusion coefficients aregpendent of the composition and are to be spedified
every component with respect to the carrier speaidg. It does however show a strong variation with
change in temperature. The Chapman and Cowlingletion for the binary diffusion coefficient derdve

from kinetic theory considerations is as follow8]f9

S
gve2U  21978a © 4 [¢a a & (4.17)
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where,a is the effective collision diameter ang, is the diffusion collision integral. Details about

computing these values and tabulated values fontmmgaseous components can be found in [97].

4.3.3 Modeling sub-pore transport

Three physical mechanisms are modeled within thepsuwe system — energy diffusion, mass diffusion
and adsorption of species onto the sub-pore surflee governing equations for the two diffusion
processes are of the same form as described efotighe macro-pore system. Details concerning
specifically to diffusion within the sub-pore systeand the reaction kinetics equations are destribe

next.

4.3.3.1 Mass transport

The presence of channels of varying sizes nectssitacounting for different mechanisms that can be
responsible for diffusive process. Diffusion of sjgs in porous solids is often accounted for byehr
different mechanisms — bulk diffusion, Knudsen ubfbn and surface diffusion. Brief descriptions of

these mechanisms are provided here.

Bulk diffusion: transport resulting due to existing concentratgpadients caused by the inter-

molecular collisions of the diffusing species

Knudsen diffusiontransport due to collision of diffusing molecule#h the solid surface; its
effects become significant as the pore channel ajggroaches the mean free path of the
molecular species because the molecule-wall aofigsiwill occur more frequently than inter-

molecular collisions

Surface diffusiontransport of molecules along the surface of thre ghannels.
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Among these, the bulk and Knudsen diffusion effecésthe most significant and are accounted fainén
current study. The effects of surface diffusion igrered since the main interest of the currentlystis

transport in the pore space of the sub-pore gegmetr

Fickian formulation is assumed to be valid for easly diffusion and can be used for both the butk an
Knudsen diffusion process. Hence, the governingtgp for mass diffusion solved within the sub-pore

system is the same as the one used in the maceadgtusion (given in Eq. (4.10)).

The inclusion of two (or more) mechanisms in thiéudion process requires suitable modificationhe t
diffusion coefficient term used in the governinguatijon. In order to account for the Knudsen difbusi
effects that might become important in the smaileannels, the Bosanquet formula is used to compute

the effective diffusion coefficient [99]:

~

(4.18)
thi Flekr  tor

where, +ixzn and +¢; are bulk and Knudsen diffusion coefficients, resiely. The resistances to
diffusion due to different mechanisms can be inegahcompared to electrical resistance networks and
the above formulation is a result of the same [1T8k above expression defaulting to the smallehef
two values if the other coefficient is relativelgrde — hence the effective diffusion coefficientuldo

become very close to the valuetqf at very small scales and @, in large channels.

The equation forj,e, Was provided earlier. On similar lines, the foratidn for+¢; is also computed

based on kinetic theory considerations [98] argiven below:

*
>gh 2 q5o’99
o ” e Ba (4.19)
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The existence of Knudsen effects is due to theeas® in molecule-wall collisions as the channed siz
decreases. As the channel size approaches thefreegpath of the molecules, molecule-wall collison
occur far more frequently than the inter-moleculaltisions and the use ef.; described above accounts
for the diffusion occurring due to these collisioiifie value oft.; is dependent on the pore channel
diameter* g, . The dependence on the gas temperature is an simagler when compared to the bulk

diffusion coefficient.

4.3.3.2 Energy transport

The effect of small channels on the energy trangfemomenon is similar to that on mass transport.
Assuming that the Fourier law of heat conduction still be used in the same form, a modified thérma
conductivity of the gas is used to account fordhae presence in constricted channels. The valtieeof
mixture thermal conductivity calculated as desdfilearlier is used as the ‘bulk’ vali,z, and the
influence of the Knudsen numbéyr is included. The reduced gas thermal conductidamyputed for the
simplest case of gas between two plates separgt@dsmall distance (from kinetic theory of gases) i
given by Zhang [101] and Ferkl et al. [102]:

) Rieekr
Rete T d)..7d " (4.20)

e, ¢ L ~——

e

where, } s is the thermal accommodation coefficient,s the ratio of specific heats ad is the
Knudsen number. Knudsen number is a non-dimensiquiahtity defined as the ratio of the mean free
path of the gas molecules to a representative gdiyigingth scale of interest (in this case, thendir of
the pore channel). The thermal accommodation aeffii} » is defined as the ratio of energy differences
before after collision of a gas molecule with alvead hence its value depends on the gas/surface®pa
specular reflection leads to a value of O whilefuse one gives a value of 1. The actual valug ofies

in this range of 0 to 1 and is to be determinecearpentally [103]. Usually this data is howeverfidifilt
111



to measure and it is common practice to use aroajppate value for this quantity. In all the caldidas
presented in this paper, a value}qf = 0.85 is used. Essentially, modifying the thermahductivity
using the expression above can be interpretedeaisictusion of a temperature jump condition du¢hto
small scale nature of the channels under considaraeand hence called the “temperature jump
approximation” in the continuum and free regimes tBe other hand, in the transition regime, the
expression can be interpreted as a result of thagehin the mean free path of the molecules dtieeio

increased collisions with the walls [101].

4.3.3.3 Surface reaction kinetics

The rate equation describing the adsorption anérgésn phenomena can be derived from a first-
principles based approach and subsequent calibrafiparameters or alternately from experimentally
obtained rate equations directly. In the followahgscription, the derivation for a generic reactioretics

equation is presented.

A first-principles derivation will involve combinmthe molecular rate of impact on the channel waild
a sticking probability based on physical consideret [104]. In the following derivation, & be the

fraction of adsorption sites covered with the adedrmolecules.

From kinetic theory, the rate of molecular collissoper unit time per unit area of the channel seria

given by:

/

l, —
i “®H5,9 (4.21)

where,/ is the partial pressure of the adsorbing specidd-ais the mass of a single molecule. This can
be combined with a sticking probabili#/to give the total rate at which molecules will gefsorbed on
the adsorbent surface. The sticking probabilitgxpressed in an Arrhenius form and involves a fonct

of the current surface coveradeS|.
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where,Ay;. is the activation energy required for adsorpti®ris the gas temperaturs,is the surface
coverage ancEYS[ is the function defining the dependence of stigkjrobability on the surface
coverage. The value @frepresents a probability and hence will alwaysdi¢he range 7 . The
above form of7 considers its dependence on two factors — thdimgisoverage of adsorption sites with
the adsorbent molecul&and the existence of any activation energy barfi@r the adsorption reaction

to occur.

Finally, the rate of adsorptidy;. , expressed as rate of changeSptan be written as a product of the

molecular wall impact rate and the sticking probgb{Eqgs. (4.21) and (4.22)):

5o, | 1771— /—Z—ZE\S[Z 3/dAUi(L (4.23)
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The additional term . represents the number of adsorption sites peraued.

