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Chapter 1

Introduction

1.1 Heat storage technologies

Heat storage is regarded as the key to efficient energy systems using solar heat.

One of the major disadvantages of solar energy is the reliability of supply. Its

source of power varies during any given day and from one day to the next, which

often leads to a mismatch between the energy demand and supply. For example,

a large amount of solar energy is usually available in summer when demand in the

built environment is small. In contrast, the demand of heat for domestic heating is

large in winter when the amount of solar energy available is limited. To balance the

mismatch, seasonal heat storage systems are considered as a promising solution,

to store thermal energy when solar energy is abundant and release it at a later

time for heating/cooling applications.

Three types of heat storage systems exist, including: (1) sensible heat storage

which stores thermal energy by heating a liquid or solid storage medium; (2) la-

tent heat storage using phase change materials (PCM); and (3) thermochemical

heat storage based on storing and releasing thermal energy in reversible chemical

reactions of thermochemical materials (TCM). These thermal storage technolo-

gies regarding materials, systems and applications have been reviewed extensively

[3, 26, 39, 46, 81, 83, 90, 113, 119, 125, 126, 139, 142, 163, 168]. In general, the

different technologies (sensible, latent and thermochemical) are at different levels

of development. The technology of using sensible heat storage systems is mature

and well developed. Many installations with large storage capacity have been re-

alized, such as a water tank of 5700m3 for district heating in Munich, Germany

(www.solites.de). The use of latent heat storage is finding applications in the built

1



2 Chapter 1 Introduction

environment, with phase change materials used in building cooling/heating sys-

tems. Much research is still ongoing, for example, on phase change materials with

stable supercooling for seasonal heat storage applications [35]. Sodium acetate

trihydrate is such a material, with a melting temperature of 54 ◦C. It can easily

be charged during the summer. Due to its supercooling property, it will remain

liquid when the surrounding is cooling the material till a temperature of 20 ◦C.

The latent heat related to the heat of fusion is preserved for a long time without

insulation. The heat can be discharged in winter by activating the solidification.

Compared to the other two technologies, thermochemical heat storage technology

is at the early stages of research and development. Due to its significant potential

of high energy storage capacities, TCM attracts an increasing amount of attention.

1.2 Salt hydrates for residential applications

An energy report from ECN (Energy Research Centre of the Netherlands) shows

that in 2014 about 60% of all residential energy consumption in the Netherlands is

used for space heating and hot tap water [63]. This part of energy is now mainly

provided by burning gas in boilers. In principle, it can be completely covered by

solar energy if seasonal heat storage systems are employed in Dutch households.
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Figure 1.1: Storage capacities of PCM and TCM compared to water [69].

From the material point of view, it is clear that TCMs have considerable advan-

tages in storage capacity compared to sensible materials and PCMs (see Fig. 1.1).
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This is critical for applications in the built environment where the space is usually

restricted or expensive. Another advantage of TCMs is that, after charging, the

thermal energy is stored in stable chemical reactions, enabling storage of ther-

mal energy for a long time with little loss. This makes TCM very attractive for

long-term/seasonal heat storage in the built environment. The main principle of

thermochemical heat storage is based on reversible reactions like:

A(s) + heat ↔ B(s) + C(g) (1.1)

In this reaction, a thermochemical solid material (A) absorbs energy and is con-

verted chemically into two components (solid B and gas C), which can be stored

separately. The reverse reaction occurs when materials B and C are combined

together and A is formed. Energy is released during this reaction and the storage

system is ready for recharging. Besides high storage density and little heat loss

during storage, material cost and safety are important issues to take into account

for residential applications. This means that a cheap and safe system with no

risks for the environment is required. Towards all these concerns, salt hydrates

are identified as promising candidates for thermochemical heat storage in residen-

tial applications. Salt hydrates can have high storage capacities as shown in Fig.

1.1. Many are cheap and non-toxic. The working sorbate in such systems is water,

which is definitely environmentally friendly and has been used already in many

residential applications.

One concept of thermochemical heat storage systems using salt hydrates in houses

is based on an open system. The advantages of open systems compared to closed

systems are that they are simple and cheap. Open systems, as the name implies,

are connected with the ambient environment to exchange the sorbate [162]. Thus,

normally only water can be used as the working fluid in these systems. In summer,

such a system is charged by a hot and dry air stream, which is provided by solar

collectors with a maximum temperature of about 150 ◦C. Water released from the

dehydration reaction is taken away by the air stream. After the charging step is

finished, the dehydrated salt hydrates are stored. In winter, heat is released by the

hydration reaction when moist air, provided by a borehole heat exchanger (10 ◦C)

for example, is flowing through the reactor. The saturated water vapor pressure

of the moist air at 10 ◦C is about 13 mbar. Thus, strict restraints for the material

are posed in order to achieve efficient performance of the material and the system.

The dehydration reaction of salt hydrates should happen at a temperature range

below 150 ◦C and the hydration reaction should happen at a partial water vapor
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pressure below 13 mbar. Therefore, the material must be carefully characterized

under these practical conditions.

In order to find promising candidates for low temperature thermochemical en-

ergy storage, a large number of salt hydrates [120] have been examined like

magnesium sulfate (MgSO4 · 7H2O), magnesium chloride (MgCl2 · 6H2O), calcium

chloride (CaCl2 · 6H2O), sodium sulfide (Na2S · 9H2O) and strontium bromide

(SrBr2 · 6H2O).

MgSO4 ·7H2O is one of the salt hydrates first selected as promising candidates

for seasonal storage of solar energy. In theory, MgSO4 · 7H2O has a maximum

energy density of 2.8GJ/m3 [158]1, while the energy density for typical water tank

heat storage systems is about 0.2GJ/m3. The large advantage in energy density is

obvious. Following studies showed that, among the three steps of the dehydration,

the second step from MgSO4 · 6H2O into MgSO4 · 0 .1H2O is most interesting for

seasonal solar heat storage [156]. A high energy density of 2.2GJ/m3 can be

achieved within a proper temperature range, which can be covered by medium

temperature collectors (≤ 150 ◦C). The hydration reaction, however, is kinetically

hindered [143, 156]. Its kinetics strongly depend on partial water vapor pressure

and temperature. It is concluded by Van Essen et al. [156] that, under practical

conditions (T > 40 ◦C and p(H2O) = 13mbar), the material is not able to take up

water at atmospheric pressure sufficiently fast. Due to its high potential in energy

density, many further studies have been done to attain fundamental understanding

of the reaction at atomic scale [77, 165], comprehensive material characterization

[18, 50, 127] and numerical modeling of the overall thermochemical process [16,

64]. It seems that MgSO4 in the form of fine powder is difficult to be directly

used in a practical storage system, due to its slow reaction kinetics [157]. To

enhance the reaction kinetics, a family of composite materials has been developed

by confining MgSO4 into a porous matrix, providing a large area for the hydration

reaction [5, 72, 128, 129]. Obviously, the properties of composite materials are

more complicated than pure constituents. Parameters such as pore size, the degree

of pore filling with MgSO4 and porosity have important impacts on the heat storage

density [129].

MgCl2 ·6H2O was identified by Zondag [171] as one of the most promising mate-

rials for seasonal heat storage. The dehydration of MgCl2 · 6H2O to MgCl2 · 2H2O

1Taking a porosity of 50% the energy density equals to 1.4GJ/m3, still 7 times the value of
sensible heat storage using water
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can release heat of 2GJ/m3 [152]. The dehydration temperature of the hexahy-

drate to the dihydrate is around 130 ◦C. Above this temperature, there is a ten-

dency to release hydrochloric acid (HCl) [174]. On the other hand, the equilibrium

temperature for the hydration of MgCl2 · 2H2O back to MgCl2 · 6H2O is 70 ◦C [50].

A potential problem during hydration is that MgCl2 is regarded as a deliquescent

salt, meaning that a high relative humidity (partial water vapor pressure) will

lead to a saturated salt solution, rather than a solid salt hydrate. The deliques-

cence relative humidity of MgCl2 is 32.4% at 30 ◦C [162] (as compared to 90% for

MgSO4 [162]). It is reported by Van Essen et al. [156] that MgCl2 tends to form a

gel-like material during hydration. Hence, special care has to be taken for MgCl2

used in storage systems both in charging and discharging processes. At ECN, sev-

eral reactor concepts for MgCl2/H2O sorption thermal storage of solar energy in

residential houses were evaluated [172]. Based on the open sorption system con-

cept, a small-scale laboratory prototype thermochemical storage system has been

realized, by which an effective energy storage density of approximately 0.5GJ/m3

was obtained [173]. However, HCl production continued to be a problem.

CaCl2 ·6H2O also shows good potential for low temperature solar heat storage

and can lead to a significant amount of heat stored (2.8GJ/m3 from dehydration

of CaCl2 · 6H2O to CaCl2 [152]). Problems of using calcium chloride hexahydrate

are clear. The salt melts at 30 ◦C. As MgCl2, CaCl2 also forms a gel-like material

during hydration which reduces the ability of the material to take up water again

[30, 130, 156]. Furthermore, the salt is highly corrosive. To improve heat and mass

transfer within the reactive medium, porous hosts impregnated with CaCl2 have

been developed over the past two decades [5–11, 31, 36, 52, 66, 99, 149, 161, 170].

As also mentioned for MgSO4, the properties of the composite materials are more

complex and can be influenced by varying several parameters.

Na2S ·9H2O has a very high theoretical energy density of 3.2GJ/m3 from full

dehydration of Na2S · 9H2O to Na2S [152]. The use of this salt for thermal stor-

age was first proposed by Brunberg [25] in the Tepidus chemical heat pump sys-

tem. The thermochemical properties in the Na2S/H2O system were systematically

studied by de Boer et al. [37]. They found that the useful reaction in the sys-

tem for heat storage is the dehydration from Na2S · 5H2O to Na2S · 0 .5H2O. The

melting temperature of Na2S · 9H2O is 49 ◦C and mixtures of Na2S · 5H2O with

Na2S · 2H2O and of Na2S · 2H2O with Na2S melt at 83 ◦C. Apart from the high

cost of the vacuum system needed for the storage system, a critical problem is the

toxic emission of H2S, which also diminishes the performance of the material and

the system [19, 153].
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SrBr2 ·6H2O was selected by Mauran et al. [111] for residential heating and

cooling applications. The dehydration of SrBr2 · 6H2O to SrBr2 ·H2O can reach a

theoretical energy density of 2GJ/m3. After a systematic multi-step screening of

125 salt hydrates under several criteria, this salt was also proposed as one of the

most promising materials (the other two are LaCl3 · 7H2O and MgSO4 · 6H2O) for

low temperature thermochemical energy storage [120]. A prototype chemical heat

pump system for the air-conditioning of buildings (heating in winter and cooling in

summer) was developed on the use of SrBr2 ·H2O [111]. The storage reactor with

a total volume of 1 m3 was able to store 0.216GJ or 0.144GJ/m3 for the heating

or cooling function, respectively, which are much lower than the theoretical value

[111]. Moreover, the material is very expensive. Compared to MgSO4, which costs

around 73 e/GJ , the price of SrBr2 is mentioned to be 2838 e/GJ [111].

In summary, many difficulties are confronted concerning the use of pure salts.

Some of them can be avoided by controlling operating conditions, such as re-

ducing temperature to avoid melting and reducing water vapor pressure to avoid

deliquescence. Others, including slow reaction kinetics, material instability during

cycling and low energy storage density under dynamic conditions, can only be

tackled with an in-depth understanding of the physical and chemical phenomena

involved in the reaction. For this purpose, in this thesis Li2SO4 ·H2O is cho-

sen as a model material of salt hydrates for heat storage applications [48]. The

reaction of lithium sulfate monohydrate takes place in a single step and is com-

pletely reversible. Besides, this salt does not undergo any melting before and

during dehydration. This material is also recommended by the Kinetics Com-

mittee of the International Confederation of Thermal Analysis (ICTA) for the

study of the kinetics of solid-state reactions [23, 78]. Consequently, the kinetics

of the dehydration reaction of Li2SO4 ·H2O has been extensively studied and a

large volume of information has been reported [20, 24, 45, 47, 61, 62, 74, 82, 84–

87, 102, 103, 105, 114, 121, 122, 135, 137, 140, 145–147, 154]. However, significant

differences in the kinetic parameters have been reported and difficulties have been

found in providing a satisfactory kinetic description. Details will be elaborated in

Chapter 2.

1.3 Aim and outline of the thesis

As we can see from the brief review above, thermochemical heat storage using salt

hydrates has a considerable potential for low temperature residential applications.
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However, this technology is presently not sufficiently developed to use its poten-

tial. In order to develop efficient thermochemical storage systems with sufficient

thermal power, it is necessary to understand in detail the mass and heat transfer

processes both at grain scale of the TCM and at packed bed scale of the reac-

tion. To that end, this thesis focuses on the numerical and experimental analyses

of dehydration reaction kinetics at grain level and aims to gain deeper insights

into the fundamental processes involved in thermochemical heat storage using salt

hydrates. More specifically, the following research questions are addressed.

1. How does the dehydration reaction of Li2SO4 ·H2O proceed? What are the

effects of various parameters on the reaction kinetics?

2. What is the limiting factor of the reaction: mass diffusion or intrinsic reac-

tion?

3. How to mathematically describe the reaction kinetics based on the elemen-

tary processes of nucleation and nuclei growth so that the kinetic model is

more generally applicable?

4. How to upscale the newly developed grain model in order to study mass and

heat transfer in the pores of a powdery sample?

Sharp interface model Grain model Multi-grain model

Kinetic analysis methods Microscopic observations

>interface reaction

>bulk diffusion
>surface nucleation

>inward growth

>experimental

>mathematical
>surface

>bulk

>hydrodynamics

>reaction kinetics

Chapter 4

Chapter 2 Chapter 3

Chapter 5 Chapter 6

TGA experiments

Figure 1.2: Chapter organization of the thesis.

The thesis is organized as shown in Fig. 1.2:

Chapter 2: A brief introduction of conventional approaches of studying TCM

is given together with the thermal characterization of Li2SO4 ·H2O dehydration
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reaction. Essential knowledge including nucleation and nuclei growth processes

are generally addressed for a fundamental description of the solid-state reactions.

In order to study heat and mass transfer processes during gas-solid reactions,

mathematical approaches of simulating packed beds are introduced.

Chapter 3: Microscopic experiments of the thermal decomposition of Li2SO4 ·H2O

are carried out. A hot-stage microscopy system is built to observe surface and bulk

changes in a controlled atmosphere, regarding temperature and water vapor pres-

sure, and to carry out optical observations of the dehydration reaction of single

crystals.

Chapter 4: A numerical model of interface advance as observed in the microscopy

experiments is developed to understand the water transport in the crystal bulk

during the thermal decomposition of Li2SO4 ·H2O.

Chapter 5: A numerical model of nucleation and nuclei growth as observed in

the microscopy experiments is developed to calculate the reaction kinetics of the

thermal decomposition of Li2SO4 ·H2O single crystals. The model results are

compared to TGA experiments.

Chapter 6: The kinetic model validated in Chapter 5 is coupled to a flow solver.

Upscaled calculations of the reaction kinetics of a number of particles under dy-

namic conditions are performed. The model results are compared to TGA exper-

iments.

Chapter 7: The conclusions of the research are presented and some suggestions

for further research are made.



Chapter 2

Kinetic analysis of gas-solid

reactions

2.1 Introduction

In this chapter, an overview will be given of the present state of knowledge and

proposals will be formulated to perform the present study. Conventional meth-

ods of investigating thermochemical heat storage materials (TCM) are introduced

with Li2SO4 ·H2O as an example. Difficulties of kinetic study of solid-state reac-

tions, particularly the thermal decomposition of Li2SO4 ·H2O, are presented. In

order to gain deeper insights into the reaction kinetics, fundamental processes in-

cluding nucleation and nuclei growth are discussed. Mathematical approaches are

introduced to take into account the atmospheric conditions around solid particles

during reaction.

2.2 Experimental studies

TCM characterization is mainly carried out by using coupled thermal analysis tech-

niques: thermogravimetric analysis (TGA) and differential scanning calorimetry

(DSC). These are two basic techniques, which measure mass and heat changes,

respectively. Figure 2.1 shows a combined TGA-DSC apparatus schematically,

also known as a simultaneous thermal analyzer (STA). In a TGA, the change

of the sample mass during reaction is analyzed by a precise mass balance, while

the sample is subjected to a temperature program. The dimensionless fractional

9
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conversion of the reaction is calculated as:

α(t) =
m0 −mt

m0 −m∞
(2.1)

where α is the fractional conversion, m0 is the initial weight, mt is the weight

at time t and m∞ is the final weight of the sample. The fractional conversion

ranges from 0 for the initial material, to 1 signifying complete reaction. In DSC

measurements, the difference in the heat flow rate to the sample and to a reference

sample is analyzed as function of temperature. Basically, there are two types

of DSC instruments: power compensation DSC and heat flux DSC [54]. The

schematic in Fig. 2.1(a) shows a heat flux DSC, as also available in our lab, type:

Netzsch STA 449 F3 Jupiter. The temperature difference between sample and

reference sample is recorded as a direct measure of the difference in the heat flow

rates to the sample and the reference sample. The heat flow rate difference is

assigned by calibration. With these techniques, reaction steps, energy released,

associated temperatures, specific heat, and in some cases stability, can be evaluated

[142].

Calorimetric calibration (hs)

Sample Reference

Balance (ms)

T(t) program

(a) (b)

Figure 2.1: (a) Schematic of a simultaneous thermal analyzer (STA); (b) STA
in our lab.

Besides rate measurements of reactions (TGA-DSC), complementary information

of the structural and textural modifications can be provided by X-ray crystallogra-

phy (XRD), nuclear magnetic resonance spectroscopy (NMR), optical microscopy

and scanning electron microscopy (SEM). Since TGA-DSC measurements give

only mass changes or heat flows, it is necessary to identify the phases present in
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the residue more precisely, usually by XRD or spectroscopic measurements. By

means of direct examination using optical or electron microscopy, the surface tex-

tural changes of the TCM grains before and after reaction can be observed, which

can provide conclusive evidence on the nature and rates of processes such as the

formation and growth of nuclei, the changing geometry of a reaction interface, the

occurrence of melting, etc. [60]. Such information is very valuable for interpret-

ing TGA-DSC results and for fundamental understanding of kinetics and reaction

mechanisms.

Using the techniques mentioned above, the thermal dehydration reaction of Li2SO4 ·H2O

into Li2SO4 has been investigated comprehensively [20, 24, 45, 47, 61, 62, 74, 82,

84–87, 102, 103, 105, 114, 121, 122, 135, 137, 140, 145–147, 154]. The reaction is

given as:

Li2SO4 ·H2O(s) + heat ↔ Li2SO4(s) +H2O(g) (2.2)

and it is usually studied between 350 K and 400 K [60]. Figure 2.2 shows the

equilibrium water vapor pressure as function of temperature for this reaction. It

was demonstrated with microscopic observations that the reaction starts from

the surface and the reactant/product interface proceeds towards the center of

the particle [61, 84, 85, 147]. Microscopic studies showed that rapid and dense

initial nucleation occurs immediately after the onset of reaction (α = 0.005) [61].

The reaction results in the generation of an extensive irregular crack and pore

structure, which can provide the escape routes for removal of the volatile product

water. Pore development in advance of the recrystallized front was shown by

electron microscopy [61], which makes water loss from the reactant in the zone

beyond the phase transformation interface possible.
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Figure 2.2: Equilibrium vapor pressure as function of temperature for the
Li2SO4 ·H2O dehydration reaction (Data obtained from the NBS tables [159]).
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It is important to mention that chemical reaction is not the only possible change

that can result from heating a crystal; melting, for example, can also occur. Gal-

wey [55, 57–59] emphasized many times in his articles that mechanistic investiga-

tions in this field should always include examination of the possibility of melting

during reaction. It can be a very important feature in theoretical considerations of

crystal reactivity, because chemical changes often proceed more rapidly in a melt

than in the solid state [55]. Scanning electron microscopic studies confirm that

the dehydration reaction of Li2SO4 ·H2O is completed without melting [61]. Since

melting is not easily observed, more conclusive information was provided from

XRD where the crystalline structure of the material is detected [49]. By using

XRD in combination with synchroton radiation, it was found that the microscop-

ically visible interface of the Li2SO4 ·H2O dehydration reaction does not have a

thickness of a few molecular layers, but is actually a reaction zone of a metastable

intermediate, with a thickness of ca. 150μm [20].

In the present study, we will focus on the optical microscopy measurement. This

direct or in-situ technique offers obvious advantages over indirect techniques in

characterizing the elementary mechanisms quantitatively. The method is gener-

ally used to provide complementary information to TGA-DSC data for interpreting

reaction kinetics and mechanisms, but is less frequently used for direct characteri-

zation. Hence, quantitative studies by using microscopic observations are difficult

to find in literature. In addition, TGA measurements will also be carried out in

order to validate the numerical models developed.

2.3 Reaction models

2.3.1 Type of models

The purpose of most kinetic studies is to find the most probable reaction model and

to obtain rate constants. A reaction model is a theoretical and/or mathematical

description of what is observed experimentally in the course of a reaction [79]. In

general, the rate of a solid-state reaction can be described as

dα

dt
= kf(α) (2.3)

where k is the reaction rate constant and f(α) is the differential reaction model.

Separating variables and integrating Eq. 2.3 give the integral form of the rate
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equation as

g(α) = kt (2.4)

where g(α) is the integral reaction model. The temperature dependence of the

rate constant is usually described by the Arrhenius equation:

k = Ae−
Ea
RT (2.5)

where A is the the pre-exponential (frequency) factor, Ea is the activation energy,

T is absolute temperature, and R is the gas constant.

Table 2.1: Solid-state rate and integral expressions for different reaction mod-
els

Model
Differential form Integral form
f(α) = 1/kdα/dt g(α) = kt

Nucleation models
Power law (P2) 2α1/2 α1/2

Power law (P3) 3α2/3 α1/3

Power law (P4) 4α3/4 α1/4

Avrami-Erofeyev (A2) 2(1− α)[−ln(1− α)]1/2 [−ln(1− α)]1/2

Avrami-Erofeyev (A3) 3(1− α)[−ln(1− α)]2/3 [−ln(1− α)]1/3

Avrami-Erofeyev (A4) 4(1− α)[−ln(1− α)]3/4 [−ln(1− α)]1/4

Prout-Tompkins (B1) α(1− α) [ln[α/(1− α)] + ca

Geometrical contraction models
Contracting area (R2) 2(1− α)1/2 1− (1− α)1/2

Contracting volume (R3) 3(1− α)2/3 1− (1− α)1/3

Diffusion models
1-D diffusion (D1) 1/(2α) α2

2-D diffusion (D2) −[1/ln(1− α)] ((1− α)ln(1− α)) + α
3-D diffusion (D3) [3(1− α)2/3]/[2(1− (1− α)1/3)] (1− (1− α)1/3)2

Ginstling-Brounshtein (D4) 3/[2((1− α)−1/3 − 1)] 1− (2/3)α− (1− α)2/3

Reaction-order models
Zero-order (F0/R1) 1 α
First-order (F1) (1− α) −ln(1− α)
Second-order (F2) (1− α)2 [1/(1− α)]− 1
Third-order (F3) (1− α)3 (1/2)[(1− α)−2 − 1]

Thermal decompositions of solids usually occur as heterogeneous reactions. A ki-

netic analysis of this kind of reaction has to take into account several phenomena,

such as the chemical reaction, the accompanying mass and heat transfer processes,

and the physical changes in the solid [136]. Due to the complex character, there is

no generally accepted reaction model and theoretical principle capable of unifying

the reaction kinetics [57]. Most of the models, developed to describe the kinetics

of the thermal decomposition of solids, usually introduce the following simplifying

assumptions: (i) the temperature at any point in the solid is the same as in the

external fluid at each instant, and (ii) the controlling step in the reaction rate does
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not change throughout the transformation [136]. Then, based on assumptions of

certain controlling mechanisms, kinetic models of solid-state reactions are derived.

Basically, they can be divided into four major groups (see Table 2.1): (a) diffusion

models, (b) geometrical contraction models, (c) nucleation and growth models and

(d) reaction-order models [80]. The choice of a model is usually made based on

numerical fits of mathematical models to experimental data. In addition, support-

ive information, when possible, from techniques such as microscopy, spectroscopy,

X-ray diffraction, product analysis, evolved gas analysis, etc. [79], are valuable for

model selection. When a model is postulated, the next goal is to determine the

kinetic parameters (A and Ea), which is most often done by numerical methods.

2.3.2 Model fits for Li2SO4 ·H2O

The kinetics of Li2SO4 ·H2O dehydration reaction has been comprehensively stud-

ied, using samples of single crystals and powders. Single crystals are obtained by

the slow evaporation of a saturated solution of reagent grade lithium sulfate and

powders are obtained by crushing single crystals. Table 2.2 summarizes the kinetic

results reported for the isothermal dehydration of single crystals. Okhotnikov et

al. [121, 122] studied the propagation of reaction interface along a selected crys-

talographic axis [1̄01]. The rate of interface advance at constant temperature and

water vapor pressure was found as a constant as function of time. Thus, a zero-

order reaction model (F0) was used to fit the kinetic curves. The Ea values derived

from the interface advance are 85-87 kJ/mol. In a subsequent study, Modestov

et al. [114] repeated the measurements with much larger samples (up to 20 mm

compared to 0.2 mm in the previous studies) and derived a smaller Ea value of

50.6 kJ/mol. No clear explanation regarding the large difference was provided. In

a subsequent study, this discrepancy was attributed to the self-cooling effect dur-

ing the endothermic decomposition reaction, which can reach ten degrees Celsius

[102].

Kinetic results from the other studies listed in Table 2.2 represent information

averaged over all the crystallographic directions in which the reaction interface

advances [24, 61, 84]. Koga and Tanaka [84] showed that the overall rate (0.1 ≤
α ≤ 0.9) of the dehydration reaction in a nitrogen environment was described

satisfactorily either by a random nucleation and growth (Avrami-Erofeyev) model

(Am) with m ≈ 2 or a geometrical contraction model (Rn) with 2 ≤ n ≤ 3.

They reported significantly high values of Ea, about 110 kJ/mol. Galwey et

al. [61] and Brown et al. [24] carried out the dehydration by measuring the
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Table 2.2: Kinetic parameters of the thermal dehydration of Li2SO4 ·H2O
single crystals

Method Atmosphere Temperature f(α) Ea Ref.
(K) (kJmol−1)

Quartz-crystal Vacuum 300-400 F0 87.1 Okhotnikov et al. [122]
microbalance 4×10−5 Pa
Quartz-crystal Vacuum 315-362 F0 84.9 Kirdyashkina et al. [82]
microbalance 4×10−5 Pa
Quartz-crystal Vacuum 348-433 F0 50.6 Modestov et al. [114]
microbalance ≈ 1× 10−3 Pa
TGA N2 flow 385-400 R2.3 111.8 Koga and Tanaka [84]

A1.6 111.8
Constant-volume Vacuum 360-400 R2 80.1 Galwey et al. [61]
glass apparatus 1.5×10−2 Pa R3 79.9

A2 80.2
Constant-volume Vacuum 362-402 R3 106.3 Brown et al. [24]
glass reactor 1.5×10−2 Pa R2 105.3

F1 109.7

pressure of evolved H2O vapor as function of time and temperature. Galwey et

al. [61] concluded that the most satisfactory fittings result from the contracting

area (R2) and the contracting volume (R3) approaches, but the match to the

Avrami-Erofeyev model (A2) was not markedly inferior. In the study of Brown et

al. [24], the rate constant values obtained have been critically examined for their

accuracy and reproducibility. It has been observed that the contraction models

gave the best fits for single crystals, but the match to the first-order model (F1)

was not markedly inferior. Reported magnitudes of Ea of about 117 kJ/mol are

very different from the values reported in [61] of about 80 kJ/mol.

