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ABSTRACT

This work describes the development of a Finite Element Model (FEM) for use in

determining adsorption system performance. The considered interactions are between Zeolite 13X

and water vapor for the purposes of engineering adsorbent characteristics and harvester device

characteristics. Four objectives are evaluated in the development of a predictive model. First, to

understand the implementation of adsorption systems equations and the assumptions that could

prevent reliable predictability. Second, to assemble, reduce, and analyze model constants and

approximations that express FEM coefficient calculations. Third, to analyze factor sensitivity of

model inputs by way of a 2k factorial screening to determine which inputs would benefit from

future model development. Fourth, to identify potential avenues of research that would result

in novel intellectual property. The main findings of the solver factor screening indicate that

micro-dispersion factors and intra-crystalline gas diffusivity are the highest value characteristics in

relation to water uptake.
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CHAPTER I

INTRODUCTION

Background

This thesis is a partial summary of work accomplished in an Atmospheric Water Harvesting

Computational Research Group AWH CRG under the direction of Dr. Sungwoo Yang at the

University of Tennessee at Chattanooga. The primary research aim was to guide development

of a device that will adsorb atmospheric water vapor onto an adsorbent followed by a desorption

cycle driven by solar irradiation which passes the desorbed vapor inside a chamber where it can

be passively condensed. Such devices require negligible energy input and have been shown to

be feasible in relative humidity’s characteristic of water scarce regions [1, 2]. AWH performance

is dramatically influenced by characteristics not well understood with optimization strategies and

relationships at the levels of; material, component, device, and operating conditions, an active area

of research.

Atmospheric water adsorption evaporation systems are a DOE publicized emerging

technology in photothermal-assisted applications. Deliverable devices resulting from research in

this area would be deployed in irrigation reclamation, potable water production at the individual

and community level, and desalination technologies.

Adsorption is a phenomenon by which an adsorbate in the form of gas or fluid forms

films on the surface of a solid adsorbent. Adsorption is divided into chemisorption and
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physisorption. Chemisorption describes surface covalent bonding between an adsorbent and

adsorbate. Physisorption is the result of electrical structures and attractions inherent to the

adsorption pair. The latter involves easily reversible reactions leaving both materials intact and

is the mechanism of study. Physisorption is utilized in an array of engineering applications.

Zeolite 13X is the adsorbent selected for study. Zeolites are a common industrial adsorbent

and catalyst categorized as a class of oxides that can be naturally found or synthetically designed

with customized bonding sites. The material was named in 1756, from the Greek meaning ”to

boil” and ”stone” due to the steam that evolved off the material when heated. Zeolite 13X’s

thermally dependent hydrophilicity in ranges that are of standard temperature and pressure allow

it to be a vapor magnet with flow direction determined by temperature and volume limitations.

Zeolite 13X’s uptake/release abilities are improved by its remarkable surface area. Of principal

interest to the CRG is the ability to be assess natural, synthetic, and theoretical Zeolite structures

for incorporation in an AWH device. IUPAC has endorsed a three class molecular framework

scheme; the Faujasites FAU, Mordenite Framework Inverted for ZSM-5, and Mordenite Zeolite

for Mordenite, for classifying over 600 discovered Zeolites and an emerging body of synthetic

Zeolites. These attributes of Zeolite 13X make it an ideal candidate for design optimization and

computational investigation. Engineering applications of Zeolite adsorption systems are typically

unit operations represented as batch or alternating fixed bed processes. These processes are

accomplished as either pressure swing adsorption (PSA), temperature swing operation (TSA),

cryogenic distillation, or purge techniques by way of inert desorbate flooding. The current study

focuses on TSA.
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Improving adsorption system performance requires understanding numerous model ap-

proximations such as; diffusivities, conductivity’s, enthalpy’s, point charges, and other ma-

terial characteristics. Figure 1 categorizes a few of these properties. When a molecule

of adsorbate adheres to Zeolite an exothermic reaction occurs. This enthalpy creates non-

isothermal relationships across the system and further complicates design optimizations. The

combination of heat generation and high heat transfer resistance of Zeolites creates a filling/purge

bottleneck. Engineering approaches for improving uptake and purge cycling could include material

optimization of porosity’s, aspect ratios of adsorbent beds, optimization strategies for metal

inclusions for heat exchange, phase change thermal storage materials for mitigating latent heat,

novel sorbent/substrate structures for heat exchange, modification to sorbent activities and/or

modification to selectivity’s. Further difficulties in optimization occur when anomalous nano-scale

effects occur.