Once an adsorbent molecule has adsorbed to thaceuif tries to detach itself by means of vibradio
This is a function of the temperature at which #usorbed molecule exists which is the same as the
surface temperatur@.. Including an activation energy barrier for thesoigtion process as well, the
following Arrhenius form for the rate of desorpti@obtained:

Al'h-

5n PYS[:PY[: 3 5.8

¢ (4.24)

where, A;,. is the activation energy for desorptid®,YS[ is a surface coverage dependent function
describing the probability of encountering an abedr molecule and® YO[ is the probability of a

molecule at temperatur@ detaching from the surface. The functiBnY9[ is often termed the pre-
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exponential term and can be derived based on kigetisiderations [105] and is usually taken to be o

the following form:

66Rs9 _ 7
¢ 7 /

P Y9 —
L == 54

(4.25)

where,d is a pre-exponential correction terRy is the Boltzmann constarf, is the Planck’s constant
and 7 is the entropy of reaction. The pre-exponentiahtabove represents the frequency of vibration of
the adsorbed molecule and is very difficult to nueasxperimentally. It is common practice to assame
value of A Hz for this term (the above expression evaluaidhis value if 7 is assumed to be 0, i.e.,
for a reversible reaction), which represents the@r@apmate vibration frequency of the adsorbed

molecules.

The final form of the rate equation, which gives thate of change @, is a summation of the adsorption

and desorption rates:

*S
% S U d5'|'h-

*S /
*8 1 ®H5,9

RPN PR, (L PO L Ll P AP L 46
X 529° Al 5, 5,9, °¢ (4.26)

The above general expression is now expanded ®orspecific case of a second-order reaction. An
example of such a reaction would be the adsorpifoBO, molecules onto a surface which has vacant
amine sites. In this system, one Q@olecule requires the presence of two adjacentdraine sites. The

CO, molecule eventually gets adsorbed onto one ofathime sites forming a carbamate ion, the other

gets used up for the formation of a protonated amiihe following is the reaction mechanism:

5 "0 65-2P"5-%0° (4.27)
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For the function€YS[ andPYS[, linear probability models are used. This meaias$ ithis assumed that
the probability of finding a vacant amine site qgial to the fraction of unoccupied amine sites liamg
on the adsorbent surface. ¥ is defined the fraction of amine (adsorption) sitovered with C®
molecules only, then the fraction of covered sigesS and the fraction of vacant sitesYsd S [.

Hence, the probability of finding two adjacent vaicsites is given by:

EYSI Y d 9 (4.28)

and the probability of finding a carbamate ion nexa protonated amine site is given by:

PYS[ S (4.29)

Substituting the above expressions into Eq. (4&%& combining terms for the sake of clarity, the

following form is obtained:

*

& oY d S[déps (4.30)

where @y, andéy,. corresponding to the adsorption and desorptianaanstants given by:

o oy
U TeRE9 - 5.9
) (4.31)
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4.3.4 Coupling schemes
In the sub-pore system, two types of coupling egiats are to be considered — first, the interaaticthe
different physical mechanisms that prevail in thb-pore system and second, the interaction betieen

macro- and sub-pore systems.

The governing equation for the diffusive systemtlfbmass and energy transport) are modified when

solved in the sub-pore system compared to the n@mm® system. An additional source term is
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introduced to include the effect of the surfacectiea kinetics. This source term accounts for any

addition/loss of mass/energy due to the adsorptirehdesorption processes.

The interaction between the macro- and sub-poreisysn comparison, is much more involved owing to
the issues related to conservation (of mass orgghelt is necessary that the amount of flux (mass
energy) into or out of the sub-pore system occgrainthe macro-/sub-pore interface is correctlientéd

in both the sub-pore and the macro-pore systemstder to ensure this, a Neumann boundary condition
is used at the macro-/sub-pore interface and e teatisfied in both the macro- and sub-pore systé€m

the sub-pore surface and at the farther end oftibepore system (smallest channels), a zero gradien

boundary condition is used.

4.3.5 Numerical implementation details

The sub-pore geometry consists of channels of ngrgizes and it is necessary to formulate the
discretized version of the governing equations iway that the physical conservation laws are always
satisfied. In order to accomplish this, a finitduroe formulation is used that conserves the mass fl
across the cross-sectional surfaces of the 1Ddndial structures that make up the sub-pore gegmetr

The implementation details of the numerics witlia sub-pore system are discussed here.

Figure 4.2 presents a schematic representatiorsfgée cell within the sub-pore system, shownthar
purpose of explaining the nomenclature and gerfienalulation. Within the sub-pore system, the vatfie
the coordinat® starts at O at the macro-pore/sub-pore interfaceirrcreases with increasing levels. For
this cell, the total change in the quantity of ie&tB in the fixed cell volumd is a result of the net
change in the quantity due to fluxes observedeetst and west face§,-andq , respectively, and any
sourcePdpresent within the cel§, andg are both defined to be positive in the directibimoreasingd.
Expressing the fluxes in terms of diffusivity andradient across the cell faces, the following expion

is obtained:
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The variableB above represents the variable of interest peruabitme — that is, it will be replaced by
AU and A%9 for species and energy diffusion formulations peesively. This is assuming that the
variable values are stored at the cell centroia diffusivities and gradients in the above expassire
to be computed as average values at the facesdén  do this, the average cell sizes on weg) and

east () faces are first calculated:

( g ST - P (4.33)

¢ and p can then be used to calculate the values of thdigmt and other variables at the west and east

faces, respectively. Using a linear interpolationesne, the following expressions are obtained.

} 6} 64 . } 6 } 6
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The area$ ( and) ,, would correspond to the total amount of areaséfies interacting with on the east
and west directions. The two area values may or matybe equal — four such scenarios may be

encountered and will be discussed shortly.

The formulation in Eq. (4.32) above is assembledlie entire hierarchical system within a single-su
pore. Similar formulations will need to be constadt for all the sub-pores existing in the porous
medium. A fully implicit treatment is used for theain variables withiB — that is, for the mass fraction
and temperature values for species and energysdiffurespectively. The values of the other physica

constants such as density, thermal conductivityspatific heat are calculated based on the mastioina
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and temperature values computed at the previous-gtep — this means that the computation of these
values are always lagging the quantity of interesgetting updated. This is a reasonable assumption
given the small time-steps necessary to resolvgllgsics occurring at these length scales and hiece

variation in the properties can be assumed to significant between one time-step to another.

Constructing the matrix for the above mentionedudibn system and using a fully implicit formulatio

a tri-diagonal system of the following form is ointzd:
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In the formulation above, it is seen that the indexnbering starts with O instead of 1. The index 0
represents the parent macro-pore cell that is declun the solution of the sub-pore system. Byuditig

the macro-pore cell also in the sub-pore systeminmgoticit coupling with the macro-pore system is
established which satisfies the conservation lainsctdly. This avoids any need of explicit checks to

ensure conservation and/or use of limiters to éosdme.