More studies have been done for single Li2SO4 ·H2O crystals under non-isothermal

conditions and also for powdery samples both under isothermal and non-isothermal

conditions. Effects of heating rate [84, 145], sample mass [86, 147], particle size

[84, 85, 147], water vapor pressure [17, 74, 135, 137] and isothermal or non-

isothermal measurements [45] have been examined comprehensively and compar-

atively. Despite such an extensive investigation, significant variations in the mag-

nitudes of apparent A and Ea values for dehydration of single crystals or powders

were obtained. The main problem probably lies in the selection of a correct ki-

netic model when several models exhibit similar correlation coefficients. Almost

all measurements from TGA-DSC yield overall kinetic quantities, which provide

information averaged over all the crystallographic directions. However, the overall

reaction rates depend not only on the intrinsic nature of the reaction, but also on

the geometry of the sample and the spatial pattern of the transformation from the

reactant to the product, let alone the experimental conditions. In contrast, the
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analytical models shown in Table 2.1 are mainly based on geometric models and

applicable to single rate-controlling processes. Detailed reaction processes regard-

ing mass and heat transfer phenomena are not adequately considered and often

over-simplified mathematically. It can be expected that deducing meaningful ba-

sic information on the reaction by using those simplified kinetic models will be

difficult, since the measured reaction rates are influenced by so many non-intrinsic

parameters.

2.3.3 More advanced models for Li2SO4 ·H2O

Boldyrev et al. [21] stated in their book that kinetic and mechanistic investiga-

tions of any dehydration reaction require a comprehensive representation of the

reaction under consideration, such as reaction geometry and interface chemistry.

Unfortunately, these are usually considered separately. In order to develop a com-

prehensive reaction model, fundamental insight into the processes in solid-state

reactions is required. Therefore, in the present research, our attention will be

given to nucleation and nuclei growth processes, which are considered to represent

the largest, or perhaps the most familiar, group of solid-state decompositions [57]

and also play a crucial role in the thermal decomposition of salt hydrates.

When reactants of salt hydrates are heated to a suitably high temperature, de-

hydration usually initiates at imperfections, which is recognized as the nucleation

process. The formation of nuclei results in the establishment of a reactant/prod-

uct interface, where the original reactant is transformed into the product. The

transformation is usually accompanied by the reorganization of the crystalline

structure. Meanwhile, the region outside the nuclei remains unreacted. It is a

widely accepted assumption in solid-state reactions that the reactant/product in-

terface is associated with enhanced reactivity, which may be a consequence either

of the strain induced by distortion of the structure, or the autocatalytic activity of

the product formed, or both [60]. Further reactions result in either the formation

of more nuclei, or, more significantly, the growth of the existing nuclei by the ad-

vance of the reactant/product interface into unreacted solid, until the reaction is

complete. As one may notice, the essential features of solid-state reactions tend to

be the interface creation (nucleation) and the interface advance (nuclei growth).

The interface is also referred to as the reaction zone. Understanding the interface

creation and interface advance seems to be crucial in order to gain insight into the

kinetics of heterogeneous solid-state reactions.
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Figure 2.3 shows kinetic curves calculated by typical kinetic models used for anal-

ysis of the Li2SO4 ·H2O dehydration reaction, just as listed in Table 2.2, without

the studies of interface propagation. In nucleation and nuclei growth reactions, nu-

cleation is the process responsible for the initial formation of the reactant/product

interface which is often accompanied by structural reorganization. Compared to

the nucleation process, the growth process has a dominant role in the overall kinet-

ics. Nevertheless, the relative ease of nucleation exerts an important influence on

the kinetics of the overall reaction. When the nucleation step occurs infrequently,

sometimes ascribed to a large activation energy, a sigmoid yield-time curve of the

fractional conversion, shown in Fig. 2.3 as the A3 curve, is observed. In contrast,

if nucleation is rapid, all surfaces of the reactant are rapidly converted to product

early in the reaction and the interface so formed advances inwards. Yield-time

curves are then predominantly or entirely deceleratory (F1 or R3 curve in Fig.

2.3). Two categories can be distinguished according to the competition between

nucleation and growth processes.
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Figure 2.3: Fractional conversion calculated by typical kinetic models used in
kinetic analysis of Li2SO4 ·H2O dehydration reaction.

1) Nucleation is so fast that it can be considered as “instantaneous” compared

to the growth of the nuclei [62, 82, 121, 122]. Then, the rate can be easily

calculated with assumptions on the geometrical shape of the solid particles

and on the development of the rate-determining step of growth. A good

example is the shrinking core model, or “R3” law, where the solid particle

is reacting by “shrinking” of its radius. The internal interface between the

reactant and the product is the only controlling step of the reaction.

2) The nucleation and growth rates are of the same order: the competition be-

tween the two rates leads to sigmoid curves [47, 61, 84, 154]. The nucleation
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process initiates the new phase and the growth process increases the sizes of

the nuclei. In the most general case, both processes occur at the same time:

nuclei are formed at new locations while older nuclei grow at other locations.

The most often used nucleation and growth models are developed by John-

son, Mehl, Avrami, Erofeyev and Kolmogorov [79] and shown in Table 2.1

as Avrami-Erofeyev models.

Typical kinetic models are often limited to specific experimental conditions and

are oversimplified both mathematically and physically. The selection of a kinetic

model, even for the model material Li2SO4 ·H2O, varies between different authors

in literature. In this thesis, based on the description of nucleation and nuclei

growth processes, an attempt will be made to develop a generic model which covers

a wide range of mechanistic assumptions, experimental conditions and materials.

In the following chapters, such a model will be developed for Li2SO4 ·H2O (as

model material) and validated experimentally for single and multiple grains.

2.4 Simulation of gas-solid reactions

As stated above, salt hydrates are most frequently characterized by thermoanalyt-

ical techniques (TGA-DSC) and analytical models for the solid, but less attention

is paid to the surrounding fluid. It is clear that the overall kinetics of thermal

decomposition reactions depend largely on the sample environment. To take the

influence of sample environment into account, heat and mass transport processes

in the void between packed grains have to be investigated. In general, there are two

mathematical approaches to describe hydrodynamics and reactive transport prop-

erties of packed beds. In the first method, packed beds are treated as a continuum

at macroscopic scale without any particular structure [101]. Flow is usually as-

sumed to obey phenomenological laws, for example, Darcy’s law with macroscopic

parameters such as permeability, porosity and reactive rates. These macroscopic

variables are commonly defined by the volume average of microscopic variables

over a representative elementary volume (REV). The length scale of the REV is

much larger than the particle scale, but considerably smaller than the length scale

of the macroscopic flow domain. Debate on the length scale of the REV has long

been ongoing. Proper values of the length scale are difficult to determine, because

these macroscopic parameters are usually scale-dependent [164].
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In the second approach, packed beds are simulated based on the actual packed

bed geometry [41]. This yields a detailed description of the fluid flow and mass

and heat transfer processes between particles. In this method, no additional em-

pirical correlation is required for the macroscopic variables. To solve the fluid flow

between particles, two different methods can be used: direct numerical simulation

with body-fitted meshes and the lattice Boltzmann method (LBM).

Figure 2.4: Surface mesh generated on the particle by the interparticle bridge
model [123].

Because of the development of high-performance computing, well-established nu-

merical methods in computational fluid dynamics (CFD), such as finite volume

method (FVM) and finite element method (FEM), have become feasible for direct

numerical simulation of flow and transport in the complex geometry of packed

beds, as shown in Fig. 2.4. The conventional CFD approach uses Navier-Stokes

equations and energy balances over control volumes. The size and number of con-

trol volumes (mesh density) is user determined and will influence the accuracy of

the solutions. After boundary conditions have been introduced in the system, the

flow and energy balances are solved numerically. An iteration process decreases

the error in the solution until satisfactory results have been reached.

One of the most important parts of direct numerical simulation is the construc-

tion of the mesh topology. The mesh determines the accuracy of the simulation.

Generally, creating good meshes for pore-scale geometries is notorious and time-

consuming. In the particle packed configuration in which we are interested, a

crucial point for the mesh generation is the cell quality near the particle-particle

and particle-wall contact points. These cells are either highly skewed, which could

lead to convergence problems during the calculation, or the mesh is highly re-

fined in this area, which increases the number of cells and as a direct consequence
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Figure 2.5: Schematics of the four contact point modifications: (a) Gaps; (b)
Overlaps; (c) Bridges and (d) Caps [42].

the computational time. In order to tackle the geometry challenge, four general

schemes are categorized by Dixon et al. [42] as shown in Fig. 2.5.

(a) In the work by Calis et al. [27] and Nijemeisland and Dixon [117] the particles

shrink by a certain amount, the contact points disappear and cells can be

generated between the particles. The shrinking of the particles reduces the

solid fraction and therefore increases the porosity. In a subsequent step,

porosity and pressure drop must be corrected.

(b) Guardo et al. [68] have suggested to increase the size of the particles by

a certain value. Contact points become contact lines or areas, respectively,

and the skewness of the cells in this zone is reduced. This method needs also

a subsequent correction of the values for porosity and pressure drop.

(c) Ookawara et al. [123] and Kuroki et al. [92] have presented a method where

the particles are bridged with small cylinders if the distance between the

particles falls below a predefined value. This method also avoids highly

skewed cells or a massive number of cells and it is shown that macroscopic

flow properties like the pressure drop are not influenced by this.

(d) In the work by Eppinger et al. [44] the particles are cut when they are closer

than a preset minimum distance to restore the desired distance. This results

in a local flattening of the particles, which is equivalent to the removal of

spherical caps at the contact points.

A comparative study of these four methods is performed by Dixon et al. [42].

They show that the bridge model offers most promising results in both pressure
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drop and heat transfer calculations in fixed beds compared to other three methods.

However, using the bridge model leads to the most complex geometry and meshing

and consequently requires the most computational resources. In contrast, the

gap model is the easiest for implementation and computation, but corrections of

pressure drop and heat transfer are needed.

(a) (b)

Figure 2.6: (a) Lattice grid points with a bounce-back boundary condition;
(b) Node structure of the D3Q18 (D3 for 3 dimensions and Q18 for 18 velocity

directions) [160].

Instead of using advanced mesh techniques for the complex geometry, the other

way round is to use advanced numerical algorithms such as the lattice Boltzmann

method [106, 138]. The LBM is based on a statistical description of microscopic

phenomena. It describes fluid motion as collisions of imaginary particles, which

are much bigger than the real fluid molecules. Although these particles have nearly

nothing in common with real fluids, the LBM has shown to recover the Navier-

Stokes equation at the macroscopic scale [32, 53, 93, 94, 134]. Because the LBM

is based on the collective behavior of many fictitious molecules, but not by full

molecular dynamics, it is referred to as a mesoscopic description of microscopic

physics. The biggest advantage of the LBM is that it is easily applied to any

arbitrary discrete geometry [29, 89, 93, 109]. In addition, it describes fluid flow

in porous media very accurately. This strength comes from the characteristics

of the LB algorithm. Although the LBM uses a regular Cartesian grid as shown

in Fig. 2.6, one node has 18 different velocity directions in 3 dimensions. This

high angular coverage can give an accurate boundary condition on the pore-grain

boundaries, equivalent to the one by the FVM/FEM with extensive meshing. Cur-

rently, this method is getting more and more popular. For certain applications,
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such as multiphase flow in porous media, there is a growing consensus that the

LBM is a strong contender for the best fluid simulation approach currently avail-

able [51, 144]. However, the experience on applying the LBM in systems involving

complex chemistry is limited [115].

In the present work, it is crucial to couple hydrodynamics for mass and heat

transfer between grains with the newly developed grain model for reactions. The

coupling among various processes increases the complexity of the numerical sys-

tem, which is difficult for the lattice Boltzmann methods so far. In contrast, the

traditional CFD methods with body-fitted meshes are more easily coupled and are

also feasible thanks to the rapid development of computer power. Besides, an open

CFD environment can be helpful for the implementation of coupling. OpenFOAM

is such a free and open CFD software package, written in C++ and containing an

extensive range of solvers [1]. All users have complete freedom to customize and

extend its existing functionality, which is an important and desirable feature to

handle the coupling between a grain model and a CFD model. Therefore, in this

thesis direct numerical simulations using OpenFOAM are chosen here, to study

the mass and heat transport processes during the dehydration reaction of multiple

grains. The gap model for dealing with contact points is adopted to reduce the

complexity of the geometry and the computation time of each calculation.

2.5 Conclusions

In summary, heterogeneous reactions like the thermal dehydration of Li2SO4 ·H2O

are usually complex. The prevailing approach of kinetic studies is to measure

overall reaction rates and interpret kinetic data by best-fit of certain analytical

kinetic models. Detailed physico-geometric information from direct measurements

is commonly used as supporting knowledge for certain hypotheses or assumptions.

In order to break away the formal kinetic analysis of empirical curve fittings, steady

efforts to incorporate the missing physico-chemical features in the advanced kinetic

equation should be made on the basis of mechanistic investigations [88]. Hence, a

phenomena-based approach, as shown in Fig. 2.7, will be developed in this thesis

to investigate the kinetics of the solid-state reactions.

This phenomena-based approach starts from the study of interface advance (nuclei

growth), continues by including the interface creation (nucleation) and ends at

the integration of hydrodynamics. On the left-hand side of the dashed line in

Fig. 2.7, the reaction interface advance is investigated. It is considered as the
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essential feature of the heterogeneous reaction. The ideal case is the interface

propagating in a single crystallographic direction of the crystal (1D). The dynamics

of interface reaction involving intrinsic chemical reaction and mass diffusion are

presented. On the right-hand side, at the top, nucleation is introduced in the

transformation of regular solid particles (3D). The overall reaction rate can be

calculated with the kinetics of both interface formation and interface advance. The

competition between these two elementary processes results in different patterns of

product development. At the bottom, hydrodynamics is included in the reaction of

multiple grains. The sample environment, in particular the water vapor pressure,

has significant influence on the reaction kinetics and can be different in the void

between grains of the powdery sample. From the interface advance, the overall rate

of a single crystal and the reaction kinetics of a powdery sample, a comprehensive

description of the dehydration reaction is made. Instead of the formal kinetic

analysis of empirical curve fittings, the solid-state reactions will be described based

on the physico-geometrical features involved.
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Figure 2.7: Schematic diagram of model development for the heterogeneous
reaction: start from the intrinsic feature (interface reaction), include the kinetics
of nucleation process and then take into account the influence of the ambient

environment. (adapted from [88])



Chapter 3

Microscopic experiments

3.1 Introduction

In this work, the thermal dehydration of lithium sulphate monohydrate (see Eq.

3.1) is chosen as a representative reaction for comparative investigations. This

single-step reaction is relatively simple and has been extensively studied both

for powders [82, 135, 137, 140, 154] and single crystals [20, 24, 47, 61, 62, 84–

86, 103, 105, 114, 121, 122, 146, 154], which makes it suitable for comparison.

Li2SO4 ·H2O(s) + heat ↔ Li2SO4(s) +H2O(g) (3.1)

Direct or in-situ observation using optical microscopy is employed in order to

examine the physico-geometrical features during the dehydration reaction. Com-

pared to the conventional thermoanalytical methods (TGA-DSC), the direct or

in-situ techniques offer obvious advantages over indirect techniques in character-

izing the elementary mechanisms quantitatively. It is believed that the consider-

able potential of microscopy in this field has not always been fully exploited [56].

Since the kinetics of nucleation and of growth processes need to be fundamentally

understood, this chapter describes a quantitative study of the rates of creation

and development of nuclei during the dehydration of Li2SO4 ·H2O single crystals.

The content of this chapter is mainly based on: Lan, S., Zondag, H.A., Steenhoven,
A.A.van, Rindt, C.C.M. Kinetic study of the dehydration reaction of lithium sulfate monohydrate
crystals using microscopy and modeling. Thermochimica Acta, 621:44-55, 2015.

25



26 Chapter 3 Microscopic experiments

3.2 Experimental methods

3.2.1 Materials

For the purpose of optical observations, especially the characterization of nucle-

ation, large Li2SO4 ·H2O monocrystals were grown from commercial Li2SO4 ·H2O

powder (SIGMA-ALDRICH, ≥ 99.0%). The commercial reactant was first dis-

solved in distilled water at room temperature with a concentration of 27 g Li2SO4 ·H2O

in 100 g H2O. The solution was thoroughly mixed by using a magnetic stirrer.

After filtration through filter papers (particle retention 5 − 13μm), the under-

saturated solution was poured into a crystallizer with a diameter of 140mm. The

crystallizer was then covered by a piece of plastic wrap in which a large number

of holes were pierced in order to control the solvent evaporation from the aque-

ous solution of the salt. After around 10 days, plate-like crystals, recrystallized

along the crystallographic orientation [010], were collected with typical dimen-

sions: L = 4 − 5mm, W = 2 − 3mm and e = 0.5 − 1mm (see Fig. 3.1(a)).

[010]

W

L

e

(a) (b)

Figure 3.1: (a) Sketch of a recrystallized single crystal of Li2SO4 ·H2O; (b)
Example of a Li2SO4 ·H2O crystal encapsulated by epoxy resin (the crystal will

be ground at the dashed line).

In order to measure the rate of nuclei growth into the crystal bulk, preparation of

crystals was needed to prevent surface nucleation from obscuring the bulk effects.

The idea proposed by Okhotnikov et al. [121] and developed by Modestov et al.

[114], was to encapsulate crystals by metal grease on all the surfaces except one.

In our case, a transparent epoxy was used such that the growth rate in the bulk of

crystals could be observed using a microscope. Crystals were embedded at room
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temperature in a liquid resin called EpoFix, which hardened within 10 hours after

being mixed with its hardener. Next, encapsulated crystals were polished with

water using abrasive papers of grit 600− 4000 in order to increase the visibility of

crystals through a microscope. After that, an end surface in the direction [010] was

ground using abrasive papers of grid 1200 to remove the resin, which made that

single surface open to the environment (see Fig. 3.1(b)). Further growth of nuclei

will form a flat reactant/product interface. Besides, grinding is also beneficial

to activate the instantaneous nucleation at that entire face. For grinding of the

contact surface, it is worth noting that no water was used because water dissolves

the salt crystal. Details about the crystal synthesis and encapsulation can be

found in Appendix A.

3.2.2 Methods

The experimental system used for microscopic observations is presented in Fig. 3.2.

Investigations of kinetics of the nucleation and growth processes are carried out

in a heating stage facility with a Zeiss microscope (SteREO Discovery V20). The

heating stage is ceiled by a piece of glass, within which the reaction environment

including both temperature and water vapor pressure are well controlled. The

propagation of reaction front is observed by the optical microscope and recorded

by a camera system. Reorganization of the crystal structure after elimination of

water yields small dehydrated particles with crystallite textures and cracks that

scatter light. This makes the product material opaque and enables front tracking

of the reaction front. Before the start of each measurement, the environment in

the heating stage has to be stabilized until reaching the setting temperature and

humidity. Then, a crystal sample is quickly placed on the heating stage. The

dehydration reaction is documented by periodic photomicrographs. In this work,

all measurements are performed at a water vapor pressure 13 ± 1mbar, which is

a practical value for application of thermochemical heat storage [49].

The same protocol for the microscopic observations is followed for the TGA mea-

surements, see also Chapter 2 for an explanation of the technique. The TG50

M3 measuring module (METTLER TOLEDO) is stabilized first at the desired

experimental conditions, both for temperature and partial water vapor pressure.

The same carrier gas at the same flow rate as used in the microscopic observations

is used. After the isothermal and isobaric conditions are reached, the salt sample

is placed into the TGA module. With analytical estimations it is expected that

the sample and its surroundings can reach the isothermal and isobaric conditions
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sample

temperature controlled

heating stage

(top view)

camera

computer

temperature and humidity

controlled air flow

compressed air

flow controller
humidity sensor

Figure 3.2: A schematic drawing of the heating stage in combination with the
microscope.

within one minute after the introduction of samples. This period of one minute is

relatively short compared to the period of a complete TGA measurement (typically

1 ∼ 2 hours).

3.2.3 Data post-processing

Quantitative measurements of numbers of nuclei per unit area and propagation

of the reactant/product interface as function of time are made. It is clear that

the formation of nuclei is highly sensitive to the crystalline structure and accurate

quantification has been recognized as a big challenge. To reduce the complexity but

still get a reliable estimation of the nucleation rate, the following choices are made.

First, all pictures recorded are under the same magnification of the microscope

(100×) and an area of about 1mm2 of crystal surfaces is selected for investigation

under this magnification (see Fig. 3.3). Secondly, borders of the selected area are

at a distance of at least 0.2mm from the edges of the crystal. Thirdly, and most

importantly, the surface selected is without visible defects including dusts, cracks

and grain boundaries. After a series of pictures is produced in one measurement,

the number of nuclei is counted from their appearance based on the pixel jump from

transparent to opaque. White spots without growth are not taken into account.

In contrast, the calculation of interface motion in the encapsulated crystals is sim-

pler, since the reaction front moves approximately as a propagating flat surface.
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(a) (b)

Figure 3.3: (a) Selected crystal surface without visible imperfections; (b)
Typical picture of nucleation at 110 ◦C and 13mbar.

In the post-processing, a straight line is drawn to fit the interface so that a mean

distance between the reaction front and the open surface of the encapsulated crys-

tals is calculated. It has to be mentioned that the reaction front is not always

straight, particularly side effects of the crystal edges are inevitable. As shown in

Fig. 3.4, the estimation of the interface position is based on the mean position of

the major part of the reaction interface where the side effect is usually ignored. A

complete prevention of surface nucleation cannot be achieved by the epoxy encap-

sulation. In particular when the reaction temperature is high, the restriction from

the epoxy resin layer was diminished by expansion of the layer itself. The interface

advance at a later stage was obscured by undesired nuclei and only the first part

of the reaction was adopted for calculation with acceptable accuracy. Moreover,

defects/imperfections on the crystal surface, especially cracks, should be avoided

in the measurements. As shown in Fig. 3.5, the dehydration reaction along the

slot-like cracks is considerably faster than at the regular part.

3.2.4 Accuracy aspects

Errors of both microscopic measurements and TGA measurements are discussed.

In the microscopy system, a type K thermocouple is used and calibrated for

the temperature measurement. The temperature is controlled by a proportional-

integral-derivative (PID) controller. The accuracy at temperature around 400 K

is ±1.5 K. A humidity sensor RH-02 from Pico Technology is used for measuring

the relative humidity of the moist air flow. The accuracy of the sensor is ±2.5%.
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(a) (b)

Figure 3.4: Approximation of interface position by fitting the major part of
the reaction front with a straight line (T = 100 ◦C and p(H2O) = 13mbar).

(a) (b)

Figure 3.5: Crack effect on the interface advance: (a) the initial crystal with
slot-like cracks indicated by arrows; (b) partially dehydrated crystal after 70

minutes of reaction (T = 120 ◦C and p(H2O) = 31mbar).

The length scale calibration of the camera system is done by a precise ruler (Carl

Zeiss micrometer: 474025). The accuracy of microscopic measurements is related

to the image resolution of the camera. There are about four hundreds pixels in 1

mm of a picture. The accuracy of length measurements is then about 2.5 μm. In

the TGA measurement, the micro-balance has an accuracy of 10 μg. The typical

mass loss of TGA measurements is about 1 mg when a typical Li2SO4 ·H2O single

crystal (about 7 mg) is used for dehydration. Thus, the fractional conversion ob-

tained in the TGA measurements has an accuracy of 0.01. A typical result of the
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interface position xc as function of time is shown in Fig. 3.6. To derive the inter-

face velocity, this position profile is fitted with a linear function by using the least

square fitted method. Relevant discussion will be found in the Results section.

The accuracy of the interface velocity derived in this way is about 0.1μm/min.

The systematic error is mainly attributed to the initial part of the position profile,

which is usually not linear.
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Figure 3.6: Typical example of the interface position measured from micro-
scopic experiment at 110 ◦C and 13mbar.

Determination of interface position and velocity is usually based on a series of

repeating measurements in order to make a reasonable estimate of the random

error. With all experimental data x, the average value, x̄ (sometimes also called

mean value), and the standard deviation, σx, are calculated as follows:

x̄ =
1

n

n∑
i=1

xi (3.2)

where xi is the result of the i
th measurement and n is the total number of repeating

measurement.

σx =
( 1

n− 1

n∑
i=1

(xi − x̄)2
)1/2

(3.3)

Based on the standard deviation, the standard deviation of the mean value ,σ̄x,

can be estimated as

σ̄x =
σx√
n

(3.4)
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The σ̄x for the interface position is about 3 μm. For the interface velocity a typical

value of σ̄x of 0.1 μm/min is found (see Fig. 3.19).

3.3 Results

3.3.1 Characterization of nucleation

In heterogenous nucleation, it is generally agreed that nucleation happens prefer-

ably at imperfections of crystals, where the activation energy for transformation is

lower. As shown in Fig. 3.7, there are many imperfections on the two ends of the

initial crystal (enclosed areas). In contrast, the central area is much cleaner so that

scratches from the background (surface of the copper heating stage) are visible.

Therefore, there are more nucleation events on the two ends than in the central

area of the surface under given reaction conditions. Moreover, edges of the crystal

are regarded as linear defects and therefore more favorable to nucleation than the

regular crystalline structure, e.g., the central area. The total number of imperfec-

tions could be regarded as the upper limit of potential nucleation sites. Also, the

rate of nucleation must decrease with time as these sites become exhausted or get

ingested by growing nuclei.

500 μm 

0 min.

500 μm 

100 min.

500 μm 

200 min.

500 μm 

300 min.

Figure 3.7: Surface growth sequence of the anhydrous nuclei formed during
the dehydration reaction of a single Li2SO4 ·H2O crystal at 90 ◦C and 13mbar.
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The rate of nucleation as function of time can be described by the following relation

(neglecting ingestion)[80]

γ =
dN

dt
= knN0e

−knt (3.5)

where

kn = ν e−
Ea
RT (3.6)

with N the number of nuclei per unit area, N0 the initial number of sites per unit

area, ν the frequency factor, Ea the activation energy, R the universal gas constant

and T the temperature.
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Figure 3.8: (a) Nuclei density against time at 100 ◦C from six different mea-
surements; (b) Nuclei density against time at different temperatures (p(H2O) =

13mbar).

Figure 3.8(a) shows nuclei density from six different crystals at 100 ◦C and 13mbar

plotted as function of time. Because of the similar shape of all kinetic profiles, the

exponential nucleation law as presented in Eq. 3.5 can be confirmed. The number

of nuclei eventually reaches a limit, which is directly associated to the total number

of surface imperfections. Small variations among different samples are observed

in terms of both the rate of nucleation and the maximum number. Fig. 3.8(b)

shows the influence of temperature on the nucleation kinetics. The nucleation rate

shows a large increase in the temperature range from 90 ◦C to 110 ◦C. The profile

at 90 ◦C is nearly linear before it reaches the limit. At 110 ◦C the nucleation occurs

much faster with a large number of nuclei covering the crystal surface quickly.