Statement of Problem

AWH requires further study to improve performance by understanding its working

mechanisms and optimizing the light adsorber structure [3]. Adsorbent-adsorbate modeling is

accomplished with a myriad of factors and relations, any of which could dramatically alter

performance predictions. Adsorption model factor sensitivity is not reported and conflicting claims

regarding principal modeling sensitives confuse future computational development. Standard

approaches overcome these limitations by deriving back-fitted coefficients from experimental

work. This limits development and optimization of adsorption/adsorbate systems.
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Objectives

This work seeks to build a model that will predict Zeolite 13X and water vapor adsorption.

This work seeks to direct computational work regarding the use of this model as it relates to gov-

erning equation selection, numerical implementation, model approximations, factor sensitivities,

and void confinement limitation detection strategies. Differing approximation equations will be

evaluated with a preference for models that have physical meaning and are directly related to

micro-structures and forces.
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CHAPTER II

LITERATURE REVIEW AND MODEL SELECTION

Modeling techniques such as thermodynamic models, lumped parameters models, heat

and mass transfer models, and molecular dynamics models have been applied to adsorption

systems. Yong reviewed thermodynamic, lumped parameter, and heat and mass transfer models

[4], providing strong form PDE’s, major characteristics of each modeling technique, descriptions

of differing adsorption models between 1980 and 2002, and numerical implementations pursued by

prior researchers with validation techniques. The four main equations composing a heat and mass

transfer problem are an energy balance, a mass conservation, a momentum equation, and a state

equation. Yong’s survey was for nonspecific adsorbent/adsorbate pairs. Survey’s of governing

equation implementations for Zeolite 13X-Water Vapor were reviewed in [5] and [6]. Sahoo

published a COMSOL FEM of natural gas tank filling characteristics study with well described

mesh, governing equation, and output statistics equations [7]. Biphasic adsorbent beds for natural

gas storage with topological optimization was reported by Amigo [8] building on work by Sahoo

with well defined topological optimization techniques for improving adsorbate uptake.

The REV’s take thermodynamic relationships, adsorbent properties, adsorbate properties,

pressure fields, and temperature fields and approximate finite element model coefficients. The

continuum models are a mathematical expression of the 1st and 2nd laws of Thermodynamics.

In general, adsorbent-adsorbate heat and mass transfer behavior is governed by four continuum
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equations: conservation of energy, conservation of mass, conservation of momentum, and a state

equation. Physical properties and observed adsorption isotherms cause these equations to be non-

linear. Assumptions regarding thermal equilibrium and mass transfer kinetic equations shape the

governing equations.

Governing Equations

Governing equations were researched that characterize the adsorption system in terms

for vapor phase, adsorbed phase, and zeolite parameters. The coupled equations express the

system dynamics as pressure and temperature fields solving for adsorbed concentration. Mass

concentration of vapor adsorbed is represented by, q as kg adsorbed phase per kg of adsorbent. Q

represents, kg adsorbed phase per L adsorbent, with derivation by the relationship Q = (1−εt)ρsq.

Bulk density, ρb, describes adsorbent density at bed compaction.

Conservation of Mass

∂ (εtρv +(1− εt)ρb +Q)

∂ t
+∇ · (ρvvv) = 0 (2.1)

The density of the vapor phase is considered ideal allowing determination from molar weight of

gas (M), universal gas constant (R), domain temperature field, and domain pressure field from the

standard relationship, ρv =
M
R

P
T .
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Zeolite 13X porosity is approximated at two scales. The macropores, εMa, consider FAU

channel structures, and the micropores, εmi, consider intra-particle cavities referenced as ”cage

sites.” The bulk density (ρb) and crystal density (ρc) are used for these calculations.

The ρb = ρc ∗ (1− εmi) approximation [9] with εMa = 1− εmi provide definition for a total

effective porosity calculated from , εt = εMa + (1− εMa) ∗ εmi. The total effective porosity (εt)

describes void to total volume. For Zeolite 13X we approximated a total effective porosity of .688.