Three sets of constants are identified — the aoeffts corresponding to west (w), current (p) dreldast

(e) cells. The expressions for these are as follows
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The term on the RHS is modified by addition of the terrfig, to include the desired boundary
conditions at the macro-pore cell and the lastafethe sub-pore system. The source térnthat is part
of 5_is included to establish a coupling with the reackinetics that occurs during the time-step ie th
given cell. Depending on the reaction rates, tha sopurce/sink term for the mass and energy egpmti

are calculated and used in the diffusion equatomélation.

For time integration, a second-order accurate GNinkolson can also be used instead of the firdeor
accurate Euler method used above. However, owitlgetemall time-steps that need to be used in these

simulations, the effect on time accuracy of theisohs will be insignificant.

Next, the different scenarios arising due to défely sized cells in the sub-pore system are daesdriTo

help describe the different formulations, a singld-pore system present underneath a macro-cell and
zoomed-in views of the different cases are showhigure 4.3. As shown in Figure 4.3(a), the sukepor
system consists of two levels with two branchessgme at the base of the first level. The spatial

discretization within the cylindrical structuresaiso shown for the purpose of clarity.

Case 1: Same sized (level) cells on either sidhis is the simplest case in which the adjacent
cells on both the west and east faces belong tedime level and hence have the same size as the

current cell (shown in Figure 4.3(b)). In this cabe area$ , and) ( will be equal to the cross-
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sectional area of the cell itself while the diffuist and the gradients are calculated as simple

averages computed at the face.

) ) n )

Case 2: Larger neighboring cell on the west sidihis scenario is for the first cell of everydév
within the sub-pore system. The first cell at eMenel will be smaller than the cell that precedes
it — this can be either a cylindrical cell of theeyious level or the macro-cell with which the ffirs
sub-pore cell is interacting (shown in Figure 4B(€he difference in the cell sizes will affeceth
calculation of the gradient and the face-averagddes, however, the area of interaction is still

equal to the cross-sectional area of the celffitsel

Case 3: Smaller neighboring cell at the east facthe last cell of every level branches into a
number of smaller cells which belong to the nextldshown in Figure 4.3(d)). Hence, the east
face areg y, will be equal to the sum of areas of all the saratlells that branch out from the

current cell.

)h i)_p

Case 4: Macro-pore cell at the west fae¢he first cell of every sub-pore has a macreepmil at
its west face (shown in Figure 4.3(e)). This cassilinilar to case 3 described above and hence

the formulation details are the same.

4.3.6 Assumptions

The proposed sub-pore methodology involves theofiseimerous assumptions. These are summarized
below since it is important to realize the condiaunder which the results of such a methodology ar
valid and also will assist improvements in the fatby overcoming certain limitations of the current

model.
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The porous geometry that exists underneath thasiidind comprises of the sub-pore system is

made up of a hierarchical network of porous chasnel

To keep the mathematical models tractable, theysochannels are assumed to be cylindrical in
nature allowing the use of governing equations fdated only for one dimension. This

significantly reduces the computational expenseasal simplifies the system.

For the diffusion equations, a Fickian form of gaieg equation is applicable at all the length
scales that are involved. This includes the soatesre the Knudsen effects dominate due to the
small size of the channels. This allows use ofdtamdard numerical techniques applicable for
macro-diffusion and hence the entire range of leisgales can be modeled in the same system of

equations.

The surface kinetics assume that the adsorptiqouisly a surface phenomenon (no volume

filling and/or solid-state diffusion is considered)

The surface reaction does not alter the naturbéesturface as far as diffusion is concerned and

the original sub-pore geometry can be used foreedtiration of simulation.

4.4 Sub-pore methodology application

The sub-pore modeling methodology described thusisfanow applied to a set of model reaction-

diffusion problems. The problems are chosen sooadighlight the different capabilities that the

developed framework offers and demonstrate itsulises$s in specific scenarios.

A schematic representation of the general probletiug used is shown in Figure 4.4. All the problems

considered are two-dimensional. A particle exhilgitmacro-porosity is placed at the center of aggua

domain. The macro-porosity is accounted for byithmersed boundary method while any unresolved

pore channels are accounted for by the sub-poreeraysThe domain consists of a two-component
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gaseous mixture — a secondary species (specigmitpresent in relatively dilute concentratiowl ghe
remaining portion of the mixture is composed ofaarier species (species B). The outer bounds of the
domain are set as constant value Dirichlet bousddnr species mass fractions as well as temperatur
essentially representing infinite sources of theegais mixture of a particular composition, and gyer
The particle pore space is initially filled up eaty with the species B while the space outsidehef
particle is maintained initially at the same cortcation level as the domain boundaries. Startimgnfr
this initial field, species A is allowed to diffuseto the particle pore (both macro- and sub-) spaad

subsequently adsorb onto the sub-pore surface.

The properties of species A and B are chosen tthee of carbon-dioxide (GPand nitrogen (B,
respectively. This is in view of the main appliocatiproblem considered — G@dsorption in amine-
impregnated meso-porous silica particles. This atodf the component properties aids in better
understanding of the underlying physics and hefpgelating the trends observed in the different

simulations to the C£adsorption problem.

In the results presented, the transient profilesomicentration and adsorption levels are plottet .esed
for the analysis of the related physics. The avarpgf the concentration is performed for — (1)adlthe
macro-pore space, (2) all of sub-pore space, €kgttire particle pore space (both macro- and subs
and (4) all channels of a particular level in thb-pore system. The adsorption profiles on therdthed
are presented in terms of the amount of surfacerageS and the averaging is performed for — (1) all the
sub-pore surface area for the entire particle &dll sub-pore surface area belonging to a pdaticu
level in the sub-pore system. Both the concentadind adsorption profiles are expected to asympote
their respective saturation levels when the sinnat are performed for a sufficiently long duration
Since saturation (or attaining steady-state) isntdrest, it is necessary to define this term. lintree
discussions, a process (mass transport or adsoypticsaid to be saturated if the quantity of ieser

(concentration or surface coverage, respectivétg)rs a value of 95% of the saturated state.
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4.5 Macro-pore/sub-pore interchangeability

The proposed framework is capable of extractingltest the level of individual pore channel siaesl

the related physical phenomena occurring in mgkies reaction-diffusion problems in porous media.
Validating the results of this framework howeverpi®blematic because no previous experimental or
numerical results are available which present datauch detail. In order to overcome this issue, a
number of test simulations have been conductedhendeveloped framework for verification. This
includes trivial tests like comparing the numerisalutions with analytical derivations by sepanatihe

diffusion and adsorption systems.

In addition to these, a special test problem isaterd that presents a stringent check regarding the
correctness of the physics being modeled in thepsue system. Since the IBM framework that is used
model the macro-pores has been validated and dpipliea wide variety of cases in the past [95, 86],
test problem is used wherein the macro-pores canlteenately modeled to be part of the sub-pore
system, allowing comparison of results obtainedmfrgimulations with and without macro-pore

modeling.