It can be concluded from Eq. 3.5 that at low temperatures kn values are relatively

small. The exponential law can then be simplified to a linear relationship at a
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certain temperature

γ = knN0 = νN0e
− Ea

RT (3.7)

Even at high temperatures, about 80% of the final total number of nuclei are

formed approximately at a constant rate. In the later stage of nucleation, the rate

considerable decreases due to the depletion of the reactant surface. Therefore, a

linear estimation of nucleation rate is adopted. The nucleation rate as function
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Figure 3.9: (a) Nucleation rate as function of temperature; (b) Plot ln(γ)
against reciprocal temperature (p(H2O) = 13mbar).

of temperature is calculated and results are plotted in Fig. 3.9. The error bar is

calculated from a number of repeating measurements (at least 6) and represents

the standard deviation of the mean value (see Eq. 3.4). Large variation at 110 ◦C

can be seen in Fig. 3.9(a). This is because the nucleation process at higher

temperatures tends to be completed in a short time. This enhances the influence

of the initial period of measurement preparation, which is not well controlled. In

Fig. 3.9(b) the nucleation rate as function of temperature is fitted by Eq. 3.7 as

γ = A1e
− E1

a
RT [1/(mm2min)] (3.8)

where A1 is the pre-exponential factor with a value of e78.1±8.3 (equal to νN0 in

this case), and the activation energy E1
a is 240.0± 25.8 kJ/mol. This relationship

will be used in the subsequent calculation of the fractional conservation in non-

isothermal condition.
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3.3.2 Characterization of interface advance

Figure 3.10(a) shows established nuclei on the crystal surface. Two marked fea-

tures of the nucleus growth are worthy to stress. The first noticeable feature is the

star-shaped nuclei with a central hole and radial cracks as indicated by arrows in

the photograph. The holes are identified as nuclei and radial channels are devel-

oped around them, which is caused by volume shrinkage and crack formation after

water elimination. As also demonstrated in [61] by electron microscopic examina-

tions, the individual systems of micro-channels connect to each other during the

growth and coalescence of separate nuclei, resulting in a micro-channel network

further facilitating the escape of the volatile water. The second major feature is

that the shape of individual nuclei is an ellipse with a preferable growth in the

crystallographic direction [010]. This observation is different from the nucleus

shape of dehydration reaction of alums, where an approximately circular shape of

nuclei was observed [56].
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Figure 3.10: (a) Structure of star-shaped nuclei indicated by arrows; (b) Ef-
fective radius as function of time at various temperatures (p(H2O) = 13mbar).

From the previous observations, it is clear that the growth of nuclei in this reaction

is in three dimensions, which means that the reactant/product interface expands

outwards in all directions, generating hemispheres of product. To simplify the

calculation of the growth rate, the surface shape of nuclei is assumed to be circular

and an effective radius is calculated based on the area of each nucleus. Fig. 3.10(b)

shows a typical plot of data for the growth of nuclei at various temperatures up

to radial dimension of 70μm. Growth of larger nuclei could not be followed since

they overlap with neighbours. From these microscopic measurements, it can be



36 Chapter 3 Microscopic experiments

concluded that the rate of nucleus growth is constant at a constant temperature

and water vapor pressure.
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Figure 3.11: (a) Velocity of nucleus growth as function of temperature; (b)
Rates of nucleus growth at various temperatures are fitted by the Arrhenius

equation (p(H2O) = 13mbar).

However, the interface motion observed in these measurements is probably still

within the reaction zone, since the reaction interface of Li2SO4 ·H2O dehydration

has a thickness of ca. 150μm [20]. For a quantitative study of the growth kinetics,

experiments are needed tracking the reaction front over larger distances, which are

typically in the order of millimeters. In the next experiments, encapsulated crystals

were used in the microscopy experiments and the nuclei were forced to grow in a

single direction. A typical example of the dehydration reaction of an encapsulated

Li2SO4 ·H2O monocrystal is shown in Fig. 3.12. The reaction originated at the

surface where epoxy resin was removed, being the right surface in this case. It can

be seen that the reaction interface was propagating into the crystal in the [010]

direction, while reaction on the other faces was restricted during the early stage

of the dehydration process. The reaction front was recorded photographically and

the distance of the reaction front to the right surface was estimated and indicated

as xc in Fig. 3.12.

Crystal size effect To obtain consistent results, the effect of crystal size, par-

ticularly the width of crystals denoted as W in Fig. 3.1(a), was investigated.

As shown in Fig. 3.13(a), three sizes of crystals are selected: small size (sa =

2.3mm, sb = 2.2mm), middle size (ma = 3.6mm, mb = 3.6mm) and large size

(la = 4.3mm, lb = 5.7mm). Under the same conditions ( 120 ◦C and 8mbar),
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Figure 3.12: Typical sequence of the interface propagation in the bulk of an
encapsulated Li2SO4 ·H2O monocrystal during dehydration at 100 ◦C and 18

mbar (the crystal shape is indicated by the dashed line).

the interface advance is measured and results are plotted in Fig. 3.13(b). The ad-

vancing distance going up to values of 2500μm is much larger than the reported

thickness of reaction zone (150μm). Interface propagation of all crystals behaves

similarly, except one of the large crystals (la). In the case of la, no reaction was

observed until 140 minutes and then the interface advanced very faster. A possible

explanation is that the open surface of the crystal was covered by the epoxy resin

which was left on the abrasive paper during grinding. In general, it is evident that

the displacement of the reaction front is almost linear except the first part. Thus,

a constant rate of interface propagation is derived by using the least square fitting

method. The velocity of interface advance is listed in Table 3.1. Without consid-

ering the case of crystal la, the interface advance of small crystals is faster than

of large crystals. This is probably due to the side effect: the interface advance is

faster along crystal sides. This effect has a bigger influence on small crystals and

diminishes with the increase of crystal width. Thus, in order to gain more con-

sistent results, large crystals (> 4mm) should always be used in the experiments.
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Unfortunately, typical crystals produced with the synthesis method as described

in section 3.2.1 are small crystals with a width of 2− 3mm. Special care is taken

that small crystals with similar size are chosen for comparative studies.

Table 3.1: Crystal size effect on the interface advance
Crystals sa sb ma mb la lb
Width (mm) 2.3 2.2 3.6 3.6 4.3 5.7
Velocity (μm/min) 6.5 5.9 5.3 5.4 7.9 5.0
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Figure 3.13: (a) Crystals with different sizes; (b) Interface advance for differ-
ent crystal sizes at 120 ◦C and 8mbar.

Temperature effect Data of the interface advance at various temperatures are

shown in Fig. 3.14(a). The increase of reaction rate with the increase of tempera-

ture is obvious. With the same fitting method used above, Fig. 3.14(b) shows the

rate of interface propagation fitted as function of temperature. The fitted equation

reads:

φ = A2e
− E2

a
RT [μm/min] (3.9)

where the pre-exponential factor A2 is e
29.0±2.6 and the activation energy obtained

in this way is 88.4±8.4 kJ/mol, which is in good agreement with the value reported

in [82, 122] (≈ 87 kJ/mol).

A direct comparison with previous studies is made with respect to the reaction

rate constant as:

k = Ae−
Ea
RT [s−1] (3.10)
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Figure 3.14: (a) Interface position as function of time at various tempera-
tures; (b) Rates of interface advance at various temperatures and fitting by the

Arrhenius equation (p(H2O) = 13mbar).

where A is the pre-exponential factor in units of frequency. In most cases, this

parameter as mentioned in the Introduction is derived from fitting the overall

kinetic data by certain kinetic models. However, in the present work and also

works from Okhotnikov et al. [122] and Kirdyashkina et al.[82], the rate of interface

advance was measured by optical observations in our case and thermal analyses in

their cases. The transformation from the advance rate into the conventional rate

constant can be done as

k =
dα

dt
=

1

ΔmH2O

dm

dt
=

ρH2OS

ρH2OSL

dxc

dt
=

ρH2O

ρH2OL

dxc

dt
=

φ

L
[s−1] (3.11)

where S is the area of the open face, L is the length of single crystals and ρH2O is

the density of water in lithium sulfate monohydrate (ρH2O = 290 kg/m3).

Table 3.2: Kinetic parameters for the thermal dehydration of Li2SO4 ·H2O

T range (K) L (mm) Ea(kJ/mol) A (s−1)) Reference
(a1) 373-413 3 88.4 1.9× 107 (c) Present work
(a2) 300-400 0.3 87.1 1.4× 108 (c) Okhotnikov et al. [103, 122]
(a3) 315-362 1 84.9 1.3× 107 (c) Kirdyashkina et al.[82, 103]
(b1) 360-400 1.6 79.9 6.6× 106 Galway et al.[61]
(b2) 362-402 1.6 106.3 2.8× 1010 Brown et al.[24]
(b3) 385-400 1.2 111.8 2.0× 1011 Koga et al.[84]

a . Parameters are derived by fitting the rate of interface propagation, which is constant at
isothermal and isobaric conditions.
b . Parameters are derived by fitting the overall kinetics of reaction with certain kinetic
models.
c . A values are in units of the mass density of water in lithium sulfate monohydrate
(290 kg/m3).
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Results from the present work and from literature are shown in Table 3.2, in which

group (a) present studies based on measuring the interface propagation and group

(b) studies based on measuring the overall reaction kinetics of single crystals. The

activation energy from our result is in good agreement with the other studies in

group (a). The reaction rate as function of temperature is calculated and pre-

sented in Fig. 3.15. The result (a3) is relatively in good agreement with all results

in group (b). It is larger than our result and smaller than result (a2). The dif-

ference could be related to the sample size, particularly in group (a), where the

reaction rate decreases as the sample size is increasing. To examine this hypothe-

sis, TGA measurements under isothermal conditions (100 ◦C, 120 ◦C, 140 ◦C) were

performed on our single crystals without encapsulation. Kinetic curves of frac-

tional conversion are fitted with a volume contraction model (R2). Derived results

are shown in Fig. 3.15 as “present fitting” results. They agree with the results

from Kirdyashkina et al. and Brown et al. (a3 and b2), which means that the

sample size is not responsible for the kinetic retardation between the microscopic

result and other TGA results. Another explanation is based on the microscopic

study of Galway et al. [61]. It was demonstrated by these authors that there was

pore penetration beyond the reaction interface, resulting in shrinkage and water

loss from the unrecrystallized reactant beyond the textural discontinuity. It means

that there is water loss from the zone ahead of the recrystallization plane identi-

fied as the advancing reaction interface in microscopic observations. The interface

advance in microscopic experiments is probably delayed compared to the water

loss which was measured by TGA measurements. Thus the microscopic result is

smaller than all other results obtained by TGA.
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Figure 3.15: Reaction rate as function of temperature derived from different
experiments as in shown Table 3.2. Dots for a1-a3 and lines for b1-b3.
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Crystallographic effect It is clear from the previous surface observations like

Fig. 3.10(a) that the nuclei growth is anisotropic. When the major axis and

the minor axis of the ellipse-like nuclei are examined, an approximately constant

ratio between them is obtained, as shown in Fig. 3.16(a), where the growth rate

of the major axis is about 1.54 times larger than the growth rate of the minor

axis. The error bars represent the standard deviation of the mean value (n ≥
6). Furthermore, measurements of interface advance as shown in Fig. 3.12 are

performed but in a different crystallographic orientation. This crystallographic

preference is then evaluated in terms of interface advance. The velocity of interface

advance in [100] direction is measured at different temperatures. The ratio plotted

in Fig. 3.16(b) is derived from the average velocity in [010] direction and the

average velocity in [100] direction at various temperatures. The average value of

this ratio is about 1.45. Due to the limited crystal thickness, the measurement in

the third direction [001] of interface advance is not possible.
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Figure 3.16: Ratio between the rate of interface propagation in [010] direction
and in [100] direction at different temperatures: (a) from surface nuclei; (b) from

interface advance in the crystal bulk (p(H2O) = 13mbar).

3.3.3 Influence of water vapor pressure

In this section, the effect of partial water vapor pressure on the nucleation and

nuclei growth processes is investigated. It has been reported in several works that

the Smith-Topley effect was found for lithium sulphate monohydrate by using

TGA measurements [137, 148]. The Smith-Topley effect was first reported by

Smith and Topley, who found that the rates for the dehydration of copper sulfate

pentahydrate [141] and manganese oxalate dihydrate [151] varied in an unusual

way with the partial pressure of atmospheric water vapor. Figure 3.17 shows the
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characteristic pattern of the dehydration rate as function of vapor pressure for the

Smith-Topley effect. As the water vapor pressure increases, the rate of dehydration

initially decreases (A), then passes through a minimum (B), increases strongly to

a maximum (C), and finally decreases more slowly (D).
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Figure 3.17: The characteristic pattern of the Smith-Topley effect.

There is still no universally accepted explanation for the nature of this phenomenon

[104]. The most widely-accepted one out of the different mechanisms proposed

invokes the crystallinity of the dehydrated products [2, 60, 137]. Dehydration at a

low water vapor pressure (A to B in Fig. 3.17) is associated with the production

of an amorphous dehydrated phase. This amorphous phase forms a layer which

covers the reaction particles and may also adsorb the dissociated water molecules

in the narrow walls of molecular dimensioned capillaries. At higher values of water

vapor pressure (B to C), the available water catalyzes structural reorganization

of the dehydrated phase inducing the formation of additional channels, cracks

and pores between the product particles, which favors transport of water vapor

from the reaction region. When the water vapor pressure increases beyond C,

the reverse reaction (rehydration) becomes significant, explaining the subsequent

decrease of the rate (C to D). It is of interest to examine this phenomena using

microscopic observations, because in such measurements the structure change of

the salt crystal is examined directly.

Figure 3.18(a) shows the nucleation rate at various water vapor pressures and

a fixed temperature of 100 ◦C. The error bars represent the standard deviation

of the mean value (n ≥ 6). It is evident that with the increase of the pressure

the nucleation rate decreases rapidly. At low pressures, especially below 10mbar,

the nucleation process is enhanced by one order, which means a large amount

of nuclei form in a short time. Thus, the crystal surface is covered by nuclei

very soon after the reaction starts, which leads to a volume contraction of the
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transformation, as described by the R3 model in Table 2.1. At high pressures like

42mbar, the nucleation rate is extremely small. The process is almost inhibited

by high water content in the environment. In Fig. 3.18(b), the growth rate of

surface nuclei has the same trend as the nucleation rate, but the enhancement and

inhibition at two ends are less obvious. These observations of surface nucleation

and surface growth are consistent with studies in literature [22, 67]. At low water

vapor pressure the reaction is governed by an interfacial advancement mechanism

(instantaneous nucleation); at high water vapor pressure the reaction is governed

by a nucleation and nuclei growth mechanism. The influence of the vapor pressure

on the nucleation process can pass from a phenomenon of instantaneous nucleation

to a separate nucleation (nuclei growth) phenomenon.
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Figure 3.18: (a) Nucleation rate as function of water vapor pressure at 100 ◦C;
(b) Effective velocity of nuclei growth at various values of water vapor pressure

at 100 ◦C.

For simplification, the main part of the curve in Fig. 3.18(a) (except p(H2O) ≤
8mbar) is fitted by a straight line as

γ = C1p+ C2 [1/(mm2min)] (3.12)

where p is in the unit ofmbar, C1 and C2 are constants: C1 = −0.06±0.03 1/(mm2minmbar)

and C2 = 2.8± 0.9 1/(mm2min).

Assuming that the influence of temperature and water vapor pressure on the nu-

cleation rate are independent, we can combine these effects into a single equation

as

γ =
γ(T, p = 13)γ(T = 100, p)

γ(T = 100, p = 13)
[1/(mm2min)] (3.13)



44 Chapter 3 Microscopic experiments

which along with Eqs. 3.8 and 3.12 gives

γ = (C3p+ C4)A1e
− E1

a
RT [1/(mm2min)] (3.14)

where C3 = −0.03± 0.02 1/(mm2minmbar) and C4 = 1.4± 0.5 1/(mm2min).

Table 3.3: Water vapor pressure effect on the interface advance
p(H2O)/mbar 3 8 13 18 23 31
Velocity (μm/min) 1.5 1.4 1.6 1.3 1.3 1.0
T = 100 ◦C 1.6 1.5 1.7 1.1 1.2 1.2

1.4 1.4 0.9
1.2

Velocity (μm/min) 6.6 6.5 6.2 6.8 5.9 5.9
T = 120 ◦C 6.4 5.9 6.4 6.6 6.2 6.2

6.9 6.1 6.8
6.5

The influence of water vapor pressure on the interface advance at 100 ◦C and at

120 ◦C is studied. At each water vapor pressure, at least two measurements are

done. Results are listed in Table 3.3 in two groups and plotted in Fig. 3.19. To give

an idea of the accuracy, the standard deviation σ at each water vapor pressure is

first calculated and then an average of the standard deviation of values of interface

velocity σ̄ is estimated to be about 0.05μm/min at 100 ◦C and 0.1μm/min at

120 ◦C. It can be seen from Fig. 3.19 that the effect of vapor pressure on interface

velocity is small. It seems that there is a trend in the velocity decrease, increase

and then decrease again with the increase of water vapor pressure. However, the

variation obtained from our measurements is rather small compared to results

reported by Seto et al. [137]. They studied the effect of water vapor pressure

by isothermal TGA measurements of powdery Li2SO4 ·H2O samples with particle

sizes of 100-150 μm. Both results from the present work and Seto’s work are

replotted in Fig. 3.20 in terms of reaction rate constant. The absolute values

of the rate constant are smaller than the values from Seto et al. [137], which is

discussed in relation to Fig. 3.15. The Smith-Topley behavior is shown clearly

in Seto’s work. These authors attributed it to the crystallinity of the dehydrated

products without consideration of other aspects such as the nucleation process and

the self-cooling effect.

In all studies about the Smith-Topley effect in literature, the conclusion is based

on the overall reaction rate of powdery samples, which is a combined result de-

pendent on many parameters. At low water vapor pressure, the nucleation rate
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Figure 3.19: (a) Velocity of interface advance as function of water vapor
pressure at 100 ◦C; (b) 120 ◦C.
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Figure 3.20: Variation of the rate constant as function of water vapor pressure
(a) from the present work; (b) from Seto et al. [137].

is large, resulting in a large rate of conversion. In contrast, the conversion rate

is small at high water vapor pressure due to small reaction area formed by a few

nuclei. Such effect on a single grain may be small, but when a powdery sample

with a large number of grains is used, the difference from the nucleation process

will be considerably amplified. On the other hand, the self-cooling effect is still a

puzzling phenomenon. It is undoubted that there is influence of the self-cooling

effect on the entire dehydration process due to the nature of the endothermic re-

action. An large difference in temperature between a crystalline hydrate sample

and the heater was found by experiments of the evaporation kinetics of liquid (wa-

ter, ethanol) [17] and also by theoretical calculations of dehydration reactions of

several salt hydrates including Li2SO4 ·H2O [102–104]. This finding points to the

Smith-Topley effect as an artifact caused by the thermal conductivity of the gases
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and the endothermic nature of the dehydration reaction, the crystallinity of the

final product apparently being of secondary significance [108]. Unfortunately, the

temperature at the reaction front is not able to be directly measured so far. The

studies into the effect of this factor are also hindered by the fact that heat con-

ductivity of Li2SO4 ·H2O has been unknown till now [114]. In the present study of

interface advance, due to the use of large crystals the influence of nucleation pro-

cess can be neglected. The interface advances far enough from the initial surface

where instantaneous nucleation is activated at the beginning. Moreover, the veloc-

ity of interface advance, particularly at 120 ◦C in Fig. 3.19(b), has small changes

at different values of water vapor pressure, which means the self-cooling effect in-

duced from endothermic reactions is comparable. The interface velocity measured

is mainly determined by the recrystallization of the dehydrated product. From

the present results in Fig. 3.19, it seems that the chemical process regarding the

crystallinity of the dehydrated phase is slightly influenced by the water vapor pres-

sure. Hence, a possible explanation of the Smith-Topley effect could be like that.

The unusual variation is essentially induced by the crystallinity of the product,

but amplified by other concurrent sequences such as nucleation and self-cooling.

However, in view of substantiating the physical causation of the Smith-Topley

effect, systematic examination of physical changes of kinetic experiments such as

variations in mass, particle size of the sample, presence of inert additives and the

presence of gases having high thermal conductivity, etc. should be performed.

3.4 Conclusions

The thermal dehydration reaction of Li2SO4 ·H2O single crystals was studied ex-

perimentally by using an optical microscopy system, where both temperature

and partial water vapor pressure can be controlled. Large single crystals of

Li2SO4 ·H2O were synthesized from powdery samples. Crystals were selected for

the optical observations. Firstly, the nucleation process was examined and charac-

terized as function of temperature. It is evident that the nucleation rate is highly

dependent on the surface conditions regarding impurities and defects. Bearing

this in mind, the in-situ measured characteristics provide confirmatory evidence

that the rate of nucleation obeys an exponential law. Secondly, the nuclei growth

process including surface growth and interface advance was investigated with re-

spect to crystal size, temperature and crystallographic preference. The growth

rate as function of temperature was derived and compared to results from litera-

ture. Thirdly, the water vapor pressure effect on the nucleation rate and growth
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rate was studied. It has a significant influence on the nucleation rate, while the in-

fluence on the growth rate is relatively small. The unusual variation of the growth

rate regarding the water vapor pressure, known as the Smith-Topley effect, was

discussed. Our results indicate that the Smith-Topley effect is probably not only

caused by a single sequence, but by a combination of several sequences including

nucleation, self-cooling and crystallinity. These experimental results will be used

in the subsequent chapters.





Chapter 4

Reaction interface model

4.1 Introduction

The interface advance is probably the most characteristic process of the dehy-

dration reaction. The geometric models, widely used in the kinetic analysis of

thermal decomposition reactions [33, 75, 91, 150, 166, 167], are based upon the

processes of nucleation and growth of product nuclei by interface advance. It was

suggested that more reliable data can be obtained from the kinetic study of single

crystals compared to powdery samples [82]. Thus, research of the reaction inter-

face advance in a single crystal has been an important subject for understanding

the reaction kinetics. Previous microscopic studies on single crystals [61, 84] have

demonstrated that the reaction interface of the Li2SO4 ·H2O dehydration reaction

includes a sharp discontinuity and the product phase of reaction is composed of

an open but coherent assemblage of crystallites of the dehydrated salt, without

evident preferred alignment [61]. By using X-ray diffractometry in combination

with the synchroton radiation method, it was detected that the reactant-product

interface is actually a reaction zone of metastable intermediate with a thickness of

ca. 150μm [20]. It was concluded, based on various thermo-gravimetric analyses

[82, 84, 85, 122, 146], that the rate of interface advance at constant temperature

and water vapor pressure is constant. However, as pointed out by Modestov et al.

The content of this chapter is mainly based on: Lan, S., Zondag, H.A., Steenhoven,
A.A.van, Rindt, C.C.M. An experimentally validated numerical model of interface advance of the
lithium sulfate monohydrate dehydration reaction. Journal of Thermal Analysis and Calorime-
try, 124(2):1109-1118, 2016.

49
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[114], the size of samples used in those TGA studies is comparable to the size of the

reaction zone itself, which is insufficient to draw a conclusion with respect to the

propagation rate. Therefore, experiments on the propagation of the reaction zone

were designed and carried out with much larger single crystals [114]. The former

conclusion that the accumulating residual dehydrated phase has no effect on the

kinetics was confirmed. Nevertheless, a very different activation energy compared

to previous reported values [82, 122] was obtained by fitting the constant prop-

agation rates at various temperatures. In a subsequent study, this discrepancy

was attributed to the self-cooling effect during the endothermic decomposition

reaction, which can reach tens degrees Celsius [102].

Despite all these contributions, the fundamental mechanisms of the elementary

process of interface advance are still not clear. As stated in [114], the physics of

heat and mass exchange during the interface advance of the Li2SO4 ·H2O dehy-

dration reaction is still far from being complete. The water molecules released

from the reaction zone have to travel from the reaction interface to the surface of

the crystal through the dehydrated part. The influence of heat and mass trans-

fer has to be investigated in order to achieve more fundamental understanding of

this reaction. To do this, in-situ observations of interface propagation and math-

ematical models of the reaction-diffusion problem will be particularly useful in

characterizing the mechanisms and kinetics of such reactions.

In this chapter, a sharp interface model involving the intrinsic reaction at the in-

terface and mass diffusion through the dehydrated crystal is developed and applied

to solve the dehydration reaction problem. The mathematical framework is based

on a conservative formulation within the finite difference method [76]. Instead

of solving the boundary condition at the moving interface directly, an equation

derived from global mass conservation is used. By comparing experimental results

with numerical solutions, the interaction between interfacial reaction and water

vapor diffusion is discussed and elucidated.

4.2 Mathematical model

In general, the interface advance involves four processes [57]: (i) breakdown of

a reactant by rupture of chemical bonds, (ii) structural reorganization of this

chemically changed material from the reactant structure (α phase) to the more

stable product structure (β phase), (iii) transport of dissociated water molecules

through the product layer, (iv) surface process such as desorption. On the basis
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of previous studies [20, 61, 84], the first two sequences (i and ii) occur at the

thin reaction interface. A sharp interface model is then proposed for the interface

advance, as shown schematically in a planar geometry in Fig. 4.1. In the reversible

αphase βphase

ceq

cg
x=0 x=Lx=xc

Concentration
of water vapor

Position

Interface

cc

c0

Figure 4.1: Schematic illustration showing the general features of the moving
boundary diffusion problem considered in the present work, with concentrations

and positions indicated on the axes. (adapted from [88])

reaction presented in Eq. 3.1, the rate of interface advance is assumed to be

determined by both the forward and the reverse reaction at the interface. The

forward reaction is described as a zero-order reaction. The reverse reaction is

assumed to be a first-order reaction because of the gaseous reactant. Therefore,

the net mass flux of reaction at the interface, JH2O, is written as

JH2O = kr − k′
rcc (4.1)

where kr and k′
r are rate constants of the forward and the reverse reaction, respec-

tively, and cc is the water concentration at the interface.

In equilibrium, the net mass flux of reaction is zero:

kr − k′
rceq = 0 (4.2)
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By substituting k′
r in Eq. 4.1, the mass flux of reaction can be rewritten as

JH2O = kr(1− cc
ceq

) (4.3)

where ceq is the equilibrium concentration (virtually the equilibrium water vapor

pressure).

The equilibrium partial pressure of water vapor, peq, corresponding to reaction

(3.1) is given by

peq = p0exp(
−ΔGo

RT
) (4.4)

where p0 is the standard atmospheric pressure, ΔGo is the standard free energy

of the reaction, R is the universal gas constant and T is temperature. Assuming

that the free water vapor in the β phase behaves as an ideal gas, we have the

equilibrium water vapor concentration as

ceq =
peqMH2O

RT
=

p0MH2O

RT
exp(

−ΔGo

RT
) (4.5)

where MH2O is the molar mass of H2O and ΔGo is determined by the standard

enthalpy ΔHo and entropy ΔSoof the reaction as ΔGo = ΔHo − TΔSo.

In terms of the propagation of reaction interface position Δxc in a time interval

Δt, the mass flux of water vapor is given by

JH2O = −c0
dxc

dt
(4.6)

where c0 is the initial water concentration in the salt hydrate and xc is the interface

position (see Fig. 4.1). Together with Eq. 4.3 and 4.6, the rate of interface advance

is written as

dxc

dt
= −kr

c0
(1− cc

ceq
) (4.7)

In porous materials, the water concentration distribution c(x, t) can be described

by Fick’s law as

∂c

∂t
= De

∂2c

∂x2
, xc < x < L (4.8)

where De is the effective diffusivity of water through the β phase.
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In order to preserve the mass balance at the interface, the mass flux relative to

the moving interface must be considered. The amount of water generated by

the interfacial reaction must be equal to the amount transported away from the

interface. In particular, mass flux must be considered relative to the moving

interface with an absolute velocity −dxc/dt [132]. So the boundary condition at

the moving interface is given as

kr(1− cc
ceq

) = −De
∂c(x, t)

∂x

∣∣∣
x=xc

− dxc

dt
cc, x = xc (4.9)

After substitution of dxc/dt with Eq. 4.7, the boundary condition at the interface

can be written as

∂c(x, t)

∂x

∣∣∣
x=xc

= − kr
De

(1− cc
ceq

)(1− cc
c0
), x = xc (4.10)

The boundary condition at the outer surface is given by

c(x, t) = cg, x = L (4.11)

where cg is the water concentration in the environment.