ρv

εt

∂vv

∂ t
+

ρv

ε2
t

vv ·∇vv =−∇P+µv∇
2vv−

µv

K
vv = 0 (2.2)

The Navier-Stokes equation in homogeneous isotropic porous flow is presented in equation

(2.2). Neglecting, left hand side unsteady and convective terms yields the Brinkman equation.

Assuming negligible viscous effects, (µv∇2vv), resolves Darcy’s law which is used to govern vapor

velocity with the reduced terms, vv = − K
µv

∇P. Various approximations for Permeability (K) are

considered in the subsequent sections.

Energy Balance

Local Thermal Equilibrium (LTE Model) Equation is constructed from the vapor mass

conservation equation and an energy equation. Non Local Thermal Equilibrium (NLTE Model)

are constructed from a vapor mass conservation equation, the gas energy equation, and a solid

energy equation. Solmus uses a NLTE model for a silica/ water pair [5]. His equations include

fluid-solid specific surface area for spherical particles and an inter-facial heat transfer coefficient
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for the spherical particles. For this work the LTE is implemented therefore Ts and Tv are assumed

equivalent. Of concern are vaporization’s points, wherein the LTE equation will lose validity [6].

A local thermal equilibrium dependent equation utilized for coupled vapor, solid, and

adsorbed phases was implemented as follows:

εt(
CpvM

R
P
T

∂T
∂ t −

∂P
∂ t )−

CpvM
Rµv

K P
T ∇P ·∇T

+(1− εt)(ρsCps
∂T
∂ t )

+CpadsQ∂T
∂ t −∇ · (λe f f ∇T ) = |∆H|∂Q

∂ t

(2.3)

The energy balance for vapor is presented in eq. (2.3) line 1, with Zeolite energy balance

presented in eq. (2.3) line 2, and adsorbed phase energy balance in eq. (2.3) line 3. The source

term in eq. (2.3) line 3 represents an exothermic reaction connected to adsorption. Various

approximation techniques for effective thermal conductivity, (λe f f ), are studied below. Specific

heat for vapor, (Cpv), was fitted as a function of temperature [9]. Specific heat for adsorbed phase

(Cpads) and Zeolite specific heat (Cpsor) are constants requiring experimental determination.

Kinetics

For Zeolite 13X water vapor adsorption kinetics the Linear Driving Force model has wide

implementation in literature. In a 2002 review of mathematical investigations of adsorption heat

pumps Yong references usage of LDF going back to 1989, and reports it as the dominant kinetics

equation for a variety of mathematical implementations [4]. Sircar and Hufton demonstrate LDF
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as physically and analytically consistent in a comparison study against Fickian Diffusion and

Quadratic Driving Force models at constant pressure and at constant volume [10]. Additional

comparison was made against a step model by Vermeulen, and a pressure swing adsorption process

Nakao Suzuki in a Y.K. Ryu 2001 study [11].

The Chemical Potential Driving Force Model (CPDF) described below was developed from

the irreversible thermodynamic assumptions and is considered the most rigorous formulation for

describing inter and intracrystalline adsorbate transport [10].

J(r, t) =−B ·C(r, t)[
∂ (µ(r, t)/RgT )

∂ r
]t) (2.4)

The Linear Driving Force model described below has a single lumped parametric coeffi-

cient, G, that is called the effective LDF mass transfer coefficient.

∂Q
∂ t

= G(Qeq−Q) (2.5)

The LDF mass transfer coefficient,G, is investigated below. The transfer coefficient is

understood to be dependent on vapor loading [10]. The LDF transfer coefficient is the implemented

in the current code with several variations considered.

Gas / Solid Isotherm Equations, Qeq

Classic Isotherms have required modifications at pressures exceeding critical pressure.

The thermodynamic inconsistency make assumptions regarding localization vs mobility, and

interaction effects vs no interaction effects. Classic isotherm equilibrium equations required
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modification at pressures over critical pressures to account for a neglected accounting of

differences between gas phase density and adsorbed phase densities. Toth noted that the infinitely

great change in relative free energy as surface coverage varies from 0 to 1 [12]. Figure 2.1 compares

our utilized isotherms with critical notation for the point of capillary condensation which occurs

above 0.3 relative pressure. Capillary condensation causes breakdown in predictive in BET and

Langmuir based.

