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Sommario del lavoro di tesi

In questa tesi viene affrontato il problema dell’implementazione di un
solutore numerico che simula il processo di essiccazione di cementi re-
frattari, per mezzo di una libreria ai volumi finiti.

Il progetto è nato dall’esigenza della Calderys Refractory Solutions,
di simulare il comportamento di un cemento sottoposto ad alte tempe-
rature, per cercare di capirne più a fondo il comportamento del materiale
durante l’essiccazione.

Iniziando a descrivere le fasi che possono interessare questo studio,
riguardanti la creazione di un impasto cementizio, si può segnalare che
l’acqua utilizzata a questo scopo viene impiegata sostanzialmente in due
modi: in parte nelle complesse reazioni chimiche che avvengono durante
la presa e in parte rimane presente nei pori come acqua libera legata
solo fisicamente alla superficie degli spazi vuoti. Un’esigenza importante
dell’industria refrattaria è quella di essiccare i prodotti prima della loro
messa in opera. Il problema che giustifica lo studio intrapreso in questa
tesi è quello della rottura del pezzo durante tale processo, dovuta anche
alle alte pressioni del vapore e agli alti gradienti di temperatura che si
creano.

Quello che viene richiesto dal modello matematico proposto è il cal-
colo dei campi di pressione (dell’aria e del vapore), di temperatura e
di frazione volumetrica del liquido durante l’essiccazione all’interno del
materiale.

Nella fase iniziale di questo lavoro, è stato necessario prendere co-
scienza della fisica legata ai materiali porosi, attraverso la ricerca della
documentazione che tratta il caso specifico. Si è dovuto partire dallo stu-
dio delle proprietà fisiche e chimiche fino all’analisi delle modificazioni
strutturali che avvengono nei materiali porosi se sottoposti ad alte tem-
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perature. In particolare si è trattata la deidratazione del cemento che
avviene intorno ai 300K, per capire come l’acqua legata chimicamente
viene rilasciata.

Un fattore molto importante di cui bisogna tenere conto è la pres-
sione capillare che si instaura quando un liquido è in contatto con una
superficie. Poiché i pori sono dell’ordine di grandezza dei micron, il
contributo della pressione capillare diventa molto grande; per la model-
lizzazione di quest’ultima è stato usato l’approccio di Leverett, poiché
in altri lavori è stata dimostrata la sua efficienza [32].

Un altro concetto nuovo che è stato necessario capire è quello della
pressione parziale del vapore all’interno di un poro. Quest’ultima è in-
fluenzata in maniera considerevole dalla pressione di capillarità. Per il
suo calcolo è stata utilizzata la formula di Kelvin-Whitaker che tiene
conto del raggio di curvatura medio dei pori e della temperatura [15].
Accanto a queste nozioni si sono trattati i principi generali dell’essiccazione
attraverso lo studio di testi messi a disposizione dall’azienda e attraverso
l’analisi dei purtroppo pochi dati sperimentali disponibili.

Tali conoscenze si sono rivelate fondamentali in ogni fase del lavoro
visto che un materiale poroso presenta una fisica tutt’altro che intuitiva
e facile da capire.

Terminata questa fase si è potuto procedere con la formulazione del
modello matematico.

Per quanto concerne le ipotesi che sono state fatte sul materiale, ci
si è basati sui testi classici che trattano l’argomento in questione [15].

Il set di equazioni di bilancio, differenziali alle derivate parziali, che
regolano il fenomeno è stato preso da un lavoro analogo svolto al Cen-
tro di Termofluidodinamica Computazionale dell’Università di Leoben
in Austria [13]. Si è tenuto conto del bilancio dell’aria secca, del va-
pore, dell’acqua liquida e dell’energia. Inizialmente si era intenzionati a
modellare anche la deidratazione di tre fasi principali costituenti il ce-
mento, ma a causa della mancanza di costanti materiali (come l’energia
di attivazione, per esempio) si è ritenuto opportuno non considerare
questa parte nelle simulazioni trattate in questa tesi. Le equazioni dif-
ferenziali ordinarie che descrivono il rilascio dell’acqua legata chimica-
mente, sono comunque state studiate, manipolate in maniera opportuna
ed implementate; il modello è quindi pronto a simulare anche queste ap-
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pena saranno disponibili i dati mancanti.