For the model to be as general as possible, the following nondimensional spatial

and temporal variables are defined

x̂ =
x

L
; t̂ =

Det

L2
; ĉ =

c− cg
ceq − cg

; s =
xc

L
(4.12)

The corresponding dimensionless forms of the above equations, in which the hats

are omitted, are

ds

dt
= −Daλ(1− cc), x = s (4.13)

∂c

∂t
=

∂2c

∂x2
, s < x < 1 (4.14)

with boundary conditions

∂c(x, t)

∂x

∣∣∣
x=s

= −Daλ(1− cc)(M − cc), x = s (4.15)

c(x, t) = 0, x = 1 (4.16)
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and initial conditions

c(x, t) = M, 0 < x < 1, t = 0 (4.17)

s(t) = 1, t = 0 (4.18)

The Damköhler number, Da, being the ratio of the intrinsic reaction rate to the

mass diffusion rate, is given as

Da =
kr L

De c0
(4.19)

In common practice, the value of Da provides a quick indication of the limiting

process in the conversion. For Da � 1 the conversion is limited by diffusion; for

Da 	 1 the conversion is limited by reaction. However, the present definition of

the Damköhler number is different. The water concentration c0 in solid which is

not directly associated to the reaction kinetics is used, instead of using the concen-

tration in liquid like ceq. This leads to a smaller scale of Da value in the present

calculation compared to the regular value of 1, because the water concentration

in solid is much larger than in liquid. The purpose of the arrangement is to give a

proper definition of another dimensionless number λ. The value of λ indicates the

influence of the partial pressure of the atmospheric water vapor and is described

as

λ =
ceq − cg

ceq
(4.20)

For λ = 1, there is no influence of the ambient vapor pressure on the reaction.

The normalization factor, M , is given as

M =
c0 − cg
ceq − cg

(4.21)

The present model is solved by a numerical scheme proposed by Illingworth and

Golosnoy [76]. The solution is based on the finite difference method with fully

implicit formulation. The moving interface is tracked by a variable grid method

using a Landau transformation so that the moving interface is fixed at a grid point,

for details see Appendix B. To ensure the mass conservation during the interface

motion, a conservative formulation instead of Eq. 4.13 is derived, which considers
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the change of the total mass present in the system at any time-step.

∫ 1

st+Δt

ct+Δtdx−
∫ 1

st
ctdx = MΔs+

∫ t+Δt

t

∂c

∂x

∣∣∣
x=1

dt (4.22)

where the terms on the left-hand side of the equation present the mass change in

the dehydrated phase over a time span Δt, the first term on the right-hand side is

the mass generation from the interface advance and the second term is the mass

loss at the outer surface due to diffusion.

Overall, Eqs. 4.13-4.22 completely describe the reaction-diffusion problem and can

be solved in a conservative way. The set of equations are solved with implicit Euler

for the time integration and central difference approximations for the diffusion

term. Details of the discretization and implementation can be found in Appendix

B.

4.3 Validation tests of the model

4.3.1 Transient liquid phase bonding

The first verification of the model was carried out for the interface motion of

transient liquid phase (TLP) bonding of nickel as solved in [76]. A one dimensional

planar geometry is assumed, as shown in Fig. 4.2 where only half of the joint is

shown. The other half (from x = −L to x = 0) is symmetrical. For joining two

pieces of nickel, a liquid interlayer (phase A) is formed and subsequently solidifies

due to changes in composition, c(x, t), which are a result of diffusion. The motion

of a solid/liquid interface, s(t), is determined by diffusion in two phases. This

moving boundary problem is mathematically described in non-dimensionless form

as

∂c

∂t
= DA

∂2c

∂x2
, 0 < x < s(t) (4.23)

∂c

∂t
= DB

∂2c

∂x2
, s(t) < x < L (4.24)

DA
∂c(x, t)

∂x

∣∣∣
x=s(t)−

−DB
∂c(x, t)

∂x

∣∣∣
x=s(t)+

= (cB − cA)
ds(t)

dt
, x = s(t) (4.25)



56 Chapter 4 Reaction interface model

Figure 4.2: Schematic diagram showing a concentration profile across a TLP
bond at a particular time t. [76].

with boundary conditions

∂c(x, t)

∂x

∣∣∣
x=0

= 0, c(x, t)|x=s(t)− = cA (4.26)

c(x, t)|x=s(t)+ = cB,
∂c(x, t)

∂x

∣∣∣
x=L

= 0 (4.27)

where DA and DB are the diffusion coefficients of solute in phase A and phase

B, and cA and cB are the equilibrium concentration in phase A and in phase B,

respectively.
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Figure 4.3: (a) Code verification by comparing present results with reference
[76]; (b) Comparison of various mass fluxes.
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The problem is solved by using the same numerical method as introduced in Section

4.2. The non-dimensionless formulation is first transformed into a dimensionless

form by the Landau transformation and then solved by using variable spatial dis-

cretization. All calculations use the same input parameters, time-step (Δt = 0.01)

and grid point (250 for each phase) as in [76, 169]. Input parameters are listed

in Table 4.1. Figure 4.3(a) shows the interface position as function of time from

both present calculation and Illingworth’s [76], where good agreement is achieved.

Compared to the theoretical maximum, this numerical scheme is accurate in solv-

ing this problem. To check mass conservation, several variables are defined as

follows:

A = (cB − cA)
ds

dt
B1 = DA

∂c(x, t)

∂x

∣∣∣
x=s(t)−

B2 = DB
∂c(x, t)

∂x

∣∣∣
x=s(t)+

C1 =

∫ sj+1

0
cj+1dx− ∫ sj

0
cjdx

δt
C2 =

∫ L

sj+1 c
j+1dx− ∫ L

sj
cjdx

δt

where A is the mass flow rate at the moving interface, B1 and B2 are the rates

of mass diffusion at each side of the interface, C1 and C2 are the mass changes

at each side at any time-step. To ensure mass conservation, two criteria must be

met: A = B1 − B2 and C1 + C2 = 0. Results of the former terms are shown in

Fig. 4.3(b), where these two criteria are met. Therefore, it can be concluded that

the moving grid method with Landau transformation is able to solve a moving

boundary problem accurately and mass conservation can be guaranteed.

Table 4.1: Parameters used in the calculations of TLP [76, 169].

Symbol Description Value
lA Initial length of phase A (μm) 25.0
lB Initial length of phase B (μm) 6025.0
cA Equilibrium concentration in phase A (at. %) 10.223
cB Equilibrium concentration in phase B (at. %) 0.166
DA Diffusion coefficient of solute in phase A (μm2s−1) 500.0
DB Diffusion coefficient of solute in phase B (μm2s−1) 18.0

4.3.2 Model accuracy for dehydration problem

Now the dehydration problem (Eqs. 4.13-4.18) is solved by the same numerical

model and the mass conservation is also examined at each time-step. All dimen-

sionless values are set as: Da = 0.01, λ = 1 and M = 1000. The corresponding

dimensionless variables are defined as follows (see also Eqs. B.6, B.8 and B.19 in
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Appendix B):

A1 = −M
ds

dt
A2 = DaλM(1−qj+1

c ) A3 = − M

M − qc

1

1− sj+1

1

1− qj+1
c

∂q

∂ν

∣∣∣
ν=0

B = − 1

1− sj+1

∂q

∂ν

∣∣∣
ν=1

C =
(1− sj+1)

∫ 1

0
qj+1δν − (1− sj)

∫ 1

0
qji δν

δt

where q and ν are the dimensionless forms of concentration c and coordinate x,

respectively. Here again, A1, A2 and A3 are mass fluxes at the moving interface

in terms of the interface propagation Δs, reaction and diffusion, respectively; B

is the mass flow at the surface in terms of diffusion; C is the change of the total

mass in the β phase at any time-step. As derived in the model in Appendix
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Figure 4.4: Comparison of various mass fluxes when Da = 0.01 (all curves
fall on top of each other).

B, the following correlations should be valid during calculation: at the interface,

A1 = A2 = A3; in the whole system, A1 = B + C. Figure 4.4 shows a typical

example of numerical results of mass flux profiles for Da = 0.01, showing that all

curves coincide. Each mass flux is presented as function of time. Once the reaction

starts at t = 0, the flux slowly decreases to a value of q = 0.6 at t ≈ 1300 when

the reaction finishes. In the entire process, all mass fluxes are in good agreement

with each other.

The efficiency of the numerical scheme used in the calculation is also examined.

Due to the lack of an analytical solution for this reaction-diffusion problem, the

error regression is studied by evaluating the relative error on the interface position

for different values of Δt and Δx with respect to a reference solution for 1000

regularly spaced nodes, Δx = 0.001, and Δt = 0.01. The relative error is given as
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Figure 4.5: (a) Relative error in the calculated interface position for different
values of Δt (Δx = 0.001); (b) Relative error for different values of Δx (Δt =

0.01).

RD =

∑n
i=1(s− sref )

2∑n
i=1 s

2
ref

(4.28)

where n is the number of time-steps and sref is the reference solution. Results

of the relative error are shown in Fig. 4.5 for variable Δt and Δx, respectively.

In both cases, the conditions are chosen the same as in the reference case, except

for the variable of interest. It can be seen that the influence of the time-step is

linear on the relative error and the influence of the space-step is quadratic, just

as expected by the applied Euler method for time integration and the central

difference method for space discretization. Therefore, the numerical scheme is

first order accurate in time and second order accurate in space. For the reminder

of this chapter, the following values are used: 200 grid nodes (Δx = 0.005) and

Δt = 0.01.

4.3.3 Shrinking core model

The present 1-dimensional model is extended to a 3-dimensional model, also called

shrinking core model. The model is schematically shown in Fig. 4.6 for describing

the transformation of a spherical particle from α phase to β phase. In the middle

case, a shell of the β phase surrounds the core of the α phase, with the interface

between the two phases moving inwards. Details of extending the present 1D

model to the shrinking core model can be found in Appendix C and also in our
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conference paper [95]. Only dimensionless parameters are used in this calculation.

α phase phaseβ

Figure 4.6: Illustration of the shrinking core model describing the transfor-
mation of a spherical particle from α phase to β phase.

The non-dimensional model is solved for various values of the Damköhler number,

see Eq.4.19. In this section, only the reaction rate constant kr is tuned in order to

obtain a range ofDa values. This is different in Section 4.4, where the calculation is

performed with physical parameters and the effective diffusion coefficient De is the

unknown parameter. So, there the value of De is tuned instead of kr. The values of

other dimensionless numbers in this case are fixed as: λ = 1 and M = 1000. The

water concentration profile as function of dimensionless time for various Da values

is shown in Fig. 4.7. Each profile shows the water content in the β phase from the

moving interface to the particle surface with c = 1 corresponding to the equilibrium

concentration ceq. The arrow in Fig. 4.7 indicates the direction of propagation of

the sharp interface between α/β phases. The dimensionless time intervals between

two profiles are 1, 0.1, 0.06 and 0.05 corresponding to the smallest Da value to the

largest. Since the reaction rate constant increases to increase the Da value, the

overall reaction is faster in the case of the largerDa value. The shape of each profile

at a certain time is attributed to the interaction between the intrinsic reaction and

the mass diffusion. From the definition of Damköhler number, a small Da value

means that the interfacial chemical reaction rate is relatively low compared to

the diffusion rate of water molecules in the β layer. In the case of Da = 0.001,

the interface moves very slowly compared to the diffusion of water in the crystal.

As a result, water released by the reaction at the interface has sufficient time to

drain away. In contrast, for a relatively large Da value, e.g. Da = 1, the intrinsic

chemical reaction is fast, and water cannot escape from the particle quickly enough.

This leads to an increase in the water concentration near the interface, which in

turn diminishes the propagation of the reaction interface. Another remarkable

feature in the concentration profile is that the water concentration at the interface

decreases after it reaches a peak. For example, see results of Da = 0.01: the

concentration at the interface reaches the maximum at around r = 0.5. The
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Figure 4.7: Profiles of water concentration distribution in the β phase of a
sphere for various Da values. The dimensionless time intervals between two

neighboring profiles are: (a) 1, (b) 0.1, (c) 0.06, and (d) 0.05.

explanation is that the rate of reaction is essentially related to the reaction area

which changes during the course of transforming the spherical particle. As the

reactive area shrinks, the mass production at the interface also declines. As a

result, a large percentage of gaseous water can diffuse away from the particle

during the same time period, which in return will accelerate the chemical reaction

at the interface.

By integrating the water concentration, the fractional conversion of the particle

can be plotted as function of dimensionless time for different values of Da, see

Fig. 4.8. Besides the numerical results at various Da values in solid lines, the

line marked by + is the solution from the zero-order reaction model (α = kt)

and the line marked by o is the analytical solution of a pure diffusion process

((1− (1−α)1/3)2 = kt, also see in Table 2.1). As expected, our calculation results

compare well with the theoretical analysis under the extreme cases in which either

diffusion (large Da) or reaction (small Da) dominates the dehydration process. In



62 Chapter 4 Reaction interface model

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

t

α

Da=0.001

Da=0.01

Da=0.1

Da=1

Figure 4.8: Fractional conversion as function of dimensionless time for various
values of Da during dehydration of a spherical particle. The marked lines by
o and + present analytical solutions for pure diffusion and zero-order reaction,

respectively.

the case of Da = 1, the shape of fractional conversion is nearly linear as in the

case of Da = 0.1. However, instead of pure interfacial reaction as in Da = 1, the

curve shape in Da = 0.1 is from a combined interaction of interfacial reaction,

mass diffusion and particle shape. Based on the previous discussion, it is safe

to say that the range of Da values for which both intrinsic reaction and mass

diffusion are important in determining the reaction kinetics is between 0.01 and

0.1. Outside of this range, only a single mechanism, either the intrinsic reaction

or the mass diffusion, is dominant in the reaction kinetics.

4.4 Results and discussion for Li2SO4 ·H2O de-

hydration

In this section, the problem of interface advance for salt dehydration is solved with

physically relevant parameter values. The configuration of interface advance, xc or

s without dimension, is shown in Fig. 4.9, and is just the same as the microscopic

measurement of interface advance in Chapter 3. The interaction between intrinsic

reaction and mass diffusion is then discussed, together with the results obtained

from the microscopy observations.

In the definition of the Damköhler number, the reaction rate constant is generally

described by an Arrhenius equation

kr = Aexp(− Ea

RT
) (4.29)
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x
c

α phase phaseβ

L

Figure 4.9: Illustration of interface advance xc of Li2SO4 ·H2O dehydration
reaction.

where A and Ea are the kinetic parameters.

By substitution of kr, the earlier defined Damköhler number can be rewritten as

function of temperature:

Da =
AL

Dec0
exp(

−Ea

RT
) (4.30)

At a given temperature, all parameters can be obtained from Table 4.2, except

Table 4.2: Parameters used in the calculations of the Li2SO4 ·H2O dehydration
reaction.

Symbol Description Value
L Typical crystal length (m) 0.002
MH2O Molar mass of H2O (g mol−1) 18
c0 Concentration of H2O of Li2SO4 ·H2O (kg m−3) 290.0
cg Concentration of H2O at 13 mbar (kg m−3) 0.007
R Universal gas constant (J mol−1K−1) 8.314
ΔHo Standard enthalpy of reaction (3.1) (kJ mol−1) 57.2 [159]
ΔSo Standard entropy of reaction (3.1) (J mol−1K−1) 140.3 [159]
A Frequency factor in Arrhenius’ equation (kg m−2s−1) 1.3× 107 [103]
Ea Activation energy in Arrhenius’ equation (kJ mol−1) 84.9 [103]

the effective diffusivity for water diffusion through the dehydrated Li2SO4 ·H2O

monocrystal. Unfortunately, a proper value is difficult to find in literature and

can vary in a wide range due to different diffusion mechanisms. In order to have

different Da values, only the effective diffusivity De is varied in the subsequent

calculations.



64 Chapter 4 Reaction interface model

4.4.1 Influence of Damköhler number

Similar to the case of the shrinking core model, the water concentration profile

at various Da values is calculated and shown in Fig. 4.10. Each profile shows
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Figure 4.10: Profiles of water concentration distribution in the β phase of a
plane sheet for various Da values.

the water content in the β phase from the moving interface (x = s) to the outer

surface (x = 1). The corresponding physical time intervals between two profiles

in each figure from the smallest Da value to the largest are: 33 min, 76 min, 500

min, and 4700 min, respectively. In general, when the interface reaction rate is

kept the same, the increase of the Da value, which is caused by the decrease of

the effective diffusivity, leads to a slow overall reaction. For small Da values, the

interface moves fast and the water concentration in the β phase is very low. For

larger Da values, the interface moves slower, and the product water accumulates

in the β phase. As mentioned above, the Damköhler number plays a significant

role in determining the nature of the diffusion/reaction dynamics. For a very small

Da value (Da < 0.01), the kinetics of interface advance in dehydration of a salt

crystal is limited by the intrinsic chemical reaction at the interface, while for a

larger Da value (Da > 0.1) the kinetics is limited by the diffusion of water in the

β phase.
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Figure 4.11: (a) Dimensionless interface position for various Da values against
the dimensional time; (b) Normalized interface velocity for various Da values

against normalized time.

To further investigate the limiting mechanism of the reaction kinetics between

the intrinsic reaction and the bulk diffusion process, the dimensionless interface

position and normalized interface velocity as function of time for different values

of Da are plotted in Fig. 4.11. At Da = 0.001, the interface position in Fig.

4.11(a) exhibits a linear dependence on time, which is consistent with the zero-

order forward reaction. In contrast, at high values of Da the process is diffusion

controlled, where the plot of the interface position against time is curved because

of the first-order reverse reaction. In Fig. 4.11(b), the normalized dimensionless

interface velocity is shown on a normalized time axis. The interface velocity is

defined by

vc = − 1

Daλ

ds

dt
= 1− cc (4.31)

As discussed above, the velocity of interface advance at a small value ofDa = 0.001

shows only a small decrease during the course of the reaction. With an increas-

ing Da value, the normalized velocity decreases gradually, which is attributed to

the increasing influence of diffusion limitation. In the case of Da = 1, a rapid

decrease of the interface velocity within a short period of the reaction course can

be observed. The overall kinetics of interface advance is initially determined by

the interfacial reaction at the outer surface. As the interface moves away from

the crystal surface, water vapor cannot diffuse out of the crystal efficiently, which

leads to the accumulation of water molecules. The movement of interface posi-

tion is slown down rapidly. A dynamic balance between the intrinsic reaction and

the mass diffusion at the interface is reached and kept until the interface advance
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finishes. Together with the water concentration profiles shown in Fig. 4.10, the

transition from more reaction limited (Da = 0.01) to more diffusion limited process

(Da = 0.1) can be concluded. For the Li2SO4 ·H2O dehydration reaction within

the range of Da values between 0.01 and 0.1, both interfacial reaction and mass

diffusion are important in determining the interface advance, similar as concluded

for the case of shrinking core model. Out of this range, the interface advance is

almost completely determined by only one of these two mechanisms.

4.4.2 Effective water diffusivity

The interface advance of encapsulated crystals is experimentally recorded at var-

ious temperatures and a fixed partial pressure of the atmospheric water vapor

(13mbar), see also in Chapter 3. The interface position as function of time at

three different temperatures is shown in Fig. 4.12(a). It is evident that tem-

perature has a strong influence on the interface advance, particularly due to its

influence on the reaction rate constant as described in Eq. 4.29. From the shape

of the xc profile, it can be noticed that at 130 ◦C the slope of the line decreases

gradually, while at 110 ◦C it is almost constant except for the first part. Regardless

of the small decrease at higher temperatures, the rate of interface advance can be

assumed to be almost constant as function of time, which is in agreement with

previous studies [114].
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Figure 4.12: (a) Interface position as function of time at various tempera-
tures from microscopy experiments; (b) Experimental results (symbols) fitted

by numerical results (lines) with a De value of 3× 10−8m2/s.

In order to compare the experimental results to the numerical solution, the effective

diffusivity of water in the dehydrated Li2SO4 ·H2O phase is needed to determine
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theDa values of the reaction. Unfortunately, the value of this parameter is not pre-

cisely known. Therefore, a value of the effective diffusivity has to be determined.

After testing with various De values, the experimental results are approximately

fitted by the numerical solutions with a given De value of 3 × 10−8 m2/s. Cor-

responding Da values can be calculated for the temperatures 110 ◦C, 120 ◦C and

130 ◦C as: 0.008, 0.030 and 0.055, respectively. The validity of the estimation of

De will be discussed later. Results of the comparison are plotted in Fig. 4.12(b):

symbols are experimental data and lines are numerical results. In general, the

trends are predicted very well and agreement between the numerical and the ex-

perimental results is satisfactory. The relatively large mismatch at T = 130 ◦C

can be attributed to the temperature influence on the effective diffusivity, which

is not taken into account in the calculations.

The value for the effective diffusivity may be influenced by several micro-level pro-

cesses: Knudsen diffusion in cracks and micro-pores, surface diffusion by molecules

jumping from one site to a neighbouring site and capillary action resulting from

the balance between adhesion and cohesion forces. From the scanning electron

studies from Galwey et al. [61], it was demonstrated that interface reaction re-

sults in the generation of an extensive irregular crack and pore structure. On one

hand, these pores and cracks in the dehydrated phase provide void space for the

transport of water in terms of gas diffusion. On the other hand, they also create

a very large surface area for surface diffusion and capillary action. It is worth

noting that a diffusivity value of 2× 10−7 m2/s applies for pure Knudsen diffusion

[4]. Diffusion in solid is usually more difficult than in the void space of pores and

cracks. Due to the lack of information of Li2SO4 ·H2O, the diffusivity of water

diffusion in solid MgSO4 · 7H2O is used for comparison. It was calculated by using

molecular dynamic simulations that the diffusion coefficients in the center are in

the order of 10−10 m2/s, while those near the surface are in the order of 10−9 m2/s

[165]. Also, by using NMR measurements, the same range of the diffusion coef-

ficients was quantified [43]. Generally it is recognized that diffusion in the solid

crystal is function of crystal structure and temperature. Compared to the regular

crystal lattice used in the molecular dynamic calculations, a larger diffusivity can

be expected in the large crystals with cracks. So, an estimation of the effective

diffusivity in the order of 10−8 m2/s could be reasonable.
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4.4.3 Influence of crystal size

The influence of water diffusion through the product phase was not reported in

previous studies [82, 84, 85, 122, 146] , probably because of the small size of

test crystals. When the sample size is comparable to the interface thickness,

it is difficult to see the interface advance. However, in experiments with large

crystal samples (up to 2mm in the present work) water transport after release

from the interface can be taken into consideration in the interface propagation

process. Even though diffusion is enhanced due to the formation of the porous

network, the diffusion resistance of water transport is still noticeable in the profile

of interface advance. In view of the found Da values of 0.008, 0.030 and 0.055

for Li2SO4 ·H2O, the propagation of reaction interface is a deceleratory process

due to the influence of mass diffusion. The decrease of interface advance rate is

also shown in the present experimental results but less obvious. In the work of

Modestov et al. [114], large Li2SO4 ·H2O crystals up to 8−9mm are used and the

mass loss of encapsulated crystals are measured in vacuum. Their result is partially

reproduced in Fig. 4.13. The mass loss, equivalent to the interface advance, is not

completely linear even at these stationary regions (without the initial part of the

curve), especially not at low temperatures. Therefore, it is likely to assume for the

present dehydration reaction in relatively large crystals that the rate of interface

advance is mainly determined by the interface reaction, but enhancement of mass

diffusion can also increase the reaction rate to some extent.
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Figure 4.13: Stationary regions of mass loss curves obtained in isothermal
experiments. (reproduced from [114])
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4.4.4 Influence of water vapor pressure

From the above calculation, it is clear that the interface reaction is the limiting

step compared to the diffusion process. Except for the interface reaction and bulk

diffusion, another possible limiting factor is the surface desorption which is directly

related to the water vapor pressure in the environment. In microscopic experiments

as shown in Section 3.3.3, it is demonstrated that the nucleation process is highly

dependent on the water vapor concentration in the environment, while the interface

advance (nuclei growth) is influenced much less. In the present interface advance

model, the nucleation process is not considered. The influence of water vapor

pressure on the interface advance is included in the dimensionless number λ, see

Eq. 4.20. At dry atmosphere, the value of λ is 1; in the present study at 13 mbar,

the value of λ is 0.976. The increase of water vapor pressure only results in a small

decrease of λ. To see the influence on the interface advance, calculations at various

values of water vapor pressure were carried out. The results of interface position

are presented in Fig. 4.14. Even when the water vapor pressure increases 10 times,

the interface advance is only slightly affected with a small delay. When the water

vapor pressure increases 50 times (p(H2O) = 650 mbar), the decrease of interface

advance is obvious. Thus, the numerical results agree with the experimental results

reported in Chapter 3 that at low water vapor pressure (< 50 mbar) the ambient

water vapor pressure only has a very small influence on the interface advance.
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Figure 4.14: Interface position as function of time at various values of water
vapor pressure.
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4.5 Conclusions

In conclusion, a dynamic model is developed for investigation of interface advance

during the Li2SO4 ·H2O dehydration reaction. A conservative numerical method,

based on Landau transformation, is used for solving the model. Its accuracy is

demonstrated to be first-order in time and second-order in space. For the dehy-

dration reaction, a Damköhler number is defined to reveal the interaction between

the intrinsic chemical reaction and mass diffusion. Within the range of Da val-

ues (based on crystal length of 2 mm) between 0.01 and 0.1, it is evident that

both interfacial reaction and mass diffusion are important in determining the in-

terface advance. Out of this range, the interface advance is only limited by one of

them. In the experimental section, the interface advance of encapsulated crystals

is directly tracked by microscopy experiments. Interface positions as function of

time are measured at three different temperatures and a fixed water vapor pressure

(13mbar). By fitting the experimental results, the effective diffusivity is estimated

to be in the order of 10−8 m2/s. Corresponding Da values for the temperatures

110 ◦C, 120 ◦C and 130 ◦C are calculated as: 0.008, 0.030 and 0.055, respectively.

Based on the numerical results together with experimental observations, it can be

concluded that the rate of interface advance shows a small decrease over time, in-

stead of being constant. The present study demonstrated that our model provides

an effective tool to examine the interface advance of dehydration reactions. The

dehydration reaction of Li2SO4 ·H2O single crystals is controlled by the interface

advance.

For the overall reaction kinetics, the interface creation, also known as nucleation,

is responsible for initiation but not considered yet. In the following chapter, a

kinetic model will be developed based on the current conclusion that the rate-

limiting step is the reactant/product interface and the nucleation process will be

included.



Chapter 5

Nucleation and nuclei growth

model

5.1 Introduction

From previous studies [74, 84, 86, 135, 147], it is evident that the overall kinet-

ics of the thermal dehydration reaction of Li2SO4 ·H2O is largely dependent on

experimental conditions and samples. This complexity gives rise to difficulties in

providing coherent models to match the overall kinetics. As shown in Table 2.1,

there is a list of typical reaction models derived theoretically either from a single

mechanistic assumption or from a combination of mechanisms. They are usually

applied to fit kinetic curves from TGA in order to interpret the reaction assuming

certain reaction mechanisms and to derive kinetic parameters, e.g. activation en-

ergy. Unfortunately, this approach leads to a wide selection of kinetic models in

different studies. A main reason of the variation could be that this kind of analyt-

ical models attempts to reproduce the overall effect, instead of involving detailed

analysis of elementary mechanisms. For example, a geometrical contraction model

(Rn) was chosen to fit the overall kinetics of Li2SO4 ·H2O dehydration reactions

in several papers [24, 61], while an Avrami-Erofeyev model (An) for the first part

of the kinetic curve and a geometrical contraction model (Rn) for the second part

The content of this chapter is mainly based on: Lan, S., Zondag, H.A., Steenhoven,
A.A.van, Rindt, C.C.M. Kinetic study of the dehydration reaction of lithium sulfate monohydrate
crystals using microscopy and modeling. Thermochimica Acta, 621:44-55, 2015.