Table 2.1 Equilibrium Isotherms: C = expHi−H1
RT , Relative Pressure =

Peq
Po

Model Citation Structure

mBET Bashiri[13] V
V m [

mol
kg ] =

(C Peq
Psat

)BETα

(1− Peq
Psat

)(1− Peq
Psat

+(C Peq
Psat

)BETα )

DA Ambrozek[14] exp

{
−
[

RT
EO

ln(Psat
Peq

]ns

}

Toth Narayanan[9] n[mol
kg ] =

apeq

(1+(bpeq)g)
1
g

Modified Brunauer-Emmett-Teller (BET)

The BET model is widely used to describe multi-layer adsorption among Type II-Isotherms.

Saturation pressure (P0) and a fitting parameter calculated from Adsorption Enthalpies (CBET )

dominate the approximation. A modified BET could be utilized in future implementations which

a heterogeneity (BETα ) parameter is incorporated [13].

Young Ryu reports a 1998 finding from Do that for relative pressure above 0.3 capillary

condensation occurs and a multilayer isotherm such as BET would would fail. Ryu notes that cap-

illary condensation pressure strongly depends on system temperature and saturated pressure [11].
10



Figure 2.1 Isotherms

Permeability

Kozeny-Carman equations are used to approximate pressure drop as vapor flows through

the sorbent. The equation assumes laminar flow and does not hold for Reynold numbers exceeding

1.0.

Kozeny extrapolated Hagen-Poiseuille flow equations and Darcy’s law with the concept of

tortuosity, a ratio of actual length of flow path in porous media to length without media, to produce

approximations for predicting capillary flow. Carman and Kozeny developed approximations for

flow through a packed bed of spheres. The reworked equations created the Kozeny constant which

considers; tortuosity, particle shape, and their connections. A literature study of 23 determinations

[15] for the Kozeny constant describes wide ranging conclusions with none considering micro-

structural parameters. We consider three Kozeny-Carman equations previously used in literature.
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Both the Kozeny constant and tortuosity averaging introduce significant opportunity for model

miss-characterization.

Table 2.2 Permeability: with computed values for the simulation

Model Structure Value [m2]

Kozeny-Carman Effective Porosity, [7], [9] K =
2r2

s ε3
M

75(1−εM)2 2.189e-20

Kozeny-Carman, pore tortuosity [7] K =
2φ 2

s ε3
M

72τ(1−εM)2 2.280e-20

Kozeny-Carman, Kozeny constant K =
φ 2

s ε3
M

36kk(1−εM)2 1.900e-20

Diffusivity

The linear driving force model lumped parameter represented above as G in equation (2.5)

considers external film resistance, macro-pore resistance, and micro-pore resistance. Ryu cites

a Nakao Suzuki finding that at low adsorbed vapor concentration the G coefficient originally

presented by Gluceckauf and Coates, underestimates the rate of uptake [11] .

An implementation of the generalized Maxwell-Stefan Model by [16] provided a multi-

component mass transfer of adsorbed species across zeolite membranes. This model allows

for distinction between surface diffusivity’s and cross-species interactions. This cross species

interactions is a potential area for AWH development. Models that allow for specifying multiple

species of temperature dependent adsorbate selectivity’s, and temperature dependent surface

diffusivity’s allow for another design element in atmospheric water harvesting. Purge gases or

12



gases selected by the zeolite itself could further allow engineering for desired effective thermal

conductivity’s and effective diffusivity’s.

Table 2.3 Linear Driving Force Coefficients for Mass Transfer

Model Structure

Vasiliev [17]
DM
µ

Mεt
ρsRgT

1
∂

Ambrozek [18] 15Ds0
r2 exp(−Ea

Rt )

Narayanan [9] ε
3
2

d p
3

√
8Rt
πM

Knudsen Diffusivity [9] Ds0e
−Ea

RT0(1−
T
T0

)

In addition to the determination of conversion, yield, and selectivity, calculation of the

activation energy and the determination of the Thiele modulus and the effectiveness factor are

good indicators of the presence or absence of diffusion limitations in hierarchical zeolite [19].