A square-shaped solid porous medium is placedeatenter of the square domain (in the problem get-u
described earlier). The solid medium exhibits pibyoswing to the existence of pore channels tharop
up at the outer surface of the medium. Two porencbhbsizes exist in the medium — larger channels of
diameter 2 microns and smaller channels of dianteteicrons. The side length of the outer domain is
100 microns while that of the solid medium is 5Cmins. Dirichlet boundary conditions used at the
domain boundaries correspond to 0.15 mass fradfi@pecies A. The initial field also consists oi®.
fraction of species A in the region outside of therticle while within the particle pore space, the
concentration level of species A is 0. Simulati@re performed until the particle pore space gets

saturated with species A (i.e., reaches a mastdnaaf 0.15).
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Two types of simulations are considered dependinthe way the pore channels in the solid medium are

modeled:

With macro-pores- the larger channels are modeled as macro-pdnéds thhe smaller ones are

modeled in the sub-pore system that exists und#riee macro-pore surface (see Figure 4.5(a))

Without macro-pores- both the pore channel sizes are modeled inuhgsre system itself and

hence no macro-porosity exists in the medium (sgar€ 4.5(b)).

To ensure similarity between the two simulatiod®e individual porosity contributions by the two

channel sizes are maintained to be the same betivedawo cases.

The transient profiles of species A concentratiamsraged over both the channel sizes (that isuthe f
particle pore space) and the individual channetssiabtained from these simulations are presented in
Figure 4.6. In general, the presented comparisbosv srery good agreement. The largest difference
between the two simulations for the full particleofies is around 5%. This can be attributed to the
marked differences existing between the two simiat For instance, when the larger channel is
modeled as a macro-pore, it is solved as a two+kineal channel rather than as a one-dimensional
channel when modeled as part of the sub-pore sygtlm, when the larger channels are modeled in the
sub-pore system, they are created uniformly oretttee outer surface of the solid, whereas in thenm
pore simulations, there are a finite number of apgninto the larger channels. Given these diffeesn

the comparisons are very good. Similar comments bmammade about the profiles presented for the

individual channel sizes.

4.6 Reaction-diffusion in porous circular particle
Next, a general reaction-diffusion system is com®d involving diffusion and adsorption in a porous
particle. The particle is assumed to be circulastiape and has a diameter of 100 microns. Othailglet

of the problem set-up remain the same. The squamngaith, having a side-length of 200 microns, is
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discretized using a grid size of 100 cells in edickction — i.e., there are 50 grid points acrbssparticle
diameter. The macro-porous particle exhibits a giy@f around 0.40 and a specific surface ares8f
m?/kg. Channels of size 8 microns or larger are resbht the macro-pore level. For the sub-pore Byste
since the PSD to be satisfied is not known, thengery is created similar to the ad-hoc geometry
mentioned earlier. This means that the branchingttre is a constant across all level with striegiat
every level branching into the same number of snédivel structures. The parameters used for tiis s
pore geometry are listed in Table 4.1. The contitims of channels of different sizes to the overall
volume (PSD) and area of the sub-pores is plotteBigure 4.7. It is observed that while the smalles
channels contribute to less than 1% of the totadmure volume, the contribution to sub-pore surfaea

is more than 10%. At the other end of the spectithm)argest channels contribute to 60% of the melu

but a relatively smaller 30% of the surface area.

Table 4.2 lists the range of values used for deffierparameters in the simulations. These values are
decided based on conditions used in,G@sorption experiments conducted by Lee et al6][10he
values for activation energies are obtained by @mg the experimental and first-principles basste r
equations. A broader range for activation enerigessed to ensure that a wider time scale range is

obtained for the adsorption process.

The resulting diffusion and adsorption time scatesm show a large variation depending on the
combination of parameters used. The simulationshesite be classified into three regimes baseden th
relative time scales of the two processes: (1) radism is very fast compared to diffusion (diffusto
limited), (2) adsorption and diffusion time scabee comparable and (3) diffusion is very fast comga
to adsorption (adsorption-limited). In the followimiscussion, simulations performed to determire th
time scales of the individual processes by wayweémiffusion and adsorption simulations are presgn
first. This aids in identifying the base simulatiparameters based on which parametric variatiogiesu

can be performed later.
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4.6.1 Pure diffusion

In order to establish the time scales of the imtligi physical mechanisms, simulations are performed
with the full particle (macro- and sub-pores) bolvBlg only the mass transport governing equations
the sub-pores. This helps determine the amouninaf taken for saturation of the entire particleegor

space for the selected geometry. The simulatioarpeters used in this simulation are listed in Tdlbe

Figure 4.8(a) presents the concentration profiesaged over the pore space in the macro- and audsp
of the particle. It is observed that the time ttusation is approximately 85 ms. A zoomed in viefnhe
first 10 ms is presented in Figure 4.8(b) whichveh@a region of sharp increase during the initialqag
followed by a region where the growth rate is mtbwer. In order to explain this behavior, the
concentration profiles averaged on a per-levelsbase presented in Figure 4.8(c). To highlight the
differences in the concentration levels as the tialen, the plot is presented on a log-log scalés |
observed that the overall saturation behavior efghtire sub-pore space is similar to that of #rgdst
channels (level 1) during the initial period (tdfound 0.1 ms). This indicates that the saturaion
occurring mainly because of the filling up of thearo-pores and the largest channels in the sub-pore
system (level 1). The concentration values in otbeels are at least at a couple of orders lowehig
initial period. Once this initial filling process icomplete (after around 0.1 ms), the smaller oblann

(levels 2, 3, 4 and 5) begin to saturate thus sigwliown the overall saturation rate considerably.

4.6.2 Pure adsorption

Simulations are next performed to determine theetsnales expected from the adsorption/desorption
process. The system parameters used are provideabla 4.4. For these parameters, the reactionikine
equation is integrated in time for different comdgions ofAy;. andAy,. . First, the results obtained for
different values ofA , defined agy;,. dAg;. , are discussed. The value Af is changed by changing

the value ofA;. while maintainAy;. at a constant value. The results from simulatipeiormed for
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three different values ofA are plotted in Figure 4.9. It is observed thaar@ér value ofA leads to a
larger surface coverage at saturation, termed fterees equilibrium surface coverage. This is altesf

the higher activation energy for the desorptioncpss which means that desorption process is much
harder to achieve and hence larger amount of atisonwill be observed at equilibrium. Also, the @rto
saturation increases with increasidg showing an increase of around an order betw@er 5 kJ/mol

and 15 kJ/mol cases.

Another possible parametric variation is to keep walue of A a constant but modifying the values of
Agi. andAy. . Results obtained for three such combinationgbied in Figure 4.10. In contrast to the
varying A simulations, the equilibrium coverage is obsert@demain a constant due to the constant
value of A in the current simulations. The time taken toiattae equilibrium value however does show
a strong dependence on the valued\gf andA. . It is observed that the jump in saturation tirge i

around two orders between each simulation (a chah@@ kJ/mol in bott\;;. andA;,. values).

It can be concluded from these two sets of simuatithat an increase in the value Af results in an
increase in both the equilibrium surface coverage thtme to saturation while increasing the activati

energies and keeping th® a constant results in increase in time to satmainly.