71
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were used in other papers [84, 86, 110, 145]. In principle, the index number n is

associated to the degree of symmetry of the reactant solid particles. However, var-

ious values of the index number n in the kinetic model such as 2.5 [61] or 1.5 and

3.1 [145] can be found. This is because the values are products of mathematical

adjustments instead of physical phenomena. The inconsistency, both in choice of

kinetic models and in kinetic parameters as summarized in Table 2.2, could give

rise to problems in simulation of gas-solid reactions where the reaction kinetics is

essential for reliable predictions.

In contrast to the analytical models, phenomenological models can be much more

robust and coherent as they rely in essence on a detailed description of the reac-

tion. The overall kinetics of Li2SO4 ·H2O dehydration reactions can be generally

separated into several elementary processes. It was demonstrated, by examining

the textural changes of partially dehydrated crystals, that the dehydration reac-

tion proceeds by nucleation and nuclei growth mechanisms [61]. It is an essential

concept, underlying much of the classical approach used in mechanistic studies of

the rate processes, that the chemical change occurs preferentially, even exclusively,

at a reaction interface [59]. This assumption is also used in the interface advance

model like the shrinking core model in Chapter 4. All areas of the reaction in-

terface are usually regarded as identical [21]. Thus, the progress of the chemical

change can be represented by the advance of all active interfaces into the reactant.

Once the kinetics of interface creation and advance are given, the geometric varia-

tions of the active interface can be determined so that the rates of most solid-state

reactions can be determined, at least partially if not completely. Unfortunately,

the developed shrinking core model in Chapter 4 is only based on the kinetics

of interface advance. The interface creation/nucleation process, responsible for

initiating the reaction, is not taken into account.

To calculate the reaction kinetics in terms of systematic changes in active interface

area, the essential characteristics of both nucleation and nuclei growth processes

are needed. This kind of kinetic models is generally recognized as nucleation and

growth models. Among all nucleation and growth models, the one most often

used is the Avrami-Erofeyev model [80], see Table 2.1. The success of the Avrami-

Erofeyev model could be attributed to its sigmoidal kinetic curve which is often

observed in experiments but seldom available in other typical models as shown in

Fig. 5.1. As most of the other analytical models, the advantage of the Avrami-

Erofeyev model is its ease of use in mathematics, while the disadvantage is the

lack of physical meaning in terms of separated processes of nucleation and growth

instead of a global representation of the overall kinetics. More important, this
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Figure 5.1: Typical examples of different kinetic models predicting the frac-
tional conversion α as function of time. The corresponding models are given in

Table 2.1.

model is even invalid in gas-solid reactions with surface nucleation, since nucleation

in the bulk of particles is an essential assumption for the model derivation. In

contrast, Mampel model [107] was derived theoretically with the assumption that

the reaction takes place in the form of random nucleation at the surface of grains,

followed by isotropic growth. This model was further developed with a stochastic

approach for non-isothermal and non-isobaric conditions [70]. Later, it was used

to study the dehydration of Li2SO4 ·H2O single crystals [47], where the rates of

nucleation and growth were assumed to be constant under isothermal and isobaric

conditions and were estimated by model-fitting of the corresponding TGA results.

In this chapter, firstly, a numerical model based on Mampel’s assumptions is pre-

sented, to describe the surface nucleation and nuclei growth processes during the

dehydration reaction. Secondly, the kinetic model is validated by an analytical

solution for a spherical geometry. Thirdly, using measured rates of the nucleation

and growth from Chapter 3 as inputs for the kinetic model, dehydration reac-

tion rates are calculated both in isothermal and non-isothermal conditions and

compared to rates obtained from TGA measurements.

5.2 Conversion prediction model

Mampel model was proposed to give an analysis of heterogeneous reactions in-

volving gas and solids and starting at the surface of the initial solid [70, 107]. It

is based on the hypothesis that reactions proceed by formation of nuclei at ran-

dom localized spots on the surface of grains, followed by an inward deterministic
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growth. The rate-limiting step takes place at the internal interface between the re-

actant phase and the product phase, which agrees with the conclusion drawn from

the interface advance model in Chapter 4. After nucleation, the reaction proceeds

with nuclei growth. Instead of reactant shrinking in the shrinking core model, the

focus is on product expansion from various nuclei as centers in a nucleation and

nuclei growth model. Volume change during reaction is not considered. We will

describe here three cases: a spherical particle, a powder of grains and a crystal.

5.2.1 Spherical particle

Figure 5.2(a) shows a cross-section of a spherical grain. The model assumes that

nucleation is a random process, resulting in formation of nuclei everywhere on

the surface, even at sites where the transformation is finished (see G3 in Fig.

5.2(a) for example). Besides, there is overlapping between different nuclei during

their growth such as nuclei G4 and G5. To derive the rate equation, two kinetic

parameters are introduced: the areic frequency of nucleation γ (in number of

nuclei/(m2s)) and the areic reactivity of growth φ (in m/s)). The nucleation

is assumed to be a space-time Poisson process, with a mean areic frequency of

nucleation ζ. The number of nuclei at certain time n(t) follows a Poisson law as:

P (n; ζ) =
ζne−ζ

n!
(5.1)

with a intensity of ζ estimated by ζ = S0γδt, where S0 is the surface area of a grain,

and δt is the time interval of the calculation. When the nucleation rate and growth

rate are assumed to be constant, analytical solutions for various grain shapes

can be derived. For example, a detailed derivation of the analytical solution for

spherical grains is given in Appendix D. Typical results of the analytical solution

are shown in Fig. 5.3(a), where the growth rate is fixed and the nucleation rate is

tuned for different calculations. Compared to the kinetic curve from the shrinking

core model in Chapter 4 (see Fig. 4.8), a big difference in the fractional conversion

α appears in the initial part of the conversion, because the nucleation process was

not considered in the shrinking core model. In Fig. 5.3(a), we can see that the

nucleation process has an important effect on the fractional conversion. With

the increase of nucleation rate, the reaction rate increases due to the increase of

reaction interface formed by nuclei. The disadvantage of the analytical Mampel

model is that the analytical solution is limited to regular grain geometries, a

constant nucleation rate and a constant growth rate.
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Figure 5.2: (a) Cross-section of a spherical grain with nucleation; (b) Example
of a point x outside of a nucleus G with a distance d.
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Figure 5.3: (a) Typical solutions of fractional conversion calculated by using
analytical Mampel model with different nucleation rates; (b) Fractional con-
version of 100 grains calculated by using the stochastic approach; (c) Overall

fractional conversion of the powder with 100 grains.
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5.2.2 Powder of grains

In a subsequent study, a stochastic approach was proposed by Helbert et al. [70] to

solve Mampel model numerically. They consider a powder of an infinite number of

identical grains, so a statistical average of the fractional conversion of the powder

α can be computed. All grains have the same size R and volume VR. The fractional

conversion of a single grain β is given by

β(t) =
1

VR

∫
VR

1Ω(Nt)dV (5.2)

where Ω(Nt) is the occupied part of the grain, which depends on the nucleation

number up to time t, Nt. In the integral, only points inside the occupied part are

summed up. Consider a grain with an arbitrary shape as shown in Fig. 5.2(b).

The grain is represented by a large number of points xi randomly distributed in

the bulk VR. During the transformation, the grain is gradually occupied by the

new phase growing inwards from the surface. The fractional conversion of a grain

is calculated using the ratio of the number of points reached by the new phase over

the total number of points of the grain. The point is reached by the new phase if

there is at least one nucleus which covers it. For all i ∈ [1;M ] and j ∈ [1;Nt],

‖ xi − σj ‖≤ φ(t− τj) (5.3)

where M is the number of points composing the grain, x is the position of any

point, σ is the position where nucleation happens and τ is the time of the nu-

cleation. The growth process φ is deterministic, while the nucleation process is

random. This inequality represents that the points are in the new phase. The

number of nucleation as mentioned above follows a Poisson distribution as in Eq.

5.1. Therefore, β(t) is a random variable because of the stochastic nature in the

nucleation process. An example of fractional conversion β with 100 grains is shown

in Fig. 5.3(b). When the law of large numbers is applied, the fractional conversion

of a powder can be calculated as an statistical average. It can be interpreted like

the fractional conversion of a “mean grain” [70], see Fig. 5.3(c).

5.2.3 Crystal

The nucleation and growth model used for the dehydration of Li2SO4 ·H2O is de-

veloped based on the work of Helbert et al. [70]. According to the assumptions of

Mampel model [107], first, reactions of crystals are assumed to lead to nuclei at
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random localized spots in the reactant surface, followed by an inward determin-

istic growth. Secondly, the rate-limiting step takes place at the internal interface

between the initial phase and the new phase. Thirdly, crystal sizes do not change

during the course of the chemical reaction: no expansion or shrinkage are con-

sidered. So, the overall reaction kinetics is determined by these two elementary

processes simultaneously with a systematic change of reactant-product interface

area.

Figure 5.4: Transformation of a 2-dimensional plate by surface nucleation and
isotropic growth processes at various stages (reactant phase in blue, product
phase in black, and nuclei in red for emphasis). r0 = 5mm, γ = 2× 104 1/(ms)

and φVm = 1.2× 103m/s

Figure 5.4 shows a cross-section of a grain, displaying a snapshot of a simulation

based on Mampel model, where the transformation process takes place in the form

of surface nucleation and nuclei growth. The numerical implementation is realized

in such a way that a plate is represented by a large number of discrete points

(10000). These points are randomly distributed within the circle. The outermost

points of the domain are specified as nucleation sites. At the beginning, the crystal

cross-section is in an untransformed state (in blue). Then a random number of

nuclei (in red) appears on the surface. The rate of nucleation is assumed to be a

space-time Poisson process, see Eq. 5.1, with a mean frequency of nucleation γ,

which is expressed as a number of nuclei per unit of time and per unit of surface
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area. New nuclei are initiated randomly at grid points both in the transformed and

the untransformed phase of the crystal. Information on each nucleus, including

central position and time of appearance, is recorded at each time-step. The radial

growth (in black) of each nucleus is deterministic, with the rate of radial growth

φ, and isotropic until the crystal has totally reacted. In general, the fractional

conversion can be written as

α(t) = f(r0, γ, φ) (5.4)

In this demonstration case, the radius of the plate, r0 is 5 mm, the nucleation rate,

γ, is 2× 104 1/(ms) and the nuclei growth, φ, is 1.2× 103 m/s. The material has

reacted if there is at least one nucleus which covers it. During the course of trans-

formation, both ingestion and coalescence phenomena take place. In order to avoid

complexity in calculation, the fractional conversion as the output of this model is

determined by evaluating grid points which are untouched by the new phase. The

formation of nuclei in already transformed material and the overlapping regions

do not contribute to the rate of transformation. With sufficient knowledge of the

two processes, the fractional conversion can be calculated from the first nucleation

to the completion of reaction, which is equivalent to the definition of the fractional

conversion in a thermogravimetric measurement. Figure 5.5 shows the fractional

conversion for different values of time-step and grid points. To ensure consistent

calculations, a small time-step (1% of the total reaction time) is needed and will

be used in the following calculation. For the number of grid points, results for

different values are comparable. Only the kinetic curve calculated from a small

value (1000 points) is less smooth. To prevent this, a larger number of grid points

(10000) is used.
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Figure 5.5: (a) Calculated fractional conversion for different values of Δt
(10000 nodes); (b) For different number of grid points (Δt = 0.01).
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The obvious advantages of this model are that in principle it is applicable to

arbitrary geometries, and also valid in more complicated situations such as non-

isothermal and non-isobaric conditions as long as sufficient information of nucle-

ation and growth is gained. Compared to the Avrami-Erofeyev model, the calcula-

tion of fractional conversion in Mampel model is relatively complicated. However,

more important, Mampel model is a knowledge-based model, which makes it more

reliable and consistent under different reaction conditions. Most kinetic features

including the sigmoid-shape shown in Fig. 5.1 can be covered in this model, while

those analytical models are fixed to a certain kinetic feature due to the assumptions

made for the theoretical derivation.

5.3 Model validation

An analytical solution using the Mampel model can be derived when the geometry

of the crystal is a sphere, a cylinder or an infinite plate and rates of nucleation and

growth are constant [38], see also in Appendix D. In order to evaluate the relative

significance of nucleation and growth processes, a dimensionless parameter based

on the nucleation rate γ and growth rate φ is defined as:

K =
S0r0γ

φ
(5.5)

where S0 is the surface area and r0 is the radius of a sphere. This dimensionless

parameter K is an indicator of competition between nucleation and growth pro-

cesses and has an important effect on the overall kinetics. When the K value is

small, the rate of growth is relatively large compared to the rate of nucleation,

which means that a few nuclei will dominate the transformation and the kinetics

of the overall reaction is mainly determined by those nuclei. When the K value

is large, a large number of nuclei will cover the grain surface rapidly; the effect of

nucleation on the overall kinetics finishes in a short time period. The major trans-

formation is then determined by the growth process. Both of these two extreme

cases can be regarded as one-process kinetics, which usually can be described by

an analytical model. However, it was demonstrated that the dehydration reaction

of lithium sulphate monohydrate involves both nucleation and growth processes

simultaneously [61, 84]. It is necessary to involve the competition when the nucle-

ation and growth process are comparable in magnitude, just as described in the

Mampel model.
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Figure 5.6: (a) Fractional conversion as function of time for various K val-
ues: numerical solutions are shown in dashed lines and analytical solutions in
solid lines; (b) Comparison between the numerical solutions from the nucleation
model for different nucleation rates and the solution derived from the contract-

ing volume (R3) model.

With the analytical solution for a spherical particle (see details in Appendix D),

a comparison is carried out of fractional conversion at various K values between

numerical solutions and analytical solutions and results are shown in Fig. 5.6(a).

All of these fractional conversion curves for various values of K show that the

numerical solutions are in good agreement with the analytical solutions. Various

analytical models, based on different mechanistic assumptions, can be represented

as limiting cases for specific K values. For example, a sigmoidal shape of the kinetic

curve is obtained in the main range of K values and this is a characteristic feature

in the Avrami-Erofeyev models (An). On the other hand, when nucleation is so

fast that it can be considered as “instantaneous” compared to the growth of the

nuclei (large K value), the Mampel model should be identical to the contracting

volume model (R3) as given in Table 2.1. The corresponding reaction rate can be

simply determined by the shrinking radius of the unreacted core as the shrinking

core model in Chapter 4. As one can notice in Fig. 5.6(b), the present kinetic

model approaches the contracting volume model (R3) when K gets larger.

5.4 Comparison to TGA-experiments

After the rates of nucleation and growth are estimated from optical observations,

the fractional conversion α in isothermal and non-isothermal conditions can be

calculated by using the nucleation and growth model. In order to validate the
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model, TGA measurements were performed by using regular crystals as shown in

Fig. 3.1(a), having a sample mass of about 9 ± 1 mg. All TGA measurements

were carried out in a specified atmosphere with a partial water vapor pressure of

13 mbar. Two temperature programs were applied, representing either isothermal

or non-isothermal conditions. For an isothermal measurement at 100 ◦C, the TGA

apparatus is heated from room temperature to 100 ◦C with a large heating rate of

20 ◦C/min, followed by a fixed temperature of 100 ◦C during the measurements.

For non-isothermal measurement, the apparatus is heated with a constant rate of

1 ◦C/min, up to a temperature of 150 ◦C. A typical example of the dehydration

reaction observed through the microscope is shown in Fig. 3.7. The dehydration

reaction of Li2SO4 ·H2O crystals initiates with the formation of nuclei on the

crystal surface. The subsequent growth of these nuclei converts the parent phase

into an anhydrous phase (white phase in the picture).

Figure 5.7: Snapshots of the transformation of a typical crystal by surface
nucleation and isotropic growth processes at various stages (reactant phase in

blue, product phase in black, edges and nuclei in red for emphasis).

Figure 5.7 shows an example of a simulation result of the dehydration reaction

of a hexahedral crystal. The dimensions of the crystal used are: L = 4mm,

W = 2.5mm and e = 0.6mm. The crystal weight is about 9.5 mg, similar to the

samples used in TGA measurements. The comparison between numerical results

and TGA results is shown in Fig. 5.8. For isothermal conditions (T = 100 ◦C),

the nucleation rate and mean growth rate obtained from previous microscopic

measurements are used for calculation. Their values are γ = 1.79 1/(mm2min)

and φ = 1.36μm/min, respectively (see Chapter 3). A typical sigmoidal shape of

the kinetic curve in Fig. 5.8(a) can be seen from the numerical result, but this

sigmoidal shape is less obvious from the TGA result. This difference is especially

clear in the first part of the curves, where the nucleation process is involved. The
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dimensionless parameter K is about 3 × 104 if the typical length is taken to be

1 mm. This K value indicates that, compared to the growth rate, the nucleation

rate is relatively large. As concluded in Chapter 3, the nucleation rate over the

entire crystal surface, with many imperfections like impurities and crystal edges,

will be larger than the rate quantified from the selected area in our microscopy

experiments, which implies a larger K value in the TGA result. Therefore, the

numerical result is corresponding to a smaller K value than the TGA result since

an underestimated nucleation rate is used in the calculation. As a result, the

numerical result shows a sigmoidal feature just as the Avrami-Erofeyev models,

while the TGA result with larger K value is approaching the contracting volume

(R3) expression (see Table 2.1 and Fig. 2.3).
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Figure 5.8: Fractional conversion of Li2SO4 ·H2O dehydration reactions: (a)
Comparison between the numerical and TGA result under isothermal conditions
(100 ◦C); (b) Comparison for the non-isothermal condition with a heating rate

of 1 ◦C/min.

The result for the non-isothermal condition with a heating rate of 1 ◦C/min is

shown in Fig. 5.8(b). Except the delay due to underestimation of the nucleation

rate, the kinetic curves of the numerical result and the TGA result are in good

agreement. The main part of the curve is approximately linear, which indicates

a constant rate of reaction as the reaction temperature increases. This can be

explained by the dynamic balance between the increase of reactivity as function

of temperature and the decrease of active reaction area during the course of the

reaction. Moreover, the obvious delay of the numerical result compared to the

TGA result in both isothermal and non-isothermal cases is also attributed to the

lag of the structural reorganization from the water elimination as discussed in

relation to Fig. 3.15. Indeed, Galwey’s study [61] showed that water loss from the

reactant can occur in the zone beyond the phase transformation interface, which
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could lead to an under-estimation of the mass loss deduced from interface advance.

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

Time(min)

α

TGA result
Numerical result: 4× γ

(a)

90 100 110 120 130 140 150
0

0.2

0.4

0.6

0.8

1

Temperature(°C)

α

TGA result
Numerical result: 4× γ

(b)

Figure 5.9: New fractional conversion calculated from a 4 times larger nucle-
ation rate: (a) isothermal condition (100 ◦C); (b) non-isothermal condition with

a heating rate of 1 ◦C/min.

5.5 Discussion

Nucleation rate The measured reaction rate from TGA results by Kirdyashkina

et al.[82, 103], as given in Fig. 3.15, is about 4 times larger than the rate measured

from our microscopy experiments in Chapter 3. Hence, the nucleation rate is

definitely under-estimated. With a 4 times larger nucleation rate (keeping the

growth rate unchanged), a new fractional conversion is calculated and plotted in

Fig. 5.9. Compared to Fig. 5.8, the difference between the TGA result and

numerical result is reduced, especially in the first part of the kinetic curve. Under

non-isothermal conditions (see Fig. 5.9(b)), the numerical result matches the

TGA result at the first part, but starts to differ at 110 ◦C. The first part is mainly

attributed to the nucleation process. It is clear that the growth rate should also

be increased in order to reduce the difference at the later stage.

Growth rate In our microscopy experiments, the growth rates in both [010]

and [100] direction were measured, while the growth rate in [001] direction was

not. Since nucleation happens mostly on the two large surfaces, the growth of

nuclei in [001] direction is a critical aspect in the transformation. Based on the

comparison of growth rates in [010] and [100] direction as shown in Fig. 3.16,
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Figure 5.10: Fitted fractional conversion calculated from a 4 times larger
nucleation rate and (a) 1.2 times larger growth rate in the isothermal condition
(100 ◦C); (b) 1.5 times larger growth rate in the non-isothermal condition with

a heating rate of 1 ◦C/min.

the growth rate in the longer crystal dimension is larger. Thus, the growth rate

in [001] direction is expected to be the smallest one compared to others. Taking

the smallest growth rate into account, it is difficult to tell if the used growth rate

in the previous simulations is under-estimated or not. Fitting the TGA-curves

with an adapted growth rate, a factor 1.2 for the isothermal condition and 1.5 for

the non-isothermal condition is found. Although the numerical results are now

similar to the TGA results as shown in Fig. 5.10, the real growth rate in the [001]

direction is apparently still an unknown parameter till also the third dimension is

measured.

Experimental factors The difference between experimental and numerical re-

sults may also result from a difference in environmental conditions. In particular,

the isothermal condition at the initial period is not well controlled in the TGA.

With a large heating rate of 20 ◦C/min, a temperature overshooting (> 100 ◦C) is

expected. With such an overshoot, the reaction is accelerated at the beginning and

the kinetic curve is shifted towards earlier time, increasing the difference between

the numerical and experimental results. Furthermore, the influence of moist air on

the TGA measurement is not considered. Calibration of TGA measurement was

not performed to remove the effect of the air flow. For example, the density of the

moist air is changing during heating, which will change the buoyancy effect on the

sample and crucible. The sample mass detected by the apparatus is then different

at different values of temperature even without reaction. The shape of kinetic
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curves, especially in the non-isothermal condition, could be slightly changed due

to the buoyancy effect.

Final remarks Overall, it is safe to say that the fractional conversion in

Li2SO4 ·H2O dehydration reactions, both in isothermal and non-isothermal condi-

tions, can be represented by the present nucleation and growth model as long as

sufficient knowledge of the elementary processes is available. The extension of the

kinetic model to cover non-isobaric conditions is straightforward after studying the

influence of pressure on the kinetics of the nucleation and growth processes, which

will make the kinetic model applicable in even more complex reaction conditions.

5.6 Conclusions

In this work we developed an alternative approach to study the reaction kinet-

ics of lithium sulfate monohydrate single crystals, based on the discrete approach

proposed by Helbert et al. [70]. Compared to the conventional approach, fit-

ting TGA results to typical kinetic models, our approach is different. The kinetic

model is based on Mampel’s assumptions and can be used in various conditions

and arbitrary geometries. The validation of this kinetic model was performed for

a spherical geometry and a good agreement was obtained. Besides, the fractional

conversion was discussed as function of K, the ratio between the rate of nucle-

ation and the rate of growth. This fractional conversion can be calculated with

the knowledge on the elementary processes (nucleation and nuclei growth), ob-

tained from the experimental characterization described in Chapter 3. Then, an

application of this model to the dehydration process of a lithium sulfate monohy-

drate crystal was investigated. The flexibility of this kinetic model for different

crystal geometries was demonstrated. The fractional conversion of an arbitrary

hexagonally shaped Li2SO4 ·H2O crystal was calculated and compared to experi-

mental results from TGA experiments under both isothermal and non-isothermal

conditions. It is demonstrated that the kinetic model provides a promising way to

predict the overall kinetics for dehydration reactions under various experimental

conditions.





Chapter 6

Multiple grain model

6.1 Introduction

For understanding and optimizing thermochemical heat storage systems using salt

hydrates, several mathematical models were developed to simulate heat and mass

transfer processes together with gas-solid reactions [16, 64, 65, 73, 96, 98, 112, 116].

The reactive medium in all these models is treated as a continuum at macroscopic

scale and the reaction kinetics is described by simplified kinetic models derived

from thermal analysis. The accuracy of the reaction kinetics, as the root of gas-

solid reaction models, is crucial. However, it is widely recognized that kinetics

of thermal dehydration reactions is greatly affected by the experimental condi-

tions including the sample mass, water vapor pressure, heating rate, etc.. These

simplified kinetic models are mostly limited to specified experimental conditions

and insufficient to describe the reaction kinetics accurately under dynamic con-

ditions. Hence, the reliability of the continuum-scale models is diminished. To

better understand the prevailing thermal process and to derive more reliable ki-

netic models for continuum-scale simulations, a direct numerical simulation study

of the physics of mass and heat transport processes coupled with detailed reaction

kinetics at grain scale is presented in this chapter. The work focuses on CFD

simulation of a TGA experiment, which is widely used for thermal analysis of salt

hydrate reactions.

87
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Figure 6.1: Illustration of upscaling the grain model to a multiple grain model
as in the TGA experiment.

6.2 Numerical model

The simulated configuration is schematically shown in Fig. 6.1. This is a typical

TGA configuration as introduced in Chapter 2. The computational domain can

be divided into two regions. The first region is the powdery sample, which is

composed of N spherical grains that are randomly packed. The second region is

the flow region, which is a moist air flow at a low Reynolds number in the furnace

chamber and the void space between particles. These two regions are bounded by

the solid walls of the crucible and the furnace. The reactions at grain level are

described by the nucleation and nuclei growth models as presented in Chapter 5.

Coupling of heat and mass transfer with chemical reaction is realized at the gas-

solid boundary, where heat is extracted from the flow to the solid particles for the

dehydration reaction and meanwhile water vapor generated during the reaction is

released to the flow.

Assumptions for derivation of the model are as follows:

1 Each grain is considered to be spherical throughout the reaction. The shrink-

age of the crystal grains is less than 10% and not taken into account in the

present model.

2 A uniform temperature distribution in the grain is assumed. This assumption

will be elucidated in more detail in Section 6.3.
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3 The effect of buoyancy around the grain is not considered. Also the influence

of temperature on density and viscosity is neglected.

4 Water vapor is diluted in air. Water production by the reaction does not

disturb the total pressure distribution of the flow around the particles. So,

the physical properties of the moist air are considered to be constant and

are the same as those of dry air.

5 A quasi-steady flow is considered. In this coupled problem, the time scales of

the fluid dynamics problem (d/u ≈ second) and the solid reaction (minutes)

are very different. Hence the temperature and vapor concentration in the

flow domain are calculated at discrete moments in time based on an update

of the particle boundary conditions.

Flow region Based on these assumptions the governing equations for the quasi-

steady flow problem can be written as follows:

∇ · u = 0 (6.1)

u · ∇u = ν∇2u− 1

ρ
∇p (6.2)

u · ∇T = DT∇2T (6.3)

u · ∇c = Dm∇2c (6.4)

where u is the velocity vector, ν the kinematic viscosity, ρ the density, p the

pressure, DT the thermal diffusivity of the moist air (DT = κ/ρcp), c the molar

concentration and Dm the mass diffusivity of the moist air.

Particle region The dehydration reaction in terms of nucleation and nuclei

growth takes place in all particles. The kinetics of nucleation and growth pro-

cesses is directly influenced by the temperature and water vapor pressure in the

surrounding atmosphere of each particle. Mean values of these variables over the

particle surface are derived per particle and used in the reaction rate calculation.

The rate of reaction ∂α/∂t is calculated from the kinetic model as presented in

Chapter 5. As indicated in Eq. 3.11 for the one-dimensional case, the rate of
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reaction can generally be written as:

∂α

∂t
= φ(T̄p, t)S(γ, φ, r0, t)/V0 (6.5)

where φ(T̄p, t) is the growth rate (as function of time and particle temperature)

and S(γ, φ, r0, t) is the active interface between reactant and product (as function

of nucleation rate γ, of growth rate φ, of the grain dimension r0 and time t).

The rates of nucleation and growth are characterized in Chapter 3 and rewritten

as follows:

γ = a1(−a2cRT̄p + a3)exp(
−a4
RT̄p

) [1/(mm2min)] (6.6)

φ = a5exp(
−a6
RT̄p

) [μm/min] (6.7)

with constants a1-a6 given in Chapter 3 and Table 6.1.