Effective Thermal Conductivity

The modeling of heat transport through porous media is a widely researched area covering

many disciplines and industries with mathematical descriptions for granular materials, dispersed

spheres, fibrous composites, and packed beds available for review. Several factors related to

thermal conductivity have limited the development of micro-porous adsorbent systems. Heat

transfer is currently the rate limiting step and major leaps forward in the deployment of these

13



Figure 2.2 Diffusivity comparisons

materials will be in this area. Low pressure adsorbent designs are blinded by poorly understood

Knudsen effects limiting a proper characterization of radiative and conductive heat transfers.

Standard solutions to optimize heat transfer such as; plate-fin heat exchangers, embedded

composites, and surface coatings require accurate effective thermal conductivity calculation before

optimized designs can be presented.

Broadly thermal conductivity models fall into two mathematical expressions, Fourier’s law

models solving a Laplace Equation and Ohm’s law solving a one-dimensional heat flow. Most

models consider solid and fluid phases only with only a few theoretical models that predict the

effective thermal conductivity’s of multi-phase materials. Some modelers combine theories and

create weighting functions to calculate the effective thermal conductivity [20].
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Table 2.4 Thermal Conductivity

Model Structure
Effective Thermal Conductivity [7] λe f f = εtλg +(1− εt)λs

Maxwell-Eucken [8] k f (εt) = ks
kg+2ks+2εt(kg−ks)
kg+2ks−εt(kg−ks)

Modified
Zehnder-Schlunder [2]

keq
kg

= (1−
√

1− ε)+ 1−
√

ε

γ

+(
√

1− ε +
√

ε−1) ·
[

b·(1−γ

(1−γ·b)2 ln 1
γ·b −

b−1
1−γ·b

]
b =

(1−ε

ε

)m
,m = 0.9676,γ =

kg
kz

A multiphase effective thermal conductivity model that considers Poiseuille flow (Kn <

0.01) effects, Knudsen flow effects (.01 < Kn < .05), and Molecular flow effects (Kn > .5) is

needed.

Effective thermal conductivity calculations built from back-fitted data or general material

properties for solid, liquid, and gas phases are typically used. These types of models fail to consider

adsorbed phase conductivity under novel pressure and temperatures with capillary condensation,

and asymmetric void filling near high heat transfer material in addition to other anomalous

phenomenon that might be occurring.

ISOSTERIC HEAT OF ADSORPTION

The heat of adsorption is the amount of energy released when water vapor is adsorbed to a

surface. This property is a unique to sorbent/sorbate interactions. The property has been utilized to;

characterize surface heterogeneity or homogeneity, film formation, and the heat of condensation

[21]. The property is determined by a variety of techniques, two are tested both derived from

the Clapeyron equations. There are molecular dynamic simulations that produce estimates for the

Isosteric Heat of Adsorption. The Clausius-Clapeyron equations with assumptions for ideal gas
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conditions and assumption for an excess of bulk vapor phase to adsorbed vapor phase reduces

to the Van’t Hoff equation. The Van’t Hoff equation can be computed directly from FEM shape

functions using such a calculation.

Table 2.5 Isosteric Heat of Adsorption

Model Structure

Vant Hoff (Backfitted [9] ∆H =C1 +C2 ∗
Qeq
M

Vant Hoff Relative Pressure [22] ∆H = Hvap +RT ln(Psat
Peq

)+ αRT
nβEO

(T ln Ps
Peq

)1−n, α = 1
T 2

∂ ln(
ρads,max

ρads,actual
)

∂
1
T

Figure 2.3 Isosteric Heat of Adsorption: The above graphic was not generated from FEM
results. They were calculated from error checking test scripts. The use of density
concentrations will have a dramatic effect on FEM inputs. This graphic helps to
illustrate the unrealistic nature of back fitted input methods
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Another technique for estimating Isosteric Heat of Adsorption from the thermodynamic

relationships utilizes entropy balances. This technique was not implemented for this study.

Saturation Adsorbed Density

The temperature dependence of adsorbate density is a critical characteristic. The adsorbate

density models in Table 2.6 can be understood using the terms, Tc critical temperature, α represents

a well known value with the thermal expansion coefficient determined by experimentally fitting the

coefficient to the slope of ρ-T diagram. For this effort we used reference α .