All the cases discussed so far exhibit an adsorptine scale of less than 1 ms whereas as seeargarl
the mass transport is expected to take around gbmsaturation. Hence, these simulations are gfatte
first of the three time-scale based regimes desdrimarlier, i.e., adsorption being — (1) very 48},
comparable and (3) very slow — compared to diffusibhree combinations ;. andAy. , obtained
using the general trends observed in the earheulstions, are hence used so as to obtain adsongtie
scales falling under the three regimes mentionamv@bThese are listed in Table 4.5 along with the
adsorption time scales observed in the pure adsarpimulations. The adsorption profiles obtaineel a

presented in Figure 4.11. It is observed that ithe scales between the different cases shows ooflers
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magnitude difference with the case B exhibitingaausation time comparable to that of diffusion mss

(around 60 ms).

4.6.3 Canonical cases

The pure diffusion and adsorption simulations descrthus far provided adequate information regmydi
the individual time scales for the mass transpod surface reaction processes. The three casessi@dov

in Table 4.5 present adsorption equation paraméberthe three simulations, one each of which ires

the three regimes. The other simulation paramedeesthe same as for pure diffusion simulations
presented in Table 4.3. In this section, simulaiparformed with all the three physical mechanisms
mass and energy transport, and surface adsorptamting in the sub-pore system are discussed. These
simulations aid in determining the utility of thewtloped framework for problems falling under the

different regimes.

The concentration profiles obtained for the thriesutations along with the result from the pure wifibn
simulation is presented in Figure 4.12(a). The i@bacis plotted on a log scale to allow a better
comparison of the initial transient. Cases A andhBw very different characteristics compared to the
pure diffusion case. Compared to pure diffusioe, ¢bncentration profiles grow at a much slower rate
after the initial 0.1 ms. The two cases themsebtad showing differences in the growth rate adreund

5 ms. Hence, the effect of the adsorption procash® mass transport is significant when the adisorp
time scale is much smaller or comparable to thiiglifn time scale (cases A or B, respectively).t@mn
other hand, the concentration profile for case @asha very close match with the pure diffusion case
throughout the simulation time indicating that thass transport is independent of the adsorptighisn

regime.

In Figure 4.12(b), the adsorption profiles for theee cases are plotted along with the correspgrulime

adsorption cases for comparison. Similar to theeoladions made earlier, the cases A and B show
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significant differences between the pure adsorpsionulations while case C compares very well. The
differences in the initial period (first 50 ms) &tributed to the lesser concentration of adsorbate
molecules in the sub-pore space compared to the gagorption simulation (where the concentration is

fixed at 0.15).

It is clear that accounting for all the physicalaimanisms in the sub-pore system has significaetetin
the results for the cases where the adsorption sitaée is comparable (case A) to or much smallem th
the diffusion time scale (case A - diffusion-limdjewhereas relatively insignificant impact on cases
where the diffusion is much faster than adsorp{mase C — adsorption-limited). In fact, for cas¢h€
concentration level can be assumed to be at theysttate level and the pure adsorption simulatams

be used instead to obtain adsorption profiles.

4.6.4 CO, adsorption in amine-impregnated meso-porous silica

For the specific problem of modeling g@dsorption using amine-impregnated meso-poroicasipure
diffusion and adsorption calculations are now penfed to determine the time scales governing these
processes. The simulation parameters used thusréaralready chosen to closely reflect the,CO
adsorption case (see Table 4.3) and hence the\s#loes are used for these calculations as welltteor
reaction kinetics, a rate equation formulated bg keal. [106] based on experimental measurements f

CO, adsorption on amine-impregnated silica partictassied.

4.6.4.1 Estimating diffusion time scale

The meso-porous silica particles used for,@@sorption are known to contain channels goingrdallv
the way to around 30 nm (after filling up with thmine polymers). A characteristic of these parsidte
the enormous area contained in the smaller chanmbks sub-pore geometry for this problem should
reflect this contribution of the smaller channéiss hence desirable that the sub-pore geomeey for
this problem exhibits these properties.
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The parameters used for the sub-pore geometryeirdilier calculations (listed in Table 4.1) inGeh

the specific surface area from 458kg to 10000 rfikg. While this is acceptable for the €@dsorption
problem, the contribution of the smaller channelshte overall surface area is not as large as spme
porous silica. Hence, in the following calculatipgsame geometry parameters are used except that the
number of branches at every level, is increased from 5 to 10. The resulting contidns to the area

and volume of the porous medium are plotted in feigti13 along with a comparison with the earlier
geometry. It is observed that with ~— , the surface area is mainly due to the smallenchia while the

pore volume is accounted for by the larger channels

To establish the effect of the different branchstgicture on the mass transport process, puresgifiu
simulations are performed with the new sub-porengetny. Figure 4.14 shows the concentration profiles
averaged over the macro-pore, sub-pore and thesgpdirticle pore spaces for the initial 300 ms of
simulation time. It is observed that the diffusipmocess for this geometry is much slower companed t
the,;  simulations. The corresponding plot for the olth-pore geometry was provided in Figure
4.8(b), in which profiles for the initial 10 ms veeplotted. Comparing the two plots, the exact \aloke
the concentration after the initial rapid growtldahe growth rate observed afterwards are vergudifit.
However, the general trends observed in the easliaulations are repeated — a rapid initial growth
region followed by a prolonged period of slow growiThe slower growth rate is a result of the
distribution of channel sizes in the current geagnedince the contribution to the volume by the kasa
channels is negligible in the original geometrye thverall CQ saturation level does not depend on the
filling up of the smallest pores. On the other haimdthe current simulation the contribution of the
smallest channels is nearly 10% and hence theiregain affects the overall saturation level in a
substantial way. Since the smallest channels araltwest to saturate, the growth rate is slowethe

current simulation.
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The slow nature of growth for the current simulatioecessitates the use of extrapolation to get an
estimate of the diffusion time scale for the nevergetry. The trends observed in the pure diffusion
simulations performed earlier, which have beentilithe particle pore space is saturated, candsslin

the extrapolation strategy for the current simolatilf the slopes of the concentration profiles are
assumed to be constant after the initial rapid gnpw linear extrapolation can be used to obtain an
estimate the time to saturation. This operationlmaperformed on any of the profiles available €ma

pore space only, sub-pore space only or the eptrécle (macro- + sub-) pore space. The value so

obtained can then be compared to the actual satutane observed in the simulations.

This exercise is performed for both the calculaidgne.,,; = and, ) and the results are
presented in Table 4.6. Times calculated basedl timeathree available concentration profiles dreven
and it is seen that all of these values are rouightiie same time range. From the =~ case, the actual
times to saturation are observed to be around dstil@rger than the extrapolated values, the refson
which is the asymptotic nature of the profile as shturation levels are approached. A similar hiehay
expected for the simulation as well. Hence, even if a conservaggémate is used, the time

scale for diffusion for the new geometry is expddtebe in excess of 20000 ms.