Coupling via gas-solid interface In order to couple the solid reaction and the

moist air flow, the conservation laws for mass and energy are considered for the

mass and heat transfer between the flow and the solid particles.

• The mass balance at the fluid-solid interface expresses that the water vapor

diffusing away via the flow equals the water vapor released by the reaction:

ADm
∂c

∂n
=

ρsV

Ms

dα

dt
(6.8)

where A is the interface area, n is the normal vector, ∂c
∂n

is the mean value

of the concentration gradient in the flow domain at the interface, ρs is the

density of the particle, V is the volume of the particle and Ms is the molar

mass of the solid reactant.

• The heat balance at the fluid-solid interface expresses that the heat taken

away from the flow is used for the endothermal reaction and for heating up

the particle:

−Aκ
∂T

∂n
= ΔH

ρsV

Ms

dα

dt
+ ρsc

s
pV

∂T̄p

∂t
(6.9)
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where κ is the thermal conductivity of the moist air, ∂T
∂n

is the mean value

of the temperature gradient in the flow domain at the interface, T̄p is the

particle temperature, ΔH is the reaction enthalpy and csp is the specific heat

capacity of the particle.

After reorganization of Eqs. 6.8 and 6.9, the conditions at the interface between

the flow and the solid particles are as follows:

u = 0 (6.10)

∂T̄p

∂t
= − ΔH

Mscsp

∂α

∂t
− κA

ρscspV

∂T

∂n
(6.11)

∂c

∂n
=

ρsV

DmMsA

∂α

∂t
(6.12)

Numerical scheme The above stated PDEs, Eqs. 6.1–6.4, are numerically

solved through a Finite Volume method, using the CFD package OpenFOAM.

The standard flow solver in OpenFOAM, simpleFoam, is modified to solve the

PDEs in the flow region. SimpleFoam is a steady-state solver for incompressible,

turbulent flow. Since only laminar flow is considered in the present work, no

turbulent model is used. The SIMPLE algorithm is applied to the Navier-Stokes

equations in the steady-state case. The algorithm is of second order accuracy in

space. The reaction of the solid region determines the boundary conditions to

be applied (Eqs. 6.8 and 6.9 ) and is solved by an external solver programmed

in C++. Integrating from time level jΔt to time level (j + 1)Δt, the following

procedure is executed:

(1) With the values of ∂α
∂t

j
and ∂T

∂n

j
, calculate T̄ j+1

p by using Eq. 6.11. For the

time integration a first order Euler explicit scheme is used. Together with

the other boundary conditions, the new temperature field T j+1 of the flow

is calculated, using Eq. 6.3.

(2) With the value of ∂α
∂t

j
, calculate ∂c

∂n

j+1
at the fluid-solid interface by using Eq.

6.12. Again a first order explicit Euler scheme is used for the time integration.

Together with the other boundary conditions, the new concentration field

cj+1 is calculated, using Eq. 6.4.
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(3) Calculate average values of ∂T
∂n

j+1
and c̄j+1 in the flow domain at the inter-

face. Export c̄j+1 with the particle temperature T̄ j+1
p to the external solver.

Calculate the new reaction rate ∂α
∂t

j+1
by using the kinetic model.

All parameter values used in the calculations are listed in Table 6.1.

Table 6.1: Parameters used for calculations
Symbol Description Value
Ms Molar mass of Li2SO4.H2O (kg/mol) 0.128
ρ Density of moist air (kg/m3) 1.18
ρs Density of Li2SO4.H2O (kg/m3) 2060
csp Specific heat of Li2SO4.H2O (J/(kgK) 1180.8 [103]
cp Specific heat of moist air (J/kgK) 1006.3
Dm Mass diffusivity of moist air (m2/s) 2.82× 10−5

ν Kinematic viscosity of moist air (m2/s) 1.59× 10−5

κ Thermal conductivity of moist air (W/mK) 0.026
ΔH Enthalpy of dehydration (J/mol) 5.7× 104 [103]
R Universal gas constant (J/(K mol) 8.314
g Acceleration due to gravity (m2/s) 9.8
β Coefficient of thermal expansion of moist air (1/K) 3× 10−3

a1 Constant in Eq. 6.6 (1/(mm2min)) 8.287× 1033

a2 Constant in Eq. 6.6 (m3/J) 3× 10−4

a3 Constant in Eq. 6.6 1.4
a4 Constant in Eq. 6.6 (J/mol) 2.4× 105

a5 Constant in Eq. 6.7 (μm/min) 3.931× 1012

a6 Constant in Eq. 6.7 (J/mol) 8.84× 104

6.3 Validation test of the model

To verify the CFD solver together with the implemented boundary conditions,

a benchmark problem, flow over a sphere, was studied. The geometry of the

computational domain and boundary conditions are shown in Fig. 6.2. The flow

region is 3.5 mm in radius and 16 mm in length. The distance between the entrance

of the flow region and the center of the sphere is 2.5 mm, and the diameter of the

sphere is 1 mm. The minimum size of the mesh is 0.001 mm near the sphere

and the maximum size of the mesh is 0.1 mm in the main flow region. Total

number of elements is 144,000. To simulate an infinite uniform flow field, the tube

wall is specified as moving in the flow direction at the inlet velocity of air. The

same configuration is also used in other publications [71, 92]. First, a validation

based on calculating the Nusselt number was conducted (see details in Appendix
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E). The particle is set at a temperature to 393 K and is cooled by the cold air

flow at 300 K. No reaction is considered and only the flow region is solved. The

calculation results of the Nusselt number are in good agreement with the results

from the correlation equation proposed by Ranz and Marshall [131]. Hence, the

OpenFOAM package is qualified to perform an accurate flow calculation for this

configuration.

With the estimated Nusselt number (see Fig. E.2), we can check the validity of one

of the necessary assumptions used in Eq. 6.9, which is the uniform temperature

distribution inside the particles. To do this, the Biot number is calculated as:

Bi =
hL

κs

=
κNu

κs

(6.13)

where κs is the thermal conductivity of the solid particle, which for salt hydrates

is typically about 0.5−1W/(mK), and κ is the thermal conductivity of air which

is about 0.026W/(mK). At a low Reynolds number like Re = 1, the value of Nu

is about 2, which results in a Bi value of 0.05-0.1. In general, values of the Biot

number smaller than 0.1 imply that the heat conduction inside the solid particle

is much faster than the heat convection away from its surface, and temperature

gradients in the particle are negligible. In the present case, the dehydration reac-

tion decreases the uniformity of the temperature field inside the particle, but the

Biot number estimation gives some support on the validity of the assumption of a

uniform temperature field.

1

16

7

2.5
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0
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∂c/ ∂ n=0

∂T/∂ n=0 ∂c/ ∂ n=0

T=T
0

c=0

u=0

∂T/∂ n=0

∂c/ ∂ n=0

Figure 6.2: Cross-section of the computational domain of flow over a single
sphere with boundary conditions and dimensions (length scale is in mm).

After the Nusselt number validation of the flow solver, the kinetic model for the

dehydration reaction is included in the same problem as shown in Fig. 6.2. The

particle is heated and the dehydration reaction occurs. In this case, the carrier gas
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from the inlet is hot air at 393K. The temperature field of the domain is initially

at 300K. The particle is then heated by the flow and a dehydration reaction starts

in terms of nucleation and nuclei growth processes. Heat from the flow is taken for

the endothermal reaction and water vapor is released. The mass and heat balances

are verified by calculating the mass and heat fluxes at the particle surface and the

outlet at the right-hand side of the computational domain (Fig. 6.2). In Fig.

6.3, it is evident that both mass flux and heat flux values at the sphere surface

and at the outlet are the same. At anytime, the mass/heat flux released from the

spherical particle is equal to the mass/heat flux leaving the computational domain

via the outlet.
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Figure 6.3: (a) Mass flux at the sphere surface and at the outlet of the com-
putational domain; (b) Heat flux at the sphere surface and at the outlet of the

computational domain.
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Figure 6.4: (a) Influence of water vapor pressure on the conversion at 120 ◦C;
(b) Influence of water vapor pressure on the conversion at 100 ◦C.
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Figure 6.4 shows the fractional conversion of the dehydration reaction under two

isothermal conditions, 120 ◦C and 100 ◦C, respectively. In both cases, three profiles

corresponding to three different water vapor pressures are plotted in order to see

the influence of water vapor pressure on the conversion. In Fig. 6.4(a) the influence

from the water vapor pressure is negligible at a high temperature of 120 ◦C. This

is because in this model water vapor pressure only plays a role in the nucleation

process, which is finished in a short time period due to large nucleation rates at high

temperatures. At a low temperature like 100 ◦C, the significance of the nucleation

process is amplified and the influence of water vapor pressure is noticeable as

shown in Fig. 6.4(b). The kinetic curve for 33 mbar obviously differs from the

kinetic curve for 0 mbar, especially at the first part where the nucleation process

plays an important role. However, the overall kinetics is mainly dependent on the

growth rate. That is why the overall reaction for different water vapor pressures

still finishes at the same time.

6.4 Parameter choices for TGA-simulation

6.4.1 TGA measurements

TGA measurements of powdery Li2SO4 ·H2O samples were performed for compar-

ison. The powdery samples were obtained from Sigma-Aldrich, with a purity of

≥ 99.0%. The hydrated crystals in the samples have a particle size in the range

of 0.1–0.4 mm. Figure 6.1 shows the geometry of the TGA apparatus with di-

mensions. In each measurement, an aluminum crucible was filled with crystals

without pressing. This yields a macro-porosity of around 0.54 in the packed bed,

measured by fully filling the crucible. If not stated otherwise, the following exper-

imental conditions were used in the present study: sample mass around 60 mg, a

temperature program (Ts) characterized by constant heating with a heating rate

(kh) of 1
◦C/min from ambient temperature till 150 ◦C and then constant temper-

ature for half an hour, constant moist air flow with a flow rate of 230 ml/min (5

mm/s) and relative humidity of 41 % at 30 ◦C (13 mbar of partial water vapor

pressure or 0.39 mol/m3 of water vapor concentration).
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6.4.2 Geometry and meshing

To create a discrete model of a packed bed in CFD, an accurate representation

of the geometry of the bed is required. However, due to computational limits, it

is assumed that the powdery sample in the TGA measurements can be approxi-

mated with a limited number (60) of packed spherical particles with an identical

diameter (d=1 mm), as shown in Fig. 6.1. The discrete element method (DEM) is

used to generate the packing of spherical particles under the influence of gravity.

A packed bed is practically constituted by dumping particles into an annular tube.

In this study, a DEM solver in OpenFOAM, icoUncoupledKInematicParcelFoam,

is employed for constituting the packing. Default settings in the solver are used.

Once the spherical particles are set in the tube by the DEM simulation, the co-

ordinates of the particle centers are extracted. Based on the coordinates and the

diameter, the geometry of the computational domain is generated and meshed in

Salome (an open-source mesh generator).

To avoid the generation of mesh cells of poor quality at the points of contact be-

tween particles mutually and between particles and crucible wall, all particles were

shrunk in size but the particle position remained unchanged during the geometry

buildup. Shrinking particles in the CFD model is a common approach adopted in

published works [12, 15, 27, 40, 100, 117, 118, 124, 133] using a body-fitted mesh

for the packed bed. Typically, 1% shrinkage was used in those publications. When

using this value of 1%, a huge amount of mesh elements are needed to discretize

the computational domain, since a very fine mesh around the contacting points,

especially between particles and the crucible wall, is required. This makes each

calculation very time-consuming. A value of 2% shrinkage reduced the typical

computing time of one calculation from several days to several hours. Changing

from 1% to 2% shrinkage increases the packed bed porosity from 0.59 to 0.60. The

original value of the porosity without shrinking is about 0.58. It is expected that

by using the shrinking particle method, the mass and heat transfer processes will

be influenced. This will be discussed later on. As shown in Fig. 6.5, a tetrahedral

mesh is used, where a surface mesh size is specified and then the volume mesh

based on the surface mesh is generated. A size of 9% of the particle diameter

for the triangle edge was used on the surface, which falls in the range 4 − 10%

suggested by Eppinger et al. [44]. Before computation, the mesh-independence of

the numerical solution was checked by increasing the mesh resolution.
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(a) (b)

Figure 6.5: (a) Mesh of the computational domain and (b) the gap areas
between particles.

6.4.3 Boundary and initial conditions

Figure 6.1 shows the boundary conditions of the computational domain. Walls

of the furnace and the crucible are set to the same temperature values. The

inlet temperature, which is the same as the temperature of the walls, is set by

the temperature program Ts as mentioned above. For all particles, the boundary

conditions are specified as in Eqs. 6.10–6.12. At the start of the calculation, the

initial velocity, pressure, temperature and concentration are set to 5 mm/s, 0 Pa,

370 K and 0.39 mol/m3, respectively.

6.4.4 Time-step

In the present model, a key parameter is the time-step of the simultaneous calcu-

lation of reaction and flow. The dehydration reaction of the particles is computed

by using the loosely coupled solver with two different time-steps: 10 s and 1 s.

The temperature program of the furnace and the crucible is linear for the first part

with a constant heating rate (1 ◦C/min) from 97 ◦C to 150 ◦C and then remains

constant for the second part. Figure 6.6(a) shows the programmed setting tem-

perature profile by a dashed line and the surface temperature of all particles in

solid lines with a time-step of 10 s. The sample inside the crucible is heated for the

dehydration reaction. During the reaction proceeding at increasing temperatures,

it is clear that there are temperature lags between the particles and the crucible.
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Figure 6.6: (a) Temperature profile of each particle and the crucible; (b)
Temperature profile of the sample and the crucible. (p(H2O)=13 mbar, N=60,

kh = 1 ◦C/min, Δt = 10 s)

To investigate the temperature difference, an average temperature of all particles is

calculated as the sample temperature (see Fig. 6.6(b)). The temperature difference

between the sample and the crucible is then plotted in Fig. 6.7(a) as the solid line.

The sample temperature is much lower than the crucible temperature, especially

at the peak of the profile, which is corresponding to the period of a fast reaction.

The dashed line in Fig. 6.7(a) shows the temperature difference without the

dehydration reaction. This difference is attributed to the numerical error when

a large time-step is used, so it can be reduced with a small time-step like Δt =

1 s, as shown in Fig. 6.7(b). Subtracting the numerical error from the total

temperature difference, the remaining parts at these two cases with different time-

steps are attributed to the nature of an endothermal reaction, which is inevitable

and usually recognized as the self-cooling effect [102, 103, 146]. In order to remove

the numerical error, a small time-step like Δt = 1 s is required, but the computing

effort is increased up to 100 h compared to 10 h with a time-step of 10 s. Due

to the limited research time, a large time-step Δt = 10 is always used in the

following calculations. The corresponding numerical error results in a shift of the

reaction kinetics towards high temperatures, which will be taken into account in

the discussion in Section 6.6.
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Figure 6.7: Temperature difference between the sample and the setting value
with a time-step (a) 10 s and (b) 1 s. (p(H2O)=13 mbar, N=60, kh = 1 ◦C/min)

6.5 Velocity, temperature and concentration in

a TGA

A typical example of the temperature distribution of the flow at t = 30 min is

shown in Fig. 6.8(a). The flow temperature around the crucible is high, as indi-

cated in red, but inside the crucible the temperature is much lower, as indicated

in blue. The maximum difference is up to 9 ◦C. As discussed above, the particle

temperature lags behind the heater temperature. One reason is due to the en-

dothermal reaction. The other reason is probably related to the shrinking particle

method used for the mesh generation. All contact points are removed, so no direct

heat conduction between the particles and the crucible wall is possible. Thus, the

heat transfer from the crucible to the sample is reduced.

The environment around the crucible is controlled by the moist air flow. When

the moist air with specified humidity flows through the furnace from the top

inlet to the bottom outlet, it is cooled by the particles due to the endothermal

reaction. As shown in Fig. 6.8(b), the flow is accelerated from a velocity at the

inlet of 5mm/s to around 7.9mm/s halfway the reactor due to the blockage by

the crucible. A stagnant blocked region is formed around the crucible, indicated

as the blue region shown in Fig. 6.8(b). It is clear that the convection inside the

crucible is negligible. Thus, the water vapor released by the dehydration reaction

from the solid particles is mainly transported by gas diffusion towards the flow

beyond the crucible. As shown in Fig. 6.8(c), water vapor transfer by diffusion is

not effective and a large amount of water vapor is accumulated at the bottom of
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the crucible. The maximum concentration is up to 10 times higher than the initial

value of 0.39mol/m3.

(a) (b)

(c)

Figure 6.8: (a) Temperature distribution (K) of the flow at t = 30 min;
(b) Velocity distribution (m/s) of the flow at t = 30 min; (c) Concentration
distribution (mol/m3) of water vapor at t = 30 min. (Ts = 400K, p(H2O)=13

mbar, N=60, kh = 1 ◦C/min, Δt = 10 s)

In the present model free convection induced by the temperature difference be-

tween the crucible and the particles is not considered. It is however possible that

convective transfer of water vapor in the voids of the packed bed should be taken

into account.

The average vapor concentration around each particle is shown in Fig. 6.9(a).

During reaction, the self-generated atmosphere between different particles is very

different, especially between various heights in the sample. The vapor concentra-

tion around particles at the top layer of the packed bed is always lower than for

particles deeper in the bed. Due to these different ambient conditions including

temperature and water vapor pressure, the fractional conversion of each particle

is spread over a range as shown in Fig. 6.9(b).
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Figure 6.9: (a) Water vapor concentration profile of each particle; (b) Frac-
tional conversion of each particle. (p(H2O)=13 mbar, N=60, kh = 1 ◦C/min,

Δt = 10 s)

6.6 Comparison to experiments and discussion

Influence of time-step Overall fractional conversion of the powdery sample

will be used in the following studies for comparison. In Fig. 6.10 the numerical

result for different time-steps Δt is compared to the experimental result from TGA

measurement. It is important to mention that the temperature on the horizontal

axis of all figures is the setting temperature. As can be seen in Fig. 6.10 the

sample temperature can be different from the setting value. The numerical result is

delayed compared to the experimental result, which is attributed to several factors

including the numerical error of using a large time-step as discussed above and

the under-estimation of nucleation rate as discussed in Chapter 5. Using a smaller

time-step Δt = 1 s moves the fractional conversion towards the experimental

result.

Influence of nucleation rate Figure 6.11 shows the fractional conversion as

function of temperature for various nucleation rates and a comparison to exper-

iments. Using a larger nucleation rate in the simulation moves the kinetic curve

towards lower temperatures, which reduces the difference between the numerical

result and the experimental result as shown in Fig. 6.11(a). When the growth

rate is also corrected by a factor of 1.5 as discussed in Chapter 5, the fractional

conversion from experiment is satisfactorily predicted by the numerical result as

shown in Fig. 6.11(b). The main difference is at the first part of the fractional

conversion, where the nucleation process is involved. It seems that the correction
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Figure 6.10: Overall fractional conversion as function of temperature: the
solid line is the experimental result and the dashed lines are the numerical
results with different time-steps. (p(H2O)=13 mbar, N=60, kh = 1 ◦C/min)

factor 4 derived from a single crystal study is not large enough for the powdery

sample. It can be imagined that there are more defects on a unit grain surface

than on a unit large crystal surface. Thus, the reaction of grains should have a

larger nucleation rate than the reaction of large crystals as discussed in Chapter

5. In the following calculations, the measured nucleation rate and growth rate are

still used without correction. The focus will be on the influence of various param-

eters on the kinetics. In that sense, the absolute difference between numerical and

experimental results is not that important.
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Figure 6.11: Overall fractional conversion as function of temperature (a) for
different nucleation rates; (b) Comparison of the experimental result and the
numerical result calculated from a 4 times larger nucleation rate and 1.5 times
larger growth rate. (p(H2O)=13 mbar, N=60, kh = 1 ◦C/min, Δt = 10 s)
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Influence of sample mass The dehydration kinetics of powdery samples with

different masses was calculated and compared with experimental results obtained

from the TGA measurements. Figure 6.12 shows the numerical and experimental

fractional conversion of different sample masses. In the simulations, the packed

bed with larger mass constitutes of 60 spherical particles, while the smaller sample

constitutes of 20 particles with the same diameter of 1 mm. In both the numerical

and experimental results, the first part of the kinetic curves for different sample

masses is the same. Then, the fractional conversion rate for a larger sample de-

creases compared to the fractional conversion rate for a smaller sample. Reaction

of the larger samples takes longer to finish, as observed in both experimental and

numerical results. Except the large delay between the numerical and experimental

results, the influence of sample mass on the reaction kinetics is predicted well by

the numerical results. Only the influence of mass on the conversion rate is larger

in the experiments than predicted by the numerical model.
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Figure 6.12: Overall fractional conversion as function of temperature for dif-
ferent sample masses. (p(H2O)=13 mbar, kh = 1 ◦C/min, Δt = 10 s)

The influence of the sample mass can be explained as follows. Figure 6.13 shows

the detailed numerical results of the small size sample with 20 particles. The

temperature differences between the particles and the crucible are smaller than

the values for the large sample as shown in Fig. 6.13(a). This also applies to the

water vapor accumulation at the bottom of the crucible. Since less water vapor is

produced from the reaction, the water vapor pressure at the bottom of the crucible

is lower. Effective heating enhances the reaction and the lower water concentration

also enhances the reaction. Thus, the reaction kinetics is faster for the small

sample than for the large sample. Meanwhile, the more uniform surroundings of

each particle in the small sample mass case leads to a lower spread in the fractional
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conversion of each particle, which is shown in Fig. 6.13(b). The overall kinetics

consequently is faster compared to the overall kinetics of the large sample.
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Figure 6.13: (a) Temperature difference as function of time between the
sample and the setting value for different sample mass; (b) Fractional con-
version of each particle as function of temperature. (p(H2O)=13 mbar, N=20,

kh = 1 ◦C/min, Δt = 10 s)

Influence of water vapor pressure The influence of the water vapor pressure

on the reaction kinetics was examined under dynamic conditions. Figure 6.14(a)

shows the numerical and experimental results at two different water vapor pres-

sures. In both numerical and experimental results, the kinetics is hindered by the

increase of water vapor pressure. It can be noticed from the TGA results that

the shape of the kinetic curve is similar, but shifted towards higher temperatures

at a higher water vapor pressure of 25 mbar. This feature is predicted by the

developed model, although a smaller difference in the numerical results between

13 mbar and 25 mbar is observed than the difference in the experimental results.

The reduction of the influence of water vapor pressure on the kinetics is probably

attributed to the large permeability of the packed bed used in the simulations.

In the experimental sample, water vapor transfer is much more difficult because

of the low permeability. To investigate the vapor transport in the sample, sim-

ulations with lower diffusion coefficient of water vapor were carried out. Results

are shown in Fig. 6.14(b), where the kinetic curve moves slightly towards higher

temperatures for a decrease of mass diffusivity by 10 times.

Influence of heating rate Figure 6.15(a) shows the comparison of numerical

and experimental results at different heating rates. It is clearly seen that the

heating rate has an important influence on the overall kinetics. The shapes and
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Figure 6.14: Overall fractional conversion as function of temperature (a)
at different water vapor pressures; (b) with different diffusion coefficients.

(p(H2O)=13 mbar, N=60, kh = 1 ◦C/min, Δt = 10 s)

the slopes of the kinetics curves are quite different at different heating rates. This

can be explained by the large temperature difference between the sample and the

setting value, as shown in Fig. 6.15(b). There are two direct consequences caused

by the large temperature difference. One is that a higher setting temperature is

required for the sample to reach the reaction temperature. Therefore, the kinetic

curve is shifted towards higher temperatures. The other consequence is that the

temperature variation between grains is large. It is possible that the grain close

to the crucible is completely reacted, while the grain in the middle of the sample

did not reaching the reaction temperature yet. This leads to an extended reaction

period for large heating rates as shown in the figure.
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Figure 6.15: (a) Overall fractional conversion as function of temperature at
different heating rates; (b) Temperature difference between the sample and the

setting value. (p(H2O)=13 mbar, N=60, kh = 5 ◦C/min, Δt = 3 s)
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6.7 Conclusions

A quasi-steady model was developed to investigate the influence of various condi-

tions on the overall reaction kinetics of powdery samples. The study focuses on

the physics of mass and heat transfer in the voids of packed bed, which is usually

difficult to consider in TGA experiments. It is demonstrated by simulating the

TGA experiment that the model is able to be used in such a complicated system.

Numerical results at various conditions are presented and compared to experimen-

tal results. The influence of sample mass, water vapor pressure and heating rate

on the overall kinetics are discussed in terms of mass and heat transfer within

the sample. For the sample mass of TGA experiments, it is recommended that a

single layer of grains should be used to avoid the possible large variation of tem-

perature and vapor pressure between different layers. For the partial water vapor

pressure, one should note that besides the water vapor from the air flow the self-

generated water vapor during the dehydration reaction can also affect the overall

kinetics. For the heating rate, it is clear that small heating rates are preferable

in order to attain a uniform temperature distribution in the sample. In that case,

isothermal methods instead of linear heating/nonisothermal methods can be used

to determine the overall kinetics. However, it can be observed that the self-cooling

effect cannot be ignored and can affect the results significantly, complicating the

identification of reliable and consistent kinetic parameters.

From the above simulations of the TGA measurements, it can be concluded that

several aspects of the model have to be improved in order to calculate the mass

and heat transfer more accurately. Firstly, the quality of the geometry of the

packed bed is low. The micro-structure of the packed bed plays a crucial role in

the mass and heat transfer processes. For example, the permeability of the packed

bed is in general a function of porosity and particle size and directly associated

with the convection transport of water vapor. In the present study, the porosity of

the sample used in the simulations (0.60) is larger than the value in experiments

(0.54). More important, the structure of the void space is expected to be very

different. The experimental sample is composed of irregular particles with a size

range of 0.1 mm – 0.4 mm, which is smaller than the sphere diameter (1 mm) used

in simulations. So, the particles in the TGA experiments are more closely packed,

which generates micro-pores between particles. The permeability of water vapor

through the sample is believed to be much lower in the experiments than in the

simulations. Secondly, the quality of the meshing of the packed bed is low. To

avoid contacting points and reduce computing effort, particles are shrunk by 2% in
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diameter. Thus, direct heat transfer by conduction via contact between particles

and between particles and walls is not possible anymore. As introduced in Chapter

2, compared to the shrinking particle model, the interparticle bridge model is

strongly preferred [42]. Thirdly, the flow solver is rather simple. The physical

properties in the present model are assumed to be constant. The validity of this

assumption is doubtful, particularly in the TGA system where a large amount

of water vapor is accumulated inside the sample during the reaction. Besides,

temperature dependent material properties of the moist air will result in a changing

velocity field for increasing furnace temperature. Finally, the effect of buoyancy

should also be included when a more accurate description of convection within the

sample is required.





Chapter 7

Conclusions and

recommendations

7.1 Conclusions

Description of the reaction The dehydration reaction of lithium sulfate mono-

hydrate (Li2SO4 ·H2O), used as a model material for salt hydrates, is studied

both experimentally and numerically. For microscopic observations, a hot-stage

microscopy system is developed. The dehydration reaction of single crystals un-

der controlled temperature and water vapor pressure is observed and recorded

by a camera system integrated in the microscope. It is demonstrated that the

reaction proceeds in terms of nucleation and nuclei growth processes, as most

thermal decomposition reactions [57]. Surface nucleation initiates the reaction at

energetically preferable sites such as defects, dislocations and cracks. Once the re-

actant/product interface is established, the conversion of the salt crystal continues

via nuclei growth or interface advance. The kinetics of these two elementary pro-

cesses are quantitatively studied at various values of temperature and water vapor

pressure. The nucleation process is highly dependent on the surface structure of

the salt crystals. The nucleation rate is much larger when the crystal surface is full

of defects/imperfections. To be able to compare the results and also to simplify

the post-processing, smooth clean crystal surfaces are selected.