Table 2.6 Adsorbate density models

Antoine Eq. [9] ρads = BC−(1−T/Tc)
m

Mugele [23] ρads =
ρ20◦C

1+αads,20◦C(T−293.15K)

Hauer [23] ρads = ρ10◦[1−3.781·10−4(T−283.15K)]

Dubinin [23] ρadg =
ρc

exp(α(T−Tc))

Simulation Robustness

Dimensionless parameters to categories adsorption systems are identified and discussed.

These parameters are intended to describe the ability of the numerical method to provide a solution

within control parameters and known limitations for implemented equations. The Knudsen

number, Reynolds number, Forcheimer number, and Diffusional Time Scales are considered.
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Figure 2.4 Adsorbate density equations with inset representing anticipated operational ranges

Non-Darcy Effects

The Reynolds number is used under the assumption that Non-Darcy effects in porous media

are analogues to turbulence. Research in this area is needed. Transition regions between .1 to

1000 need further delimitation. The temperature dependent density of vapor, temperature and

concentration dependent viscosity, vapor velocity, and characteristic particle diameter express this

Reynolds number

Re =
ρvφsorvv

µ
(2.6)
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A Forcheimer number of .11 is a Darcy law validity check in porous media. A FO of .11

approximates 10% of forces result from Non-Darcy effects.

[8]FO =
ρgKβvg

µ
(2.7)

The density of vapor, permeability, β , particle diameter, velocity, and viscosity are required. The β

is found by measuring pressure drop in adsorbent at different flow rates. This also requires further

validation in literature.

Diffusion Time Scales

γ =
Dµ l2

σDvr2
c

(2.8)

When γ is approximately 1 or greater vapor transport in inter-crystalline pores is expected

to be much slower. Macro-pore diffusion is then the rate limiting step. However, when γ < 1

intracrystalline diffusion is much slower and micro-pore diffusion sets the vapor uptake limits. σ

defines relative vapor storage capacity of macro and micro-pores. l represents the characteristics

length, and rc represents crystal radius [9].

The adsorption speed appears to be limited by adsorbed mass and resistance to heat transfer

[24]. In general models neglecting Non-Darcy effects have good experiment results.

The Navier-Stokes equations assume that the free path of a particle is smaller than the

length of the system. For adsorption systems gas molecule-surface interactions can generate

non-equilibrium effects. The physics of this is believed to be molecules colliding with the wall

19



more frequently than with other molecules. This effect becomes know as a Knudsen layer. Few

researchers have included non-equilibrium effects in a Navier-Stokes framework [25].
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CHAPTER III

METHODOLOGY

Several assumptions are made in this REV scheme; that the porous medium is homo-

geneous and isotropic, that the porous particles are incompressible, that compression work and

viscous dissipation are negligible, that inter particle radiation is linearized and included in the

heat exchange solid-gas coefficient and the solid thermal conductivity, that the dispersion’s terms

and tortuousity terms can be modeled as diffusive fluxes, and that the water vapor phase is ideal

from thermodynamic view points. Darcy’s law is used to calculate velocity as a pressure gradient.

The energy equation assumes local thermal equilibrium. The Lagergren model is used to describe

kinetics as rated limited by adsorption and not film resistances.

Boundary Conditions and Domain Assignments

The domain Ω and boundaries Γ of computational study are outlined in Figure 3.1. The

model presented is for conditions of studying the adsorption phase. Desorption temperature

and pressure conditions will require alternative definition determined by vapor collection and

condensing designs.
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Γw

ΓwΓatm
Ωads

Figure 3.1 2D geometry with mesh refinement around, walls, vapor intake, and heat sink.
Domains and boundaries are identified by specifying equations and alternative material
characteristics

The atmospherically exposed sorbent face, Γatm, is expressed for heat flux by the following

Robin boundary condition:

− k f
∂T
∂n

=
MgCpgK

Rµg

P
T

∇P ·n(T −Tatm) (3.1)

Due to the assumption of local thermal equilibrium the inlet temperature is assumed equal to the

atmospheric temperature during periods of adsorption and is considered as a Dirichlet ( T = T∞ ).

Walled portions, Γw, of the harvester are modeled as convective heat flux boundaries

expressed as a Robin boundary conditions:

− k f
∂T
∂n

= hW (T −Tatm) (3.2)
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A Robin boundary condition governs the mass flux for determination of fixed mass flows.