4.6.4.2 Estimating adsorption time scale

Next, pure adsorption calculations are performeddlying the rate equation proposed by Lee etl@b]
based on experimental measurements of &d3orption on amine-impregnated meso-porous siliba
overall form of the experimental rate equationésyvsimilar to kinetics equation derived based iost-f
principles that was discussed earlier. The simutatiare performed at the steady-state conditiorieof
pure diffusion calculations — i.e., the ambientsgige and temperature are 101.3 kPa and 300K,
respectively, and the mass fraction of © maintained at 0.15. The adsorption profile olgd by

solving the rate equation is plotted in Figure 4dii%erms of the surface coverage with Q@olecules.
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The equilibrium surface coverage is observed t0.683 and the time taken to reach 95% of this value

(i.e., 0.079) is approximately 175 ms.

Hence, for the C@ adsorption on amine-impregnated meso-porous gsilicés concluded that the
diffusion time scale is indeed very large comparethe adsorption time scale and hence the sysi#ien f

under the diffusion-limited regime.

4.6.5 Base simulation — Diffusion-limited case

Having identified the regimes where the inclusidrsub-pore system is particularly necessary, tloego

is now shifted to the diffusion-limited regime irhigh the CQ adsorption problem is expected to fall

under. The case A simulation discussed earlier lwifédls in this regime is chosen to be the base
simulation of interest and will be used for othergmetric studies later on. In this section, result

obtained for case A (termed ‘base simulation’ hizegawill be discussed in greater detail.

In Figure 4.16(a), the transient concentration ifgeffor the entire particle, averaged over maaep
space, sub-pore space and the entire pore (mawlcsui-) space of the particle for the entire satioh
time. It can be observed that initially (aroundrb§), the sub-pore space lags the macro-pore spdbe i
saturation levels owing to the fact that the sulemystem feeds on the macro-pore space for transpo
mass. However, after this initial period the maand sub-pore spaces show very close concentration
levels. In Figure 4.16(b), transient profile ofaiosurface coverage of the sub-pore surface wisorddite
(species A) molecules for the entire simulationetii® presented. The behavior is observed to bdasimi

to the concentration profiles discussed earlier sharp initial growth region followed by a prolomge
region of slower adsorption. The value of surfageectage at steady state is observed to be aro0aa 0.

(or 2.2%).

To explore the initial transient behavior furthigtre concentration and adsorption profiles obtafoedhe

first 50 ms are plotted in Figure 4.17(a) and Fegdrl7(b), respectively. Here, it can be observed t

132



there are two different growth rate regions — thidal 0.1 ms, showing a steep growth and afterss m
showing a relatively smaller growth rate (whichaiso clearly noticeable in Figure 4.16(a, b)). This
change in growth rate is a result of the coupliegMeen adsorption and diffusion processes. Dufieg t
initial 0.1 ms, since the initial mass fractionsgfecies A is 0 in the particle pore space, thmdilup of

pore space is rapid. As the concentration levetemses, the adsorption rate increases consequently
exhibiting a strong coupling which dictates the rallegrowth rate of both concentration and adsorpti
levels. This second upward slope continues urgildhtire particle pore space is saturated withstimee
concentration levels as the ambient conditions.tA@opeculiar feature in these profiles is the rzegio-
growth period which intersperses the two growtte reggions. Explaining this phenomenon requires
analyzing the effects of individual physical mecdlsars on the system behavior which will be done in a

later section.

To understand the behavior of both the diffusiod adsorption processes in relation to channels of
different sizes, the results are now presenteddnfopning the averaging for every level of the pave
system. As mentioned earlier, level 1 represemdaigest channel (4 microns) and level 5 reprediet
smallest channel (100 nm). Concentration and atlsarprofiles presented in Figure 4.18 for the base
simulation show the relative times to saturation dbannels of different sizes. It is observed tinat
largest levels are the fastest to attain saturatliento their direct interaction with the macrogmrOn the
other hand, the smaller channels show the slowesttly in concentration values owing to two factors.
Firstly, Knudsen effects result in slower diffusiates in the smaller channels. Secondly, theantem

of the smaller channels is only with channels #irat of comparable size, which all are still at tieédy

low concentrations. Hence, saturation of the lag@mnels acts as a precursor to the saturatiaregso

of the smaller channels. With respect to adsorptagain the larger channels show the fastest fate o
adsorption due to the higher partial pressurepetiss A in these pores while the smallest chararels

the slowest.
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A zoomed in view of the initial transient profileg concentration and adsorption are presentedgurgi
4.19. Due to the larger differences in the coneioin values and large initial gradients, the pot
presented on a log-log scale. This plot helps esipbahe process of filling up of the larger chdsne
earlier than the smaller ones and the eventualrsgain of the smaller levels to reach the same

concentration values as the larger channels.

4.6.6 Effect of sub-pore model

The next set of results presented is from simulatiperformed to establish the effect of introductid

the sub-pore model on the current problem. Fouulsitions are used which are variations of the base
simulation, i.e., all the simulation parameterstagesame as the base simulation, except for ttlesgn

of certain physical mechanisms as described here:

Case 1 Without the sub-pore model — the sub-pore masi@lined off completely and hence the

transport of species in the particle is computetthénmacro-pores only

Case 2 Sub-pore model with mass transport only — thesuie model is included, but only mass
transport equations are solved for within the satesystem thus allowing diffusion of mass into

both the macro- and sub-pores

Case 3 Sub-pore model with mass diffusion and surfacsogution — the sub-pore model is
included, but only the mass transport and readtioetics equations are solved for within the

sub-pore system thus allowing species diffusionsuisequent adsorption in the sub-pores

Case 4 Include the entire sub-pore model — the sub-poodel is included and all the physical
mechanisms are solved for in the sub-pore sysenmass and energy diffusion with adsorption

on the sub-pore surface.
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In Figure 4.20(a), the concentration levels of gge@ averaged over the entire particle pore space
plotted. It is observed that case 1 shows thedastduration, taking less than 2 ms while the séstaises
are at least a couple of orders slower. The inttdn of sub-pore system (cases 2, 3 and 4) hdfestsa
the mass transport process substantially. A zoamedew of the initial 50 ms of simulation time is
presented in Figure 4.20(b). Due to the large diffiees in the time scales, the abscissa is plotiexllog
scale. Introducing the sub-pore system affectsctveentration growth rate noticeably around 0.1 ms.
The explanation for the presence of two differeriwgh rates and the intermediate near-zero growth
period is already provided earlier. Including simatto energy diffusion within the sub-pore syst@ase

4) is observed to help make the saturation quicKais is because of the additional heat releasdaltree
surface reaction increases the pore space tempmrdibe higher temperature results in both faster

diffusion and adsorption quickening the overalusation.