109
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Nucleation process Microscopic results show that both temperature and par-

tial water vapor pressure have significant influence on the nucleation kinetics. Be-

low 110 ◦C and at 13 mbar, dehydration starts with the formation of discrete/sep-

arate nuclei on the crystal surface. At temperatures higher than 130 ◦C and at 13

mbar, the nucleation process finishes so fast that it looks like the crystal surface

reacts instantaneously without discrete nuclei. This is also true at a very low wa-

ter vapor pressure like 5 mbar: the nucleation process is accelerated significantly

with the decrease of water vapor pressure. Under isothermal and isobaric condi-

tions, the nucleation kinetics is found to obey an exponential law as function of

time. Correlations of nucleation rate as function of temperature and water vapor

pressure are derived by fitting the experimental results.

Interface advance A novel experiment to determine interface advance is de-

signed, which prevents surface nucleation on specific surfaces and shows that the

reaction interface propagates in a specified crystallographic direction. Using this

measuring technique, the interface advance over a relatively long distance (2 mm)

is visualized directly and the characterization of its kinetics is carried out success-

fully. The influence of temperature on the interface advance is the same as on the

nucleation rate, but the influence of water vapor pressure is very different. The

growth process/interface advance is only slightly influenced by the water vapor

pressure. Compared to other studies on single crystals in literature, the reaction

rate constant as function of temperature, deduced from our interface advance ex-

periments, is smaller than the rate constant deduced from TGA experiments. This

is probably due to the difference in method between the measured position of the

reaction front in the present work and the measured mass loss in TGA experi-

ments. The reaction front observed via optical microscopy lags behind the mass

loss measured from TGA, due to the water elimination beyond the interface of

crystalline restructure as found by Galway et al. [61].

Rate-limiting step The interface advance is investigated numerically by devel-

oping a moving interface model. Mathematically, the reaction interface is treated

as a sharp moving boundary and its position is determined by the rate of the inter-

face reaction and by the mass diffusion. Derived finite difference approximations

of the governing equations are solved by a conservative scheme based on Landau

transformation [76]. This numerical model provides a tool to gain a fundamental

understanding of the water vapor transfer process in a single grain. This process

starts from unbonded water molecule generation by the intrinsic reaction at the
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interface, water vapor diffusion through the dehydrated layer and then desorption

at the surface into the environment. The interaction between the interface reaction

and the mass diffusion is described by a Damköhler number. By fitting numerical

results with experimental results obtained from microscopic experiments, small

Da values in the case of Li2SO4 ·H2O dehydration reaction are found, which in-

dicate a faster mass diffusion compared to interface reaction. This fast diffusion

is attributed to the formation of pores and cracks during the phase change. The

model also demonstrates that the ambient water vapor pressure only has a small

influence on the interface advance, in agreement with the experimental results at

low water vapor pressure (< 50 mbar) reported in Chapter 3. It is evident that the

rate of interface advance (nuclei growth) is determined by the intrinsic reaction at

a thin reaction interface rather than the water vapor transfer through the dehy-

drated phase or desorption at the crystal surface. Together with observations on

the nucleation process, we can conclude that the rate-limiting step of Li2SO4 ·H2O

dehydration is the interface reaction including the interface creation (nucleation)

and the interface advance (nuclei growth), and not the diffusion of water vapor.

Phenomena-based kinetic model Since the rate-limiting step in dehydration

is the interface reaction, a nucleation and nuclei growth model is developed to cal-

culate the fractional conversion of the material. Compared to other kinetic models,

the biggest advantage is that the present model is applicable to arbitrary particle

geometries and valid in extensive experimental conditions. Using the results from

microscopic observations as inputs, numerical results of fractional conversion of

single crystals under various experimental conditions are calculated and compared

with TGA experimental results. Both in isothermal and non-isothermal condi-

tions, the shape of the kinetic curves can be predicted successfully, but a clear

time delay between the numerical results and experimental results is found. This

delay is largely attributed to the underestimation of the nucleation rate, since

clean crystal surfaces are selected for microscopy measurements. Also, the dif-

ference between the progress of the reaction front and the associated mass loss

as mentioned above can cause the lag. However, if both the nucleation rate and

growth rate are assigned their proper values, our kinetic model is expected to be

robust and reliable as it is based on physical reality.

Dehydration of a powdery sample The purpose of this part was to develop

a numerical model for a more fundamental understanding of the influence of both

mass and heat transfer during the dehydration/hydration reaction of salt hydrates



112 Chapter 7 Conclusions and recommendations

in a packed bed reactor. Such a model needs a detailed description of the fluid

flow and water vapor distribution between the particles and the nucleation and

nuclei growth processes inside the particles. Direct numerical simulations of TGA-

experiments under various conditions are performed and the numerical results are

compared to the experimental results up to a satisfaction level. Such simulations

provide direct insight into the physics of mass and heat transport processes coupled

with detailed reaction kinetics at grain scale. The developed CFD model can be

a promising tool to calculate the overall kinetics for dehydration reactions under

realistic heat storage conditions.

7.2 Recommendations for further research

Due to lack of time, during this research several issues are not clearly addressed,

which require follow-up research.

TGA experiments with encapsulated crystals It was discussed in Chapter

3 that there is a difference between the crystal reorganization observed in micro-

scopic measurements and the mass loss measured in TGA experiments. In order

to quantify this difference, TGA measurements using encapsulated crystals should

be carried out. The interface advance, measured by mass loss in TGA, is then

comparable to the mass loss calculated from interface advance microscopy mea-

surements. An attempt was made for this kind of measurements, but it was not

successful due to several problems. The main problem originates from the mass

change of the cover material, the epoxy resin. This mass changes during heating

as shown in Fig. 7.1(a). Thus, the mass loss of encapsulated crystals as shown in

Fig. 7.1(b) is attributed to two sources: mass loss of the crystal and mass loss of

the resin. It is difficult to determine the exact mass loss of the reaction, because

the weights of both the crystal and the resin are unknown. Moreover, the mass

loss following due to the dehydration reaction is only a small fraction (< 1 mg) of

the total sample mass including resin (> 40 mg). An accurate characterization of

the epoxy resin with several repeating measurements should be performed before

the mass loss of the reaction can be measured accurately.

Extension to other materials The current research is based on studies of

the model material Li2SO4 ·H2O. For application in a thermochemical heat stor-

age system, other salt hydrates such as MgSO4 · 7H2O and MgCl2 · 6H2O are more
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Figure 7.1: (a) Mass loss of pure resin samples at various temperatures; (b)
Mass loss of encapsulated crystals at various temperatures (p(H2O)=13 mbar).

practical, because of their high storage density and low material cost. The method

developed in this work has to be extended to other salt hydrates, identified as

potentially interesting for TCM applications. As shown in this thesis, the ex-

periments and numerical models developed provide useful tools for systematic

studies of salt dehydration reactions at various length scales. The study of inter-

face advance both in experiments and calculations can be helpful for fundamental

understanding of the physical and chemical processes at grain scale. The CFD

model shows the feasibility of upscaling to packed bed level and can probably be

used for the optimization and design of thermal energy storage reactors. The es-

sential inputs of the CFD model are kinetics of nucleation and nuclei growth of the

reaction. Due to the complexity of these reactions, a direct observation of these el-

ementary processes is very difficult. But, it is possible to characterize the kinetics

of nuclei growth/interface advance by TGA experiments on encapsulated crystals.

Since reactions of MgSO4 · 7H2O and MgCl2 · 6H2O are not single-step anymore,

a clear distinction between the various reaction steps may not exist. However,

if the reaction is assumed to be single-step with an artificial reaction interface,

the kinetics of the interface advance can be derived from TGA-experiments with

encapsulated crystals. In contrast, the nucleation rate could be more difficult to

be determined in reactions of MgSO4 · 7H2O and MgCl2 · 6H2O. It is better to

derive the nucleation kinetics by fitting. Using the nucleation and nuclei growth

model shown in Chapter 5, it is possible to estimate the nucleation rate by fit-

ting the calculated fractional conversion for a given growth rate to TGA results.

Next, the multi-grain model can be used for validation of lab-scale experiments

and design/optimization of TCM systems in residential applications.



114 Chapter 7 Conclusions and recommendations

Figure 7.2: Computational domain with face-centered packing spheres.

Simulation of a packed bed reactor In Chapter 6, the multi-grain model is

used to simulate TGA-experiments. In view of the application, it is more inter-

esting to simulate a packed-bed reactor which is the key component of TCM heat

storage systems. As an introduction, a dehydration reaction in a regular packed

bed is studied using OpenFOAM as in Chapter 6. As shown in Fig. 7.2, the bed

has a regular face-centered cubic lattice structure with 20 spheres. The spheres are

identical with a diameter of 1 mm. The same meshing approach as in Chapter 6 is

used. Total number of elements is around 110000. For all particles, the boundary

conditions are specified as in Eqs. 6.10–6.12. Moist air is introduced from the left

to the right of the domain and all side walls are treated as symmetric boundaries.

At the inlet, the flow is heated with a constant heating rate of 1 ◦C/min. The

inlet velocity is 0.1 m/s. Initially, the packed bed is set at room temperature of

300 K and a partial water vapor pressure of 13 mbar.

Typical results of the temperature field and the velocity field are shown in Fig.

7.3. When the hot air flows into the packed bed, particles are heated gradually.

The velocity profile is influenced by the particles and the porosity of the bed. On

the surface of the particles, the velocity is set to zero. Flow is accelerated in the

pores of the bed. Local velocities in the pores are approximately 6-7 times higher

than the inlet velocity. The temperature profiles and fractional conversions of each

particle are shown in Fig. 7.4. At around 90 min (390 K), the dehydration reaction

starts. The increase of particle temperature is slowed down because a large part of

the provided heat is taken up by the reaction instead of heating up the particles.
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(a) (b)

Figure 7.3: (a) Temperature field (K) of the moist air flow at t = 123 min;
(b) Velocity field (m/s) of the flow. (u0 = 0.1m/s, p(H2O)=13 mbar, N=20,

kh = 1 ◦C/min, Δt = 10 s)

Similar calculations can be performed for different reactor geometries, materials

and conditions.
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Figure 7.4: (a) Temperature profile of each particle; (b) Fractional conversion
of each particle. (p(H2O)=13 mbar, N=20, kh = 1 ◦C/min, Δt = 10 s)





Appendix A

Crystal synthesis and

encapsulation

Li2SO4 ·H2O monocrystals are grown from commercial Li2SO4 ·H2O powder

(SIGMA-ALDRICH, ≥ 99.0%). The conventional method of growing crystals,

the slow evaporation method, is used to obtain bigger monocrystals than available

in the commercial powder.

Table A.1: Solubility of Li2SO4 ·H2O in water (grams Li2SO4 ·H2O per 100 g
of water) as function of temperature.

Temperature (◦C) 25 30 35 40 45
Solubility (g) 40.6 39.8 39.5 38.4 36.8

As shown in Fig. A.1, the commercial reactant (14 g Li2SO4 ·H2O powder) is first

dissolved in 50ml distilled water at 0 ◦C. A magnetic stirrer is used for mixing and

homogenization. The solubility shown in Table A.1 is larger at low temperature.

An under-saturated solution is made and filtered by filtration paper. Then, two

crystallizers with a diameter 14 cm are filled equally and are left to heat up to

ambient temperature, obtaining an over-saturated solution. In order to control

the evaporation rate of the over-saturated solution, the crystallizer is covered by

a plastic wrap which is pierced with a number of holes. Then, we wait for about

7 days.

After 5 to 10 days, dependent on the number of holes pierced and the room

temperature, plate-like crystals grow along the crystallographic orientation [010].

A typical shape of a crystal is shown in Fig. 3.1(a) with the dimensions: L =

117
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(a) (b)

Figure A.1: (a) Crystal powder dissolution in a ice bath; (b) Crystallizer
covered by pierced plastic wrap.

4− 5mm, W = 2− 3mm and e = 0.5− 1mm. A microscopic observation in Fig.

A.2(b) shows many defects on the crystal surface, which are not desired in our

further experiments.

(a) (b)

Figure A.2: (a) Crystal formation in the solution; (b) Crystal with defects
under microscope.
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Based on optical observations, defects on the crystal surface can be generally

categorized as follows:

• If the recrystallization process is fast (5 days), a relatively small number of

crystals is formed but they are likely to form aggregations (Fig. A.3(a)).

• If the recrystallization process is slow (10 days), a large number of small

crystals is formed and they will attach to larger ones (Fig. A.3(b)).

• Sometimes a grain boundary is formed (Fig. A.3(c)).

(a) (b) (c)

Figure A.3: (a) Aggregation of large crystals; (b) Small crystals attached to a
crystal surface (background is a crystal surface); (c) Grain boundary indicated

by a red arrow.

The final procedure of crystal synthesis is:

1 make an under-saturated solution: dissolve 40 g Li2SO4 ·H2O powder into

100ml distilled water at room temperature with the help of magnetic stirrer;

2 filtrate the solution by syringe filter (40μm) and then pour it in a crystallizer;

3 put several small monocrystals well-distributed in the solution in order to

trigger crystallization around them;

4 cover the crystallizer with plastic wrap which is pierced with a number of

holes;

5 put the crystallizer in a stable environment (room temperature around

21 ◦C);

6 wait for the crystallization;
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(a) (b)

Figure A.4: (a) Crystal with defects under microscope; (b) Illustration of
processes that occur during removal of a vertical crystal surface from solution

[155].

7 pick up crystals vertically and get rid off any remaining solution using tissue

as shown in Fig. A.4(b).

In Chapter 3, microscopic experiments on encapsulated crystals are performed.

These encapsulated crystals are prepared as follows:

1 mix EpoFix and its hardener (7 g + 1 g for 6-7 crystals);

2 small bubbles are generated during mixing. Remove them by vibrating the

solution using an ultrasonic cleaner;

3 pour the solution into a slot as shown in Fig. A.5(a) and wait for 3-4 hours

so that the solution is viscous;

4 grab crystals at one end using multiclips as shown in Fig. A.5(b). Then

turn over the clip to hang the open end of the crystal in the solution as

shown in Fig. A.6(a). If the solution is not viscous enough, then the clip

will be contaminated by sucking the solution through the crystal due to the

capillary effect. The sample will be ruined because we cannot remove the

clip anymore after solidification of the EpoFix solution;
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5 wait another 3-4 hours for solidification;

6 remove clips and then crystals are standing alone as shown in Fig. A.6(b).

The crystals are now on one side embedded in the solidified EpoFix;

7 make a wider slot than the first time and lay down the crystal bar, pour

mixture of EpoFix and its hardener again;

8 wait for 8-9 hours for solidification. The crystals are then completely em-

bedded in EpoFix resin.

(a) (b)

Figure A.5: (a) Plastic slot covered with a piece of aluminum film; (b)
Monocrystal mounted on a multiclip.
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(a) (b)

Figure A.6: (a) Hang crystals in the solution by putting clips cross over the
slot; (b) Crystals standing alone after the solution is solidified.



Appendix B

Numerical analysis using variable

spatial discretization

B.1 Landau transformation

It is relatively simple to derive finite difference approximations of the governing

equations, Eqs. 4.13-4.22 in Chapter 4, if a fixed discretization of space is imposed.

Nevertheless, numerical solutions must be calculated carefully. In particular, dur-

ing timesteps when the interface moves from one element to its neighbour, schemes

developed for fixed meshes will not generally be mass conserving [97]. To avoid

loss of accuracy associated with singularities, which can arise when the moving

boundary is too near a grid point, mathematical manipulations are needed, but

they increase the complexity of programming [28]. Instead of tracking the motion

of a moving boundary across a fixed spatial discretization, an alternative is to use

a mesh which varies in a way that takes account of the moving interface. It is then

possible to ensure that the interface position always coincides with a discretiza-

tion point without constraining its motion. An example of moving grid method

is the Landau transformation [34]. Here a new coordinate system is introduced

in which all the spatial boundaries are fixed. Moreover, a new scheme proposed

by Illingworth and Golosnoy [76] is used in which finite difference equations are

derived in such a way that mass is conserved.

123
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Figure B.1: The Landau transformation introduces a new positional variable
(ν) for which the interval [0, 1] corresponds to the β phase.

Set of equations

As shown in Fig. B.1, the domain x = s(t) to x = 1 for phase β can be described

as 0 ≤ ν ≤ 1 with ν = x−s(t)
1−s(t)

. In the new coordinate, the interface is always

at ν = 0 and the surface is at ν = 1. A fixed discretization of these variables

therefore corresponds to points whose position in real space can be considered

to be automatically adjusted to accommodate the motion of the interface. The

derivatives of ν with respect to time and space are given as

∂ν

∂t
=

x− 1

[1− s(t)]2
ds(t)

dt
(B.1)

∂ν

∂x
=

1

1− s(t)
(B.2)

Writing q = q(ν, t) = c(x, t) to denote the concentration in this new coordinate

system, we can write

∂c(x, t)

∂t

∣∣∣
x
=

∂q(ν, t)

∂t

∣∣∣
x
=

∂q(ν, t)

∂ν

∂ν

∂t
+

∂q(ν, t)

∂t

∣∣∣
ν

=
x− 1

[1− s(t)]2
ds(t)

dt

∂q(ν, t)

∂ν
+

∂q(ν, t)

∂t

∣∣∣
ν

(B.3)
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∂c(x, t)

∂x

∣∣∣
t
=

∂q(ν, t)

∂x

∣∣∣
t
=

∂q(ν, t)

∂ν

∂ν

∂x
=

1

1− s(t)

∂q(ν, t)

∂ν
(B.4)

∂2c(x, t)

∂x2

∣∣∣
t
=

∂

∂x
(
∂c(x, t)

∂x
)
∣∣∣
t
=

∂

∂x
(

1

1− s(t)

∂q(ν, t)

∂ν
)

=
1

(1− s(t))2
∂2q(ν, t)

∂ν2
(B.5)

Substitution of these relations in Eqs. 4.13-4.16 results into

ds(t)

dt
= −Daλ(1− qc), ν = 0 (B.6)

[1−s(t)]2
∂q(ν, t)

∂t
−(1−ν)[1−s(t)]

ds(t)

dt

∂q(ν, t)

∂ν
=

∂2q(ν, t)

∂ν2
, 0 < ν < 1 (B.7)

1

1− s(t)

∂q(ν, t)

∂ν

∣∣∣
ν=0

= −Daλ(1− qc)(M − qc), ν = 0 (B.8)

q(ν, t) = 0, ν = 1 (B.9)

Using identities ∂(qν)
∂ν

= q + ν ∂q
∂ν

and ∂[q(1−s)]
∂t

= −q ds
dt

+ (1 − s)∂q
∂t
, Eq. B.7 is

rewritten as

∂[q(1− s)]

∂t
+ q

ds

dt
− ds(t)

dt

∂q

∂ν
+

ds

dt
(
∂(qν)

∂ν
− q) =

1

1− s

∂2q

∂ν2
(B.10)

After cancellation and rearrangement

∂[q(1− s)]

∂t
=

ds

dt

∂[q(1− ν)]

∂ν
+

1

1− s

∂2q

∂ν2
(B.11)

Finally, this equation can be written in a divergent form as

∂

∂t
{q(1− s)} =

∂

∂ν

{ds

dt
[q(1− ν)] +

1

1− s

∂q

∂ν

}
, 0 < ν < 1 (B.12)



126 Appendix B Numerical analysis using variable spatial discretization

The final set of equations to be discretized is now given by Eqs. B.6 and B.12

with boundary conditions given by Eqs. B.8 and B.9.

Discretization

Discretising the space coordinate ν at N +1 points (ν0...νN), writing νi±1/2 as the

position midway between νi and νi±1 and introducing the time-step δt such that

tj+1 = tj + δt, the finite volume technique is used to integrate the divergent form

(Eq. B.12) over one space-step and one time-step

∫ νi+1/2

νi−1/2

∫ tj+1

tj

∂

∂t
{q(1− s)}dtdν

=

∫ tj+1

tj

∫ νi+1/2

νi−1/2

∂

∂ν

{ds

dt
[q(1− ν)] +

1

1− s

∂q

∂ν

}
dνdt (B.13)

The left hand side of Eq. B.13 is approximated as

lhs =

∫ νi+1/2

νi−1/2

(
qj+1(1− sj+1)− qj(1− sj)

)
dν

=
(
qj+1
i (1− sj+1)− qji (1− sj)

)
(νi+1/2 − νi−1/2) (B.14)

Introducing qj+σ
i (and sj+σ) to present the concentration at νi (and the interface

position) after a proportion σ of the time-step δt has elapsed, the right hand side

of Eq. B.13 leads to the approximation

rhs =

∫ tj+1

tj

{ds

dt

(
qi+1/2(1− νi+1/2)− qi−1/2(1− νi−1/2)

)

+
1

1− s
(
∂q

∂ν

∣∣∣
νi+1/2

− ∂q

∂ν

∣∣∣
νi−1/2

)
}
dt

= (sj+1 − sj)
(
qj+σ
i+1/2(1− νi+1/2)− qj+σ

i−1/2(1− νi−1/2)
)

+
δt

1− sj+σ

(qj+σ
i+1 − qj+σ

i

νi+1 − νi
− qj+σ

i − qj+σ
i−1

νi − νi−1

)
(B.15)

So, the diffusion equation is discretized as

(
qj+1
i (1− sj+1)− qji (1− sj)

)
(νi+1/2 − νi−1/2)

=
δt

1− sj+σ

(qj+σ
i+1 − qj+σ

i

νi+1 − νi
− qj+σ

i − qj+σ
i−1

νi − νi−1

)

+ (sj+1 − sj)
(
qj+σ
i+1/2(1− νi+1/2)− qj+σ

i−1/2(1− νi−1/2)
)

(B.16)
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Setting i = 1...N − 1, Eq. B.16 can be used to generate a set of finite difference

approximations for the future composition in phase β.

For i = 0 and i = N , finite difference approximations for the relevant bound-

ary conditions must be applied. At the moving boundary (ν = 0), Eq. B.16 is

integrated between ν0 and ν1/2 as

[qj+1
0 (1− sj+1)− qj0(1− sj)](ν1/2) =

δt

1− sj+σ
(
∂q

∂ν

∣∣∣
ν=1/2

− ∂q

∂ν

∣∣∣
ν=0

)

+ (sj+1 − sj)(qj+σ
1/2 (1− ν1/2)− qj+σ

0 )

Substituting the boundary condition at the interface (Eq. B.8), we get

[qj+1
0 (1− sj+1)− qj0(1− sj)](ν1/2) =

δt

1− sj+σ
[
qj+σ
1 − qj+σ

0

ν1 − ν0

+Daλ(1− sj+σ)(1− qj+σ
0 )(M − qj+σ

0 )] + (sj+1 − sj)(qj+σ
1/2 (1− ν1/2)− qj+σ

0 )

(B.17)

At the fixed boundary (ν = 1), Eq. B.9 results in

qj+1
N = 0 (B.18)

Mass conservation

To derive a conservative formulation, instead of solving for the motion of the

interface (Eq. B.6) directly, the change of the total mass present in the system at

any time-step is considered. In the original coordinate system this reads

∫ L

xj+1
c

cj+1dx−
∫ L

xj
c

cjdx = −c0(x
j+1
c − xj

c) +

∫ tj+1

tj
De

∂c

∂x

∣∣∣
x=L

dt

Using non-dimensional variables, this equation can be written as

∫ 1

x̂c
j+1

[(ceq − cg)ĉ
j+1 + cg]d(Lx̂)−

∫ 1

x̂c
j

[(ceq − cg)ĉ
j + cg]d(Lx̂)

= −c0L(x̂c
j+1 − x̂c

j) +

∫ t̂j+1

t̂j
De

∂((ceq − cg)ĉ)

∂(Lx̂)

∣∣∣
x̂=1

d(
L2t̂

De

)
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After cancellation and rearrangement, the equation in non-dimensional form reads:

∫ 1

x̂c
j+1

ĉj+1dx̂−
∫ 1

x̂c
j

ĉjdx̂ = − c0 − cg
ceq − cg

(x̂c
j+1 − x̂c

j) +

∫ t̂j+1

t̂j

∂ĉ

∂x̂

∣∣∣
x̂=1

dt̂

Then drop hats and apply the Landau transformation,

∫ 1

0

(1− sj+1)qj+1dν−
∫ 1

0

(1− sj)qjdν = −M(sj+1− sj)+

∫ tj+1

tj

1

1− s

∂q

∂ν

∣∣∣
ν=1

dt

(B.19)

This results in the finite difference expression

(1− sj+1)(qj+1
0

ν1 − ν0
2

+
N−1∑
i=1

qj+1
i

νi+1 − νi−1

2
+ qj+1

N

νN − νN−1

2
)

− (1− sj)(qj0
ν1 − ν0

2
+

N−1∑
i=1

qji
νi+1 − νi−1

2
+ qjN

νN − νN−1

2
)

= −M(sj+1 − sj) +
δt

1− sj+σ

qj+σ
N − qj+σ

N−1

νN − νN−1

The left hand side gives rise to terms such as
(
qj+1
i (1− sj+1)− qji (1− sj)

)νi+1−νi−1

2
,

for which alternative forms have been derived (Eq. B.16). Upon substitution,

massive cancellation occurs, resulting in the following finite difference expression

for Eq. B.6 as

ν1 − ν0
2

[(1− sj+1)qj+1
0 − (1− sj)qj0]

+
δt

1− sj+σ
(−qj+σ

1 − qj+σ
0

ν1 − ν0
+

qj+σ
N − qj+σ

N−1

νN − νN−1

)

+ (sj+1 − sj)[−qj+σ
1/2 (1− ν1/2) + qj+σ

N−1/2(1− νN−1/2)]

= −M(sj+1 − sj) +
δt

1− sj+σ

qj+σ
N − qj+σ

N−1

νN − νN−1

(B.20)

In sum, Eqs. B.16-B.18, B.20 form a complete finite difference expression for the

problem described in Eqs. 4.13-4.16 or Eqs. B.6-B.9.

B.2 Implementation

Next, appropriate approximations for terms at intermediate times (j + σ) and

intermediate positions (i ± 1/2) will be considered, along with efficient methods
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of solving the resulting set of equations. If fully implicit and central difference

approximations are used, qj+σ
i+1/2 =

qj+1
i+1+qj+1

i

2
and qj+σ

i−1/2 =
qj+1
i +qj+1

i−1

2
, the interface

propagation Eq. B.20 is reduced to

ν1
2
[(1− sj+1)qj+1

0 − (1− sj)qj0] +
δt

1− sj+1
(−qj+1

1 − qj+1
0

ν1
+

−qj+1
N−1

1− νN−1

)

+ (sj+1 − sj)[−qj+1
1 + qj+1

0

2
(1− ν1

2
) +

qj+1
N−1

2
(1− 1 + νN−1

2
)]

= −M(sj+1 − sj) +
δt

1− sj+1

−qj+1
N−1

1− νN−1

After rearrangement,

(sj+1 − sj)
[
M − qj+1

1 + qj+1
0

2
(1− ν1

2
) +

qj+1
N−1

2

1− νN−1

2

]

=
δt

1− sj+1

qj+1
1 − qj+1

0

ν1
− ν1

2

[
(1− sj+1)qj+1

0 − (1− sj)qj0
]

(B.21)

with which an implicit expression of sj+1 can be obtained easily.