ρvvv ·n = q̇ (3.3)

During the adsorption cycle the mass flow boundary represents a fixed partial pressure of water

vapor supplied by an atmospheric infinite reservoir. Desorption off-gassing is not drawn from

infinite reservoir and fixed values of partial pressure of water vapor should not be assumed.

Current specifications have partial vapor pressures desorbing back to atmospheric vapor pressures.

Alternative pressures can be set for future work exploring vapor collection designs.

Shape Functions, Function Spaces, and Solver Parameters

A mixed element code design was utilized in FEniCS with shape function assignments

for temperature and pressure as Lagrange polynomials with degree 1. Continuous Galerkin basis

functions were defined for specific heat, pressure, temperature, and entropy. A density function

space was specified on the mesh as a discontinuous Galerkin basis function. The density function

assigned values from projections of kinetic and equilibrium equations.

The applied variational function forms are nonlinear. The numerical implementation

approximates the solution field and linearizes a perturbation derivative by assuming sufficiently

small changes in a forward Euler calculation. The perturbation derivative is calculated over the

mixed element space as a Gateaux derivative in the direction of our the trial space resulting in a

Jacobian that is automatically calculated at each timestep.
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The PETSc KSP GMRES packages solve the Jacobian calculated from the set of discrete

non-linear equations. The GMRES package was set with maximum tolerance of 1e− 5 and

maximum iterations of 25. The KSP package allows monitoring of preconditioned residual norm

and true residual norms which assists in the determination of adequate spatial and temporal time

stepping. The Jacobian form was specified which allows the use of a nonlinear solver using

Newton’s method.

Model Verification
Spatial Stepping Determination

A spatial convergence study of 9 trials was conducted. An unstructured mesh was

generated with an increasing number of spatial steps for each trial. The mesh was considered

spatially converged when an increase in the mesh spatial resolution no longer altered the models

determination of Mass of Vapor Adsorbed, mads. Mass of Vapor Adsorbed was assembled from

the nodal elements for density of adsorbed vapor, ρads and an axis factor, Vb.

Mass of Adsorbed Vapor (kg),mads = (1− εt)ρadsVb (3.4)

Temporal Stepping Determination

A temporal convergence study of 9 trials was conducted. Total simulation time was held

constant while time stepping was increasingly resolved. The time stepping scheme was considered

converged when the increased resolution no longer impacted the predicted amount of Mass of

Vapor Adsorbed.
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Figure 3.2 Spatial Convergence Study: The mesh adequately resolved at nx = 50. nx = 60 was
used for subsequent investigation

Figure 3.3 Temporal Convergence Study: The time stepping adequately resolved at nt = 125. nt =
150 was used for subsequent investigation
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Validation Study

The simulation solved across a range of partial vapor pressures while holding thermal

equilibrium at 25 ◦ C. The results of those simulations are presented in Figure 3.4 which is an

Isotherm Loading plot. The simulations were compared against Yu Wang and M. Douglas LeVan

published results for determining the Adsorption Equilibria of Pure Water Vapor on Zeolite 13X

by way of the volumetric method [26].

Figure 3.4 Validation Study Results: Isotherm Loadings

Figure 3.4 plots the volumetrically determined Adsorption Equilibrium are plotted in black

with simulation results in blue. The model was specified with the Dubinin-Astakhov for adsorption

density equilibrium, Vant Hoff fitting for the enthalpy of adsorption, Vasiliev method for the mass

transfer coefficient, Kozeny-Carman approximation with no constants for permeability, Modified
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Zehnder-Schlunder for effective thermal conductivity, and Antoine fitting for the local adsorbed

gas density.
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CHAPTER IV

RESULTS

Factor Screening

The complexity of the numerical solver obfuscates the models sensitivity to its input

factors. A factor screening was conducted to investigate which factors have a significant impact on

a performance measure. Eight model factors were selected as control variables. These factors

are the material characteristics that get specified as constants in the simulations. The factors

studied include bulk density (ρb), thermal conductivity of adsorbent λsor, micropore dispersion

(ns), specific heat capacity of adsorbent (Cpsor), activation energy of adsorption (Ea), energy of

adsorption (βEO), mean value of thermal expansion (α), and inter-crystalline gas diffusivity( DsO).