To analyze the effect of including the solution énergy equation in the sub-pore system on the
adsorption process (i.e., heat generation proogsdadthe surface reaction), adsorption profilesioked
from cases 3 and 4 are presented in Figure 4.2&ralyvthe surface coverage shows a lower value for
case 4 throughout the simulation time owing to tigher temperature in the particle pore space which
results in lower surface coverage. Also, case 4vsteodrop in the surface coverage after the inidpid
growth period. This is again a result of the higbere space temperature. As explained earlielinthal
rapid growth period is followed by a near-zero gitoyweriod both in the concentration and adsorption
profiles. Inclusion of heat of reaction and solatio energy equation however increases the temyperat
which decreases the local equilibrium surface cayervalue resulting in lowering of the surface

coverage. Once the concentration level again isegahe surface coverage also shows a similat.tren

135



4.6.7 Parametric studies

Having established the established the relativeaghpf different physical mechanisms on the overall

system behavior, the focus is now shifted to sitmia performed to assess the effect of variatibn o

certain parameters. For all the simulations present these, one of the parameters is varied and
comparisons are made to the base simulations. Aghi® base simulation, all the three physical

mechanisms are included for all the calculations.

4.6.7.1 Effect of changing activation energies

The effect of changing the activation energiessiseased by comparing a set of simulations perfobyed
maintaining a constardyy;. while modifying theA;. value so that the value oA A . dAg.
changes. The values used for activation energieschosen so that the simulations are still in the

diffusion-limited regime.

Simulations for three different values &f are considered for this study — 5, 10 and 15 KJ/fe A =

5 kJ/mol case corresponds to the base simulatigtaimed in detail earlier. In Figure 4.22, the
concentration and adsorption profiles obtainedthar three simulations are presented. The species A
concentration levels show fastest saturation fersimallestA , i.e., the base simulation. The saturation
trend exhibited by the adsorption profiles is sanito the mass transport process and as expebted, t
equilibrium value of surface coverage is obserwetd higher for larger value dk . Also, the increase

in A results in a larger dip in the adsorption prodileing the initial period of the simulation. Thisan

result of the larger temperature values becauta@ér amounts of adsorption for higher valueshof

4.6.7.2 Effect of ambient temperature
The ambient temperature is part of both the diffnsand reaction system. In mass and energy transpor
equations, the ambient temperature affects theesabf mass diffusion coefficient and the thermal

conductivity. In the reaction kinetics equatiormperature exhibits a very strong dependence thréugh
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Arrhenius terms in both the adsorption and desomptates. Additionally, the desorption rate coédfit
varies directly as the temperature while the adsmrpate coefficient shows an inverse dependemce o
the square root of temperature (see Eq. (4.31))s,Tan increase in temperature is expected todeere
the desorption rate coefficient and decrease tBerption rate coefficient. The effect of temperaton

these coefficients is however much smaller thareffext on the exponential (Arrhenius) terms.

Simulations are performed for three values of amtbiemperature — 300 (base simulation), 350 and 400
K. In Figure 4.23, results obtained for the threeusations are plotted. It is observed that theease in
temperature decreases the times to saturatioroforthe mass transport and adsorption profiless ha
consequence of the higher diffusion coefficientuesl and desorption rates. Also, the increased

desorption rate and decreased adsorption rateeediie equilibrium surface coverage.

4.6.7.3 Effect of ambient pressure

The final parametric study considered is the viamabf the ambient pressure. The ambient pressure i
comparison to temperature has a much smaller e#gpecially on the diffusion equation. The reactio
system though shows a much stronger dependence ad#orption rate varies as the partial pressure of
the adsorbent species and hence as the ambiesupeS$hree values of ambient pressure are coesider
— 50, 101.3 (base simulation) and 200 kPa. Theespanding concentration and adsorption profiles
obtained are shown in Figure 4.24. A lower valupartial pressure is expected to result in a lovedue

of equilibrium surface coverage as well as fasiee tto attain this value. Consequently, the corredion
levels in the particle space attain saturationefaas seen in Figure 4.24(a). Another feature obseis
that the initial rapid growth period results in Ingg values of both concentration and adsorptioeléev
owing to the larger partial pressures of specie3he time to saturation for the 50 kPa case is ewe
smaller, which eventually results in the concerdratevels in the pore space saturating earlien tia

higher pressures.
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4.7 Summary and conclusions

In the current chapter, a new methodology for sigvuinulti-scale, reaction-diffusion problems in paso
media is described. In order to account for thetitodle of length scales present in typical poroesiia,
the framework approaches the multi-scale natuteeproblem by a dual modeling strategy based en th
pore sizes. The larger pores, termed the macraspare resolved directly using the traditional nooa
techniques while the smaller unresolved pores ardeted using a novel “sub-pore” methodology the

details of which form the main subject of the cleapt

The sub-pore system is composed of a network afgptrat is constructed underneath the entire macro-
pore solid surface within which the relevant phgbjghenomena are modeled. A hierarchical strudture
assumed with the larger pores branching into smahes and so on. Such a definition allows tailprin
the sub-pore system to satisfy desired geometdbatacteristics such as pore size distribution and
specific surface area. In the sub-pore systemetphysical mechanisms are accounted for — trangport
mass and energy, and the surface adsorption. Neath@riplementation is simplified by using cylindxlic
pore structures in the sub-pore system so as dw alhe-dimensional assumption. Governing equations
are formulated for the diffusion and reaction syseseparately and solved in using a finite volume
approach. A combination of boundary condition settis used to strongly couple the macro- and sub-
pore system to ensure conservation laws are satisfhe effects of surface adsorption are includete

mass and energy diffusion equations using souroeste

Numerous carefully designed test simulations artopeed both to verify the correctness of the psgub
methodology and to highlight different aspectsto$ tramework to problems of practical interestislt
demonstrated that the sub-pore methodology acdurasgptures the physics relevant at the scales
composing the sub-pore system and in fact, carsed to represent pore channels of all sizes egigtin
the medium. This implies that the sub-pore methagipkcan be used to simulate the entire pore channel

network existing underneath porous media thus mémgiéhe proposed framework a very powerful tool
138



which is applicable to a much wider range of alans. The various examples discussed help shewcas
the powerful nature of the developed framework a@otisequently establish the utility of such a

framework for general reaction-diffusion problemsgdlving porous media.
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Macro-porous space

Macro-pore cell(s}

Sub-pore system

Level 2
Level 3

Level n,

(b)

Figure 4.1 A representation of the (a) pore bramgktructure and (b) hierarchical system compos$ed o

cylindrical structures used in the sub-pore system
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Figure 4.2 A single cell representation within sub-pore system
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Figure 4.3 A schematic representing the cells withe sub-pore system and the interaction with the

macro-pore system
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Square domain

macro-porous
particle

Figure 4.4 A representative sketch of the probletrup used in all the calculations. The coloredareg
represents the solid volume. The particle shapelisrepresentative — in the presented calculatioath

circular and square shaped particles have been used
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(b)

Figure 4.5 The macro-pore geometries used for sitiam (a) with macro-pores — the larger channels
being modeled as macro-pores and (b) without mpores — both the channel sizes are modeled in the

sub-pore system
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Table 4.1 Parameters used for sub-pore geometagianefor the circular porous particle