The diffusion Eq. B.16 is reduced to

(
qj+1
i (1− sj+1)− qji (1− sj)

)
(νi+1/2 − νi−1/2)

=
δt

1− sj+1

(qj+1
i+1 − qj+1

i

νi+1 − νi
− qj+1

i − qj+1
i−1

νi − νi−1

)

+ (sj+1 − sj)
(qj+1

i+1 + qj+1
i

2
(1− νi+1/2)−

qj+1
i + qj+1

i−1

2
(1− νi−1/2)

)

which after grouping towards the unknowns qj+1
i−1 , q

j+1
i and qj+1

i+1 reads

[ δt

1− sj+1

1

νi − νi−1

− (sj+1 − sj)
1− νi−1/2

2

]
qj+1
i−1

− [ δt

1− sj+1
(

1

νi+1 − νi
+

1

νi − νi−1

) + (1− sj+1)(νi+1/2 − νi−1/2)

+ (sj+1 − sj)
νi+1/2 − νi−1/2

2

]
qj+1
i

+[
δt

1− sj+1

1

νi+1 − νi
+(sj+1−sj)

1− νi+1/2

2
]qj+1

i+1 = −(1−sj)(νi+1/2−νi−1/2)q
j
i

(B.22)
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At the moving interface (ν = 0), Eq. B.17 for the moving boundary is reduced to

[
δt

(1− sj+1)ν1
+

ν1
2
(1− sj+1) +Daλδt(M − qj+1

0 )

+ (sj+1 − sj)
2 + ν1

4
]qj+1

0 − [
δt

(1− sj+1)ν1
+ (sj+1 − sj)

2− ν1
4

]qj+1
1

= Daλδt(M − qj+1
0 ) +

ν1
2
(1− sj)qj0 (B.23)

At the fixed boundary (ν = 1), Eq. B.18 remains.

A computer code is written using Matlab to solve the final set of Eqs. B.21, B.22,

B.23 and B.18. The following procedures are executed at each time-step:

(1) Take sj and qji and calculate the new interface position sj+1 using Eq. B.21.

(2) Using the value of sj+1, calculate qj+1
i using Eqs. B.22, B.23 and B.18.

(3) Using the value of qj+1
i , update the estimate for sj+1 using Eq. B.21.

This procedure is repeated until successive estimates of the interface position sj+1

differ by less than some fixed tolerance.



Appendix C

Shrinking core model

In the reversible reaction presented in Eq. 3.1, the forward and backward reaction

rates are, respectively, given by

rf = kr, rb = k′
rcc (C.1)

So, the net mass flux of reaction at the interface can be written as

JH2O = kr − k′
rcc (C.2)

where kr and k′
r are rate constants of the forward and backward reaction, respec-

tively, cc is the water concentration at the interface.

In equilibrium, the net mass flux of reaction is zero: kr−k′
rceq = 0. By substituting

k′
r in Eq. C.2, the mass flux of reaction can be rewritten as

JH2O = kr(1− cc
ceq

) (C.3)

where ceq is the equilibrium concentration (virtually the equilibrium water vapor

pressure).

In terms of the propagation of reaction interface position Δxc in a time interval

Δt, the mass flux of water vapor is given by

JH2O = −c0
drc
dt

(C.4)
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where rc is the interface position. Thus, from Eq. C.3 and C.4, we have

drc
dt

= −kr
c0
(1− cc

ceq
) (C.5)

Figure C.1: Schematic illustration showing the general features of the moving
boundary diffusion problem considered in the present work, with dimensional

concentrations and positions indicated on the axes.

As the particle is dehydrated, the core of the fully hydrated material (α phase)

shrinks, as shown in Fig. C.1. The concentration distribution c(r) of the water

vapor in the β phase is governed by Fick’s second law:

r2
∂c

∂t
= De

∂

∂r

(
r2
∂c

∂r

)
rc ≤ r ≤ r0 (C.6)

where r is the spatial variable and De is the effective diffusivity of H2O through

the β phase.

In order to preserve the mass balance at the interface, the mass flux relative

to the moving interface must be considered. The amount of water generated

from interfacial reaction must be equal to the amount transported away from the

interface. In particular, mass flux of convection must be converted from a fixed

frame to the moving interface with an absolute velocity drc
dt
. So the boundary

condition at the moving interface is given as

kr(1− cc
ceq

) = −De
∂c(r, t)

∂r

∣∣∣
r=rc

− drc
dt

cc, r = rc (C.7)
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Replacing drc
dt

and rearranging the equation, the boundary condition at the inter-

face can be written as

∂c(r, t)

∂r

∣∣∣
r=rc

= − kr
De

(1− cc
ceq

)(1− cc
c0
), r = rc (C.8)

with the boundary condition at the surface as

c(r, t) = cg, r = r0 (C.9)

where cg is the vapor molar density in air.

For the model to be as general as possible, the following nondimensional spatial

and temporal variables are defined:

r̂ =
r

r0
; t̂ =

Det

r20
; ĉ =

c− cg
ceq − cg

; r̂c =
rc
r0

(C.10)

The corresponding dimensionless forms of the above equations are

drc
dt

= −Daλ(1− cc), r = rc (C.11)

r2
∂c

∂t
=

∂

∂r

(
r2
∂c

∂r

)
, rc < r < 1 (C.12)

with boundary conditions

∂c(r, t)

∂r

∣∣∣
r=rc

= −Daλ(1− cc)(M − cc), r = rc (C.13)

c(r, t) = 0, r = 1 (C.14)

where the hats are dropped for convenience, Da = krL
Dec0

is the Damköhler number

expressing the ratio of the chemical reaction rate to the mass transport rate,

λ = ceq−cg
ceq

is the ratio of the mass density of water in the solid phase and the

gaseous phase at equilibrium and M = c0−cg
ceq−cg

.





Appendix D

Derivation of Mampel model

In Chapter 2, it is observed in experiments that surface nucleation is more common

than bulk nucleation as described by JMAEK models [13, 14, 60]. So a surface

nucleation model, first proposed by Mampel [107], is introduced in the following

section. It is based on the following assumptions: (i) the initial powder is com-

posed of spherical homodispersed particles; (ii) the nuclei which are formed on the

surface are supposed to grow isotropically into the particle, which is called internal

development; (iii) the rate limiting step of growth occurs at the internal interface,

(iv) the extent of conversion of the powder is identical to that of a single particle.

Hence, Mampel model describes a random nucleation process at the surface of the

grains and the isotropic growth of the nuclei. The rate-limiting step takes place at

the internal interface (between the starting phase and the growing new phase) and

the expansion coefficient is equal to 1. Furthermore, the nucleation is assumed to

be a space-time Poisson process. A mean areic frequency of nucleation γ is intro-

duced, which is expressed as a number of nuclei per unit of time and per unit of

surface area. The growth process is deterministic and spatially homogeneous. The

areic rate of radial growth φ is assumed to be constant versus time in the case of

isothermal and isobaric reactions. The rate φ is given in moles per unit of time

and per unit of surface area.

To obtain the rate of transformation of a powder, which is made of an infinity of

grains, the rate of transformation of a single grain needs to be calculated [38]. For

this calculation, the untransformed fraction of solid is introduced in order to avoid

overlapping of different nuclei, which is difficult to evaluate. As shown in Fig.

D.1, nuclei are assumed to form at the surface of the grain and to grow inward as

caps; an arbitrary thin spherical shell of radius ρ within the grain is considered;

the growing nuclei intersect this shell; the untransformed fraction of each shell is
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Figure D.1: 3D transformation with three nuclei on the surface of a spherical
grain (left) and 2D cross section of it (right). The shell with a radius of ρ is in

yellow in the 3D figure.

calculated for all times of nucleation; integration this over the whole grain gives

the fraction of the grain transformed as a function of time β(t).

β(t) = 1− 4π

V0

∫ r0

0

ω(ρ, t)r2dρ (D.1)

where ω is the untransformed fraction of a shell and r0 is the initial radius of the

grain.

The fractional conversion of a single grain depends straightforwardly on the nu-

cleation process, which is random and unpredictable. Hence, by a probability

computation on a single grain, the fractional conversion of the whole powder can

be derived based on the mean of the Poisson law.

Obviously, the crucial course of this calculation is the untransformed fraction of

the spherical layer. This is related to the calculation of the surface occupied by

all spherical caps corresponding to various nuclei. Figure D.2 shows an arbitrary

point P on a spherical shell with radius ρ. The probability that this point P is

reacted is equivalent to the case that point P is covered by any intersection area

such as G′, which is equal to the probability that any projections of nuclei such

as G are falling in the P’ area with the same size of G′. This probability can be

represented by the Binomial distribution

P (X = k) =

(
n

k

)
qk(1− q)n−k (D.2)
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where k is the number of points falling in the area, n is the total number of

spherical caps/nuclei, and q is the probability of one realization (a nucleus forms,

and its projection falls inside P ′).

When n is large, we have

lim
n→∞

P (X = k) = lim
n→∞

(
n

k

)
qk(1− q)n−k = lim

n→∞
n!

k!(n− k)!
(
λ

n
)k(1− λ

n
)n−k

= lim
n→∞

n!

n!(n− k)!

λk

k!
(1 − λ

n
)n(1 − λ

n
)−k ≈ λke−λ

k!
(D.3)

where λ = nq = nSg

4πρ2
is the expectation of X.

Figure D.2: P is a point on the spherical shell and G’ is a spherical cap.

Therefore, the probability that a point on this spherical shell is not covered by

any caps is equal to P (X = 0). Hence,

P (X = 0) = exp(−λ) (D.4)

Substituting λ and n = 4πr20γ(τ) into Eq. D.4, the untransformed fraction of this

shell is written as

ω(ρ, t) = exp[−
∫ t

0

γ(τ)(
r0
ρ
)2Sgdτ ] (D.5)

where τ is the moment a nucleus born.
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After integration over the whole grain, the extent of conversion of a powder, α,

takes the following form:

α =
3

r30

∫ r0

0

(1− ω(ρ, t))ρ2dρ (D.6)

And Sg is given by

Sg =

⎧⎪⎨
⎪⎩

0 when r ≤ (r0 − ρ)
πρ
r0
(r(τ, t)2 − (r0 − ρ)2) when (r0 − ρ) < r < (r0 + ρ)

4πρ2 when r > (r0 + ρ)

(D.7)

At a given time t, the radius of a nucleus formed at the moment τ is expressed by

r(τ, t) =

∫ t

τ

φ(u)VmAdu (D.8)

where VmA is the molar volume of the initial phase.

In standard Mampel computations, the term γ is assumed to be constant with

time, and the intersection area Sg has a simple expression since the growth rate

φ is also assumed constant. This integral can thus be analytically computed as

following.

1st case: φVmAt ≤ r0 (θ ≤ 1)

α(θ) = 1− (1− θ)3 − 3

∫ θ

0

(1− ϕ)2exp(− A

12

θ3 − 3ϕ2θ + 2ϕ3

1− ϕ
)dϕ (D.9)

2nd case: r0 < φVmAt ≤ 2r0 (1 < θ ≤ 2)

α(θ) = 1− 3

∫ 2−θ

0

(1− ϕ)2exp(− A

12

θ3 − 3ϕ2θ + 2ϕ3

1− ϕ
)dϕ

− 3exp(−Aθ)

∫ 1

2−θ

(1− ϕ)2exp(
A

3
(ϕ2 − 2ϕ+ 4))dϕ (D.10)
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3rd case: 2r0 ≤ φVmAt (θ ≥ 2)

α(θ) = 1− 3exp(−Aθ)

∫ 1

0

(1− ϕ)2exp(
A

3
(ϕ2 − 2ϕ+ 4))dϕ (D.11)

Dimensionless number A (called the model parameter), θ (reduced time replacing

t) and ϕ, and are defined by:

A =
γ4πr30
φVmA

θ =
φVmAt

r0
ϕ =

r0 − ρ

r0
(D.12)

Figure D.3: case1

Let us now first consider the case where time t is less than the quantity r0
k
(Fig.

D.3). Give general formulas for w(ρ, t) of a spherical layer of radius ρ at time t.

Define x = r0 − ρ and k = φVmA. Because it is assumed that the nuclei begin to

be born only from the moment of zero, none of them is developed enough to fully

cover a sphere of radius ρ. The surface they cut is given by Eq. D.7. Moreover,

we note that a sphere depth x is reached only by germs born before the time t− x
k

whose radius is greater than x. The integral in the expression D.5 is valid for

values of τ ≤ t− x
k
. Under these conditions, the number of germs is given by Eq.

D.13.

F (x, t) =

∫ t−x
k

0

γπr0
r0 − x

(k2(t− τ)2 − x2)dτ (D.13)
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F (x, t) =

∫ t−x
k

0

γπr0
r0 − x

(k2(t− τ)2 − x2)dτ =
γπr0
r0 − x

∫ t−x
k

0

(k2(t− τ)2 − x2)dτ

=
γπr0
r0 − x

(∫ t−x
k

0

−k2(t−τ)2d(t−τ)−
∫ t−x

k

0

x2dτ
)
=

γπr0
r0 − x

(
−k2(t− τ)3

3

∣∣∣t−
x
k

0
−x2τ

∣∣∣t−
x
k

0

)

=
γπr0
r0 − x

(
− k2((x

k
)3 − t3)

3
−x2(t− x

k
)
)
=

γπr0
3k(r0 − x)

(k3t3−x3−3x2kt+3x3)

=
γπr0

3k(r0 − x)
(k3t3 − 3x2kt + 2x3) (D.14)

Since, moreover, the spheres has larger depth x > kt and they are not affected by

any germs, we finally have the following relations: 0 ≤ t ≤ r0
k

for 0 ≤ x ≤ kt

α(x, t) =
3

r30

∫ r0

0

(1−w(x, t))(r0−x)2dx =
3

r30

∫ r0

0

(1−exp(−F (x, t)))(r0−x)2dx

(D.15)

α(x, t) = 3

∫ kt
r0

0

(1− x

r0
)2(1−exp(− γ4πr30

12k(1− x
r0
)
((
kt

r0
)3−3(

x

r0
)2
kt

r0
+2(

x

r0
)3)))d(

x

r0
)

= 3

∫ θ

0

(1− ϕ)2(1− exp(− A

12(1− ϕ)
(θ3 − 3ϕ2θ + 2ϕ3)))dϕ

= −(1− ϕ)3
∣∣∣θ
0
− 3

∫ θ

0

(1− ϕ)2exp(− A

12(1− ϕ)
(θ3 − 3ϕ2θ + 2ϕ3))dϕ

= 1− (1− θ)3 − 3

∫ θ

0

(1− ϕ)2exp(− A

12

θ3 − 3ϕ2θ + 2ϕ3

1− ϕ
)dϕ (D.16)

for x > kt α(x, t) = 0

When time t is between r0
k
and2r0

k
, for spheres whose depth is smaller than 2r0−kt,

no seed can cover them completely (Fig. D.4). For the spheres x ≥ 2r0−kt, nuclei

can be divided into two categories. One born between time 0 to time t− 2r0−x
k

can

completely cover the spherical layer. The other born between t − 2r0−x
k

and t − x
k

is covered by portion of sphere. Therefore, two terms appear when one expresses

the integral appearing in Eq. D.5 as following:

G(x, t) =

∫ t− 2r0−x
k

0

4πγr20dτ +

∫ t−x
k

t− 2r0−x
k

γπr0
r0 − x

(k2(t− τ)2 − x2)dτ (D.17)
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Figure D.4: case2

G(x, t) = 4πγr20(t−
2r0 − x

k
) +

πγr0
r0 − x

(
− k2(t− τ)3

3
− x2τ

)∣∣∣t−
x
k

(t− 2r0−x
k

)

= 4πγr20(t−
2r0 − x

k
) +

πγr0
r0 − x

(k2

3
((
2r0 − x

k
)3 − (

x

k
)3)− x2(

2r0 − x

k
− x

k
)
)

= 4πγr0

(
r0t− r0(2r0 − x)

k
+

1

4(r0 − x)
(
(2r0 − x)3

3k
− x3

3k
− 2x2(r0 − x)

k
)
)

= 4πγr0

(
r0t− r0(2r0 − x)

k
+

1

4(r0 − x)

(2r0 − x)3 − 6x2r0 + 5x3

3k

)

= 4πγr0

(
r0t− r0(2r0 − x)

k
+

1

4(r0 − x)

8r30 − 12r20x+ 4x3

3k

)

= 4πγr0

(
r0t− 3r0(r0 − x)(2r0 − x)

3k(r0 − x)
+

2r30 − 3r20x+ x3

3k(r0 − x)

)

= 4πγr0

(
r0t−4r30 − 6r20x+ 3r0x

2 − x3

3k(r0 − x)

)
= 4πγr0

(
r0t−4r30 − 4r20x− 2r20x+ 3r0x

2 − x3

3k(r0 − x)

)

= 4πγr0

(
r0t−4r20(r0 − x)− x(2r0 − x)(r0 − x)

3k(r0 − x)

)
= 4πγr0

(
r0t−4r20 − 2r0x+ x2

3k

)

(D.18)

So r0
k
≤ t ≤ 2r0

k

α(x, t) =
3

r30

∫ 2r0−kt

0

(1−exp(−F (x, t)))(r0−x)2dx+
3

r30

∫ r0

2r0−kt

(1−exp(−G(x, t)))(r0−x)2dx

(D.19)
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α(x, t) =
3

r30

∫ 2r0−kt

0

(1− exp(− γπr0
3k(r0 − x)

(k3t3 − 3x2kt+ 2x3)))(r0 − x)2dx

+
3

r30

∫ r0

2r0−kt

(1− exp(−4πγr0(r0t− 4r20 − 2r0x+ x2

3k
)))(r0 − x)2dx

= 3

∫ 2−θ

0

(1− ϕ)2(1− exp(− A

12(1− ϕ)
(θ3 − 3ϕ2θ + 2ϕ3)))dϕ

+ 3

∫ 1

2−θ

(1− ϕ)2(1− exp(−Aθ +
A

3
(ϕ2 − 2ϕ+ 4)))dϕ

= 1− 3

∫ 2−θ

0

(1− ϕ)2exp(− A

12

θ3 − 3ϕ2θ + 2ϕ3

1− ϕ
)dϕ

− 3exp(−Aθ)

∫ 1

2−θ

(1− ϕ)2exp(
A

3
(ϕ2 − 2ϕ + 4))dϕ (D.20)

For the time t > 2r0
k
(Fig. D.5), all spherical layers may be completely covered by

one or more seeds if they are born before time t− 2r0−x
k

. If they were born between

t− 2r0−x
k

and t− x
k
, the seeds cut a cap on the spheres of depth x. If they are new,

they do not reach the spheres regarded.

t ≥ 2r0
k

Figure D.5: case3

α(x, t) =
3

r30

∫ r0

0

(1− exp(−G(x, t)))(r0 − x)2dx (D.21)
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α(x, t) =
3

r30

∫ r0

0

(1− exp(−4πγr0(r0t− 4r20 − 2r0x+ x2

3k
)))(r0 − x)2dx

= 3

∫ 1

0

(1− ϕ)2(1− exp(−Aθ +
A

3
(ϕ2 − 2ϕ+ 4)))dϕ

= 1− 3exp(−Aθ)

∫ 1

0

(1− ϕ)2exp(
A

3
(ϕ2 − 2ϕ + 4))dϕ (D.22)





Appendix E

Verification of the CFD solver

To verify the CFD solver in Chapter 6, a benchmark problem, convective heat

transfer at a sphere, is studied. The geometry of the computational domain and

boundary conditions are shown in Fig. E.1. The configuration is comparable to

other publications [71, 92]. The inlet velocity of air with 300K is varied in the

particle Reynolds number (Re = ρUdp/μ) range of 0.1 to 1000. The temperature

of tube and particle are specified as 300K (Tb) and 400K (Ts), respectively. The

tube wall is specified as moving in the flow direction at the inlet velocity of air to

simulate an infinitely uniform flow field.

1

16

7

2.5

u=u
0

u=u
0

∂T/∂ n=0

∂u/∂ n=0

∂c/ ∂ n=0

∂c/ ∂ n=0

T=T
b

c=0

u=0

∂c/ ∂ n=0

T=T
b

T=T
s

Figure E.1: Computational domain of a single sphere.

The Nusselt number (Nu = hdp/k) is calculated based on the average heat flux q

through the particle surface.

q =

∫ 2π

0

κ
∂T

∂n

∣∣∣
n=0

dθ (E.1)
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From this the average convection heat transfer coefficient is derived via:

h =
q

A(Ts − Tb)
(E.2)

To compare our result with literature, the correlation equation of forced convection

heat transfer coefficient for a single sphere proposed by Ranz and Marshall [131]

is used.

Nu = 2 + 0.6Re0.5Pr0.333 (1 < Re < 105, 0.6 < Pr < 380) (E.3)

where Pr is Prandtl number.
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Present work

Figure E.2: Comparison of OpenFOAM-predicted Nu with a correlation.

Figure E.2 shows the relation between Reynolds number and Nusselt number for

various inlet air flow velocities and constant surface temperature of the sphere. Our

calculation results are in good agreement with the correlation equation. Hence,

the OpenFOAM package is qualified to perform an accurate flow calculation for

this configuration.



List of symbols

Symbol Description Unit

α Fractional conversion –
m Mass kg
k Reaction rate constant s−1

t Time s
A Pre-exponential factor s−1

ν Frequency factor s−1

Ea Activation energy J/mol
R Gas constant J/(mol ·K)
σ Standard deviation –
γ Nucleation rate 1/(mm2min)
T Temperature ◦C
xc Interface position mm
νi Interface velocity μm/min
φ Growth rate
u Velocity vector m/s
p Pressure mbar
c Molar concentration mol/m3

De Effective diffusion coefficient m2/s
Da Damköhler number
L Length scale m
K Dimensionless number –
r Radius of sphere m
S Surface area m2

H Enthalpy J/mol
cp Specific heat capacity J/(kg ·K)
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[163] Zalba, B., Maŕın, J. M., Cabeza, L. F., and Mehling, H. (2003). Review on

thermal energy storage with phase change: materials, heat transfer analysis and

applications. Applied Thermal Engineering, 23(3):251–283.

[164] Zhang, D., Zhang, R., Chen, S., and Soll, W. E. (2000). Pore scale study of

flow in porous media: Scale dependency, REV, and statistical REV. Geophysical

Research Letters, 27(8):1195–1198.

[165] Zhang, H., Iype, E., Nedea, S. V., and Rindt, C. C. (2014). Molecular

dynamics study on thermal dehydration process of epsomite (MgSO4 · 7H2O).

Molecular Simulation, 40(14):1157–1166.

[166] Zhang, S., Wang, S., Huang, Z., Li, Y., and Tan, Z. (2015a). A kinetic

analysis of thermal decomposition of polyaniline and its composites with rare

earth oxides. Journal of Thermal Analysis and Calorimetry, 119(3):1853–1860.

[167] Zhang, X., He, C., Wang, L., Li, Z., and Feng, Q. (2015b). Synthesis, char-

acterization and nonisothermal decomposition kinetics of La2(CO3)3 · 3 .4H2O.

Journal of Thermal Analysis and Calorimetry, 119(3):1713–1722.

[168] Zhou, D., Zhao, C., and Tian, Y. (2012). Review on thermal energy storage

with phase change materials (PCMs) in building applications. Applied Energy,

92:593–605.



BIBLIOGRAPHY 165

[169] Zhou, Y. and North, T. (1993). Kinetic modelling of diffusion-controlled,

two-phase moving interface problems. Modelling and Simulation in Materials

Science and Engineering, 1(4):505.

[170] Zhu, D., Wu, H., and Wang, S. (2006). Experimental study on composite

silica gel supported CaCl2 sorbent for low grade heat storage. International

Journal of Thermal Sciences, 45(8):804–813.

[171] Zondag, H. (2007). Literatuurinventarisatie van thermochemische materi-

alen. Internal ECN Memo.

[172] Zondag, H., Kikkert, B., Smeding, S., and Bakker, M. (2011). Thermo-

chemical seasonal solar heat storage with MgCl2 · 6H2O: first upscaling of the

reactor. In IC-SES Conference.

[173] Zondag, H., Kikkert, B., Smeding, S., de Boer, R., and Bakker, M. (2013).

Prototype thermochemical heat storage with open reactor system. Applied En-

ergy, 109:360–365.

[174] Zondag, H., van Essen, V., Bleijendaal, L., Kikkert, B., and Bakker, M.

(2010). Application of MgCl2 · 6H2O for thermochemical seasonal solar heat

storage. In Proceedings IRES 2010 Conference, Berlin.





Summary

Compared to sensible heat storage and latent heat storage, thermochemical heat

storage shows considerable advantages regarding heat storage density and reduced

heat loss during storage. A promising class of such thermochemical heat storage

materials is formed by salt hydrates, making use of a reversible hydration/dehy-

dration reaction. Heat generated by solar collectors can be stored in summer by

dehydrating the salt hydrate. In winter, the heat can be released again by hy-

drating the dehydrated salt hydrate with a moist air flow, whenever the heat is

required for space heating and tap water heating.

In order to develop efficient thermochemical storage systems with sufficient ther-

mal power, it is important to develop optimized TCM materials. For this, it

is necessary to understand in detail the mass and heat transfer processes in the

thermochemical material, both at grain scale and at packed bed scale. To that

end, this thesis focuses on numerical and experimental analysis of the dehydration

reaction kinetics at grain level. Subsequently, the results at grain level are used

to simulate in detail the dehydration behavior in small powdery samples of salt

hydrate grains in an air flow. The study focuses on the dehydration of lithium

sulfate monohydrate (Li2SO4 ·H2O), which is used as a model material for salt

hydrates.

A hot-stage microscopy system was built, to observe sample changes in a con-

trolled atmosphere regarding temperature and water vapor pressure, and to carry

out optical observations of the dehydration reaction of single crystals. Two elemen-

tary processes of solid-state reactions, known as nucleation and nuclei growth, are

characterized as function of temperature and partial water vapor pressure. The

experimental results show that temperature has a significant influence on both

the nucleation rate and the growth rate in the dehydration process, while water

vapor pressure mainly influences the nucleation process. Under isothermal and

isobaric conditions, the nucleation kinetics obey an exponential law as function of

time and the growth rate is approximately constant. The reaction rate constant
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as a function of temperature, deduced from the growth rate, is smaller than in

other studies, which is probably due to the difference between the microscopic

measurement and the TGA-measurement. Three numerical models are developed

to investigate the mass and heat transfer processes involved in the dehydration

reaction: (i) moving interface model, (ii) nucleation and nuclei growth model, (iii)

multiple grain model. Validation of these models is done by comparing numerical

results with experimental results. From the moving interface model it is concluded

that the rate of interface advance (nuclei growth) is determined by the intrinsic

reaction at a thin reaction interface; the diffusion of water released by chemical

reaction is fast due to the formation of pores and cracks during the phase change.

The nucleation and nuclei growth model is used to calculate the fractional conver-

sion of the dehydration reaction, using the results from microscopic observations

and the interface model. Compared to typical kinetic models of solid-state reac-

tions, our kinetic model is expected to be more robust and reliable as it is not

based on idealized models but based on physical reality. The numerical results

are compared with experimental results from thermogravimetric analysis (TGA).

Both in isothermal and non-isothermal conditions, the shape of kinetic curves can

be predicted successfully. However, in the simulations an obvious delay is found in

comparison to the experimental results. This delay is partially attributed to the

underestimation of the nucleation rate in the simulations, since the simulations

are based on experimental values for clean crystal surfaces, while the grains used

in the TGA samples contain more defects, increasing the nucleation rate.

The kinetic model of nucleation and nuclei growth is coupled to a flow solver.

Direct numerical simulations with body-fitted meshes are performed to study the

heat and mass transfer processes in the void space of grains and in the grains.

The focus of the present work is on the TGA-experiments. Due to the complexity

of the TGA-experiments, several simplifications are made in the present model.

The numerical results are compared to experimental results and it can be con-

cluded that the trends are predicted good but that there is still much room for

improvement. The preliminary results show that our multiple grain model can be

a promising tool to calculate the overall kinetics for dehydration reactions under

realistic heat storage conditions.
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