The response variable is the adsorbed vapor density from a mixed element Discontinuous Galerkin

function space assembled by the simulation every ten timesteps.

The simulation constructed for factor screening utilized the same approximation techniques

as the validation study. The adsorption density equilibrium was determined by the Dubinin-

Astakhov. The enthalpy of adsorption was found by Vant Hoff fitting. The mass transfer coefficient

was found by the Vasiliev method. Permeability determined by Kozeny-Carman approximation

with no constants. The effective thermal conductivity was found by modified Zehnder-Schlunder.

Modeling noise factors could emerge from such approximation techniques. Each timestep a

Jacobian is calculated and Newton Methods are used for converging to solution. If noise factors
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enter due to approximations they would be expected to be normally distributed and randomize.

Non-randomizing noise factors would most likely create intolerance’s that prevent convergence.

The factor screening was performed using a 2k full factorial design. This experimental

design utilizes analysis of variance techniques comparing 256 simulated trials against a variety of

factorial specifications. Each factor was replaced with high and low value. A design matrix was

constructed which prescribes the necessary placement of high and low factorial values for each

trial. The factor screening results quantify the difference in adsorption uptake between the high

and low factor values. The full factorial design can determine interaction effects for all possible

combinations. Two studies were conducted; a moderately spaced study and an aggressively spaced.

Table 4.1 Moderate spacing values represent a 10% differential and the aggressive spacing
represent a 20% differential. ′−′ represents significance effects that had a p-value higher
than .05

Factor Significance Effects on Uptake [kg/m3]
Factor Moderate Spacing Aggressive Spacing
DsO -0.2127 -0.41442
ns .2112 0.47182

βEO .0961 0.22231
Ea .04306 0.08196

Ea and DsO .00625 .026341
ρb - -

λsor - -
Cpsor - -

α - -

The significance effects are described in Table 4.1. These results show this modeling to

be most sensitive to inter-crystalline gas diffusivity and micro-pore dispersion. The energy of

adsorption and the activation energy of adsorption have a statistically significant result at moderate
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spacing with the energy of adsorption become a more significant value at its aggressive spacing. It

was surprising to not see effective thermoconductivity produce statistically significant results.
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CHAPTER V

CONCLUSION

A Finite Element Model for use in the development of Zeolite 13X adsorption system was

developed. It was found that a large and diverse body of work exists for adsorption modeling with

little consensus on which modeling techniques should be considered standard. Computational

research groups working in this area should repeatedly make assessment of factor inputs and the

mathematical approximations describing physical behavior. To understand the differences in some

of these techniques a model was developed that can quickly execute six different libraries of system

behavior approximations. Three adsorption density equilibrium equations were constructed; the

Dubinin-Astakhov, the Toth, and a Dubinin-Radushkevich. Three heat of adsorption options were

created; a constant, Narayanan fitting equation, and Cortes relative pressure approximations. Four

mass transfer coefficients were developed; a constant, the Vasilev, Knudsen, and an effective

intercrystalline diffusivity. The permeability library had three implementations; Kozeny-Carman

with tortusoity, Kozeny-Carman by effective porosity, and Kozeny-Carman with kozeny constant.

The Effective thermal conductivity library included; effective thermal conductivity, Maxwell-

Eucken, Modified Zehnder-Schlunder, and a secondary implementation of the Zehnder-Schlunder.

A library for implementing local gas adsorption included; Mugele, Hauer, Osawa, and Antoine

equations. Once the model was verified and validated it was analyzed for factor sensitivity. It was
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expected that factors related to heat management would steer water uptake. Instead it was found

that micro-dispersion factors and diffusivity interactions are driving performance.

Based on the findings of this work a molecular dynamic simulation capable of approxi-

mating intra-crystalline gas diffusivity is being constructed. In addition a shape fitting algorithm

written for placing heat sink metal in the adsorbent is being constructed to describe the ideal

placement of vapor transfer channels. The shape optimizing multi-scale model being constructed

should be able to replace time consuming and expensively obtained experimental values which

are required to describe novel material and system designs for adsorption based atmospheric water

extraction using nano-porous materials.
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