Quantity Value

Channel size range 100 nm — 4 pm
Number of levels, ¢ 5

Number of branches, 5

Specific surface arej, 10000 ni/kg
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Table 4.2 Range of simulation parameters usedeimliffierent calculations

Quantity Value
Ambient temperature 300-400 K
Ambient pressure 50-200 kPa
Species A mass fraction — ambient 0.15
Species A mass fraction — domain boundaries 0.15
Adsorption activation energd;. 20-58 kJ/mol
Desorption activation enerdy;,. 25-122 kJ/mol
Entropy of reaction 7 -30 J/mol/K
Heat of adsorption -60 kJ/mol
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Table 4.3 Simulation parameters used in the pufesithtn calculation

Quantity Value
Ambient temperature 300 K
Ambient pressure 101.3 kPa
Species A mass fraction — ambient 0.15
Species A mass fraction — domain boundaries 0.15
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Table 4.4 Range of simulation parameters usedemptine adsorption calculations

Quantity Value
Ambient temperature 300 K
Ambient pressure 101.3 kPa
Species A mass fraction — ambient 0.15
Adsorption activation energy;. 20-58 kJ/mol
Desorption activation enerdy;,. 25-122 kJ/mol
Entropy of reaction 7 -30 J/mol/K
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Table 4.5 Approximate time scales and regimes ifterént combinations of activation energies

+ e Value +gey Value Approx. time Time scale
(kd/mol) (kJ/mol) scale (ms) comparison
A 20 25 10° Diffusion-limited
B 35 60 16 Comparable
C 58 122 16 Adsorption-limited
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Table 4.6 Comparison of saturation times by uskigapolation with the observed values for pure

diffusion

Growth rate

Extrapolated Observed time to

Simulation Pore space Qqﬂga a_l(;U time to saturation saturation
(in ms”) (in ms)

Macro-pores 2.93x1d 26.1 90.1

ik Sub-pores 5.16x10 20.1 82.44

Macro- + sub-pores 4.05x70 22.3 85.42
Macro-pores 5.14x10 11053.7 -
ik Sub-pores 1.52x10 7728.9 -
Macro- + sub-pores 9.00x%0 8932.4 -
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Chapter 5

Summary and Conclusions

The work performed in this dissertation has resuitedevelopment of the numerical tools necessary t
model complex heat and mass transfer processexraug media. In particular, the focus of the curren
study is on the reaction-diffusion problems involtyiporous sorbent particles. A characteristic ahsu
problems is the multi-scale and multi-physics ratof the system. A pore channel size based dual
approach is proposed to account for the wide rarfidength scales involved — the larger pore chasnel
called macro-pores, are resolved using conventinnaierical techniques while the smaller unresolved
pore channels, called sub-pores, are modeled asmyel sub-pore methodology.

The first part of the dissertation focused on deprient of simulations tools necessary to accountim
macro-pores and the relevant physics at thesess@dteugh the macro-pores are relatively largesize,
they are composed of an intricate network of poraigsostructures and it is a computational chakettw
account for such a geometry. An immersed boundagthod (IBM) approach is developed for this
purpose. IBM is a boundary non-conforming approadhich allows significant reduction in grid
generation for simulation of flows in and arounditrarily complex surface contours. The IBM apptoac
is implemented in the non-staggered, curvilinead gnamework of an in-house code GenIDLEST and
utilizes efficient algorithms for search, locateddnterpolate operations. The implementation atsdes
very well for large problems showing an efficierafynearly 80% on 1024 cores. A number of validation
and verification simulations are also performetesi the developed framework.

The developed IBM framework is then applied to ctergorous media geometries. In order to create
surface contours that are representative of thdéistieaporous media, a stochastic reconstruction
procedure is utilized. The reconstruction techniggéased on the simulated annealing algorithm and
performs randomized pixel swaps till the desiregtistical descriptors (the 2-point auto-correlation

function, for the examples shown in this work) asgisfied. Simulations are performed through two-
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dimensional channels consisting of the porous @estiThe pressure drops computed across the porous
sections are compared against analytical solutaistained from Darcy-Forcheimmer equation for a
number of porosities and flow velocities. The resudgree very well for lower particle Reynolds
numbers, but show increased deviations at higheesalemonstrating the need for DNS calculations fo
such flow conditions in porous media. The develofresnework is also applied to pure diffusion
problems in three-dimensional spherical porousigast and the saturation times are computed for
different particle porosities thus demonstrating ttapability to perform simulations through complex
network of larger ‘macro-pore’ channels in a refelly straight-forward manner.

In order to account for the unresolved pore chamreekub-pore modeling methodology is developed in
this work. The sub-pores, representing all the Enahannels that are unaccounted for in the mpore-
model, also are composed of intricate network afrastructures. The physical mechanisms important at
these smaller scales are taken into account bydimg the Knudsen effects in the diffusion of masd
energy. The smaller channels also contribute thst taothe overall surface area of the porous medium
under consideration and hence a reaction kinetadeins included to account for the surface adsmmpt
process. The sub-pore geometry is constructed agstem of hierarchical pores, similar to fractal
structures, and is made up of straight cylindrjmaie channels. This allows use of one-dimensignadit
the governing equations and simplifies the formaiet considerably. Source terms are used to cdhbele
diffusion equations with the surface reaction magklle an implicit formulation is used to couplesth
macro-pore and the sub-pore systems thus enswirggovation.

The entire framework developed, wherein the macarep are modeled using IBM while the sub-pores
are accounted for by the sub-pore methodologyhén tapplied to a number of test simulations to
demonstrate the applicability in problems of preadtinterest. Three regimes based on the time scdile
individual mechanisms — diffusion and reaction e- @etermined: (1) diffusion-limited, where adsapti

is much faster than diffusion, (2) diffusion andsexption have comparable time scales and (3)
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adsorption-limited, where diffusion is much fadtesn adsorption. The developed framework is shawn t
be important for problems in the first two regimes,, when the adsorption is either very fastor i
comparable to the diffusion process. The particptablem of CQ adsorption in meso-porous silica is
determined to be diffusion-limited. Further simidat are performed to explore the system behaviar o
model diffusion-limited problem and are followed pgrametric studies. It is also demonstrated theat t
macro-pores can be alternately modeled within thepore system, thus eliminating the need of using
IBM for macro-pore modeling completely. Though thigplies use of one-dimensionality and the other
simplifications used in the development of sub-poael such as neglecting the convection effehis, t
is a very attractive option especially for largeds¢ low fidelity simulations involving reactionftiision
systems. For example, in discrete element meth&M)Dsimulations wherein millions of particles are
usually tracked, the sub-pore model developed canubed to completely model the porous
microstructures existing inside the particles.

In summary, different computational tools necesdarymodel general reaction-diffusion systems in
complex porous media are developed. The framewsdeneral in nature and can be applied to cases
where the entire porous network is modeled usingombination of the macro-pore and sub-pore
methodologies or, alternately modeling the entigemork either in the sub-pore system or on the hand

directly using the IBM approach.
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