Si è tenuto conto di tutti i termini delle equazioni di trasporto, senza
fare un’analisi delle equazioni adimensionalizzate per cercare di sempli-
ficare il problema. Per quanto riguarda il calcolo del termine convettivo
(per le equazioni di aria, vapore e liquido) si è ricavata la velocità dalla
legge costitutiva di Darcy per i materiali porosi. Il termine diffusivo
(equazioni dell’aria e del vapore) è stato trattato tramite l’equazione di
Fick che ha come forzante la differenza di concentrazione di aria e va-
pore tra due punti. Per quanto riguarda le relazioni costitutive si è fatto
uso dell’equazione di stato dei gas perfetti, della formula di Leverett per
la capillarità, della formula di Kelvin-Whitaker per la pressione del va-
pore all’equilibrio e della formula di Arrhenius per descrivere la cinetica
chimica della deidratazione.

Le condizioni al contorno sono state impostate seguendo l’approccio
dei lavori [8] e [9]; in particolare si è imposto che l’acqua lasci il corpo
solo sotto forma di vapore, che ci sia scambio termico convettivo e con-
duttivo attraverso la parete esterna e che sulla superficie la somma della
pressione dell’aria e del vapore sia uguale a quella atmosferica. Inoltre
non è prevista la condensazione del vapore durante il processo o che il
vapore d’acqua entri dall’esterno.

Una volta impostato il modello matematico, il problema è stato
quello di implementarlo in un codice ai volumi finiti. A parte le diffi-
coltà iniziali della dettagliata conoscenza del metodo numerico, il prin-
cipale scoglio era quello di gestire innumerevoli variabili coinvolte in 5
equazioni differenziali.

La libreria scelta per l’implementazione è OpenFOAM, una libreria
open source adatta a problemi di termofluidodinamica di questo tipo.

A causa delle difficoltà incontrate è stato necessario coinvolgere una
persona esperta nell’impostazione del set di equazioni. Si è scelto di
coinvolgere il Dott.Hrvoje Jasak, sviluppatore di OpenFOAM, che è
stato determinante nell’impostazione generale del problema.

Poiché OpenFOAM è implementato in C++, si è dovuto prima en-
trare nell’ottica della programmazione ad oggetti. Nel lavoro vengono
quindi presentati i concetti di classe, oggetto, template e virtual func-
tion, tecniche su cui è basata la libreria di OpenFOAM. Il vantaggio
di tale approccio è la modularità in cui viene diviso il problema, cre-
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ando opportune classi che svolgono particolari operazioni all’interno del
codice. E’ presente una classe da cui leggere ogni proprietà del materiale
ad ogni istante; vi è inoltre una classe che definisce lo stato completo
dei campi di temperatura, pressioni, frazione volumetrica di liquido,
accanto ad ogni altra proprietà necessaria. Vi è quindi una gerarchia
delle diverse classi considerate: il codice a livello più alto usufruisce dei
”servizi” forniti dai moduli a livello inferiore per operare sulle equazioni.

La parte che ha creato maggiori difficoltà è stata l’implementazione
delle condizioni al contorno poiché anche nei lavori riguardanti tali prob-
lematiche esse erano presentate in maniera abbastanza sommaria. In
particolare l’equazione che descrive il trasporto dell’aria è caratterizzata
da una condizione al contorno del tipo pA+pV = pAtm, con pA=pressione
dell’aria, pV =pressione del vapore e pAtm=pressione atmosferica; questa
equazione si comporta particolarmente male nel caso in cui (come suc-
cede nel presente lavoro) la pressione del vapore assume alti valori in
corrispondenza della superficie esterna del dominio. Ad alti valori di
pV , per rispettare il valore imposto dalla pressione atmosferica, possono
corrispondere valori bassi della pressione dell’aria, in alcuni casi anche
negativi. E’ stato quindi necessario intervenire numericamente, facendo
un bilancio dei flussi convettivi e diffusivi a parete. In questa situazione
critica, per la stabilità del codice la condizione al contorno può essere
di tipo fixed-gradient o fixed-value. Purtroppo la formulazione delle
equazioni dell’aria e del vapore è tale per cui esse sono accoppiate solo
attraverso la condizione al contorno: di conseguenza l’accoppiamento fra
le due equazioni in questione è molto debole. Le condizioni al contorno
per quanto riguarda l’equazione del vapore e dell’energia, si basano sulla
definizione di flusso specifico del vapore e dell’energia rispettivamente.

Un’altro problema di non facile soluzione è stato quello del tratta-
mento del termine evaporativo, che costituisce anche la sorgente nell’equa-
zione del vapore. La quantità di acqua che evapora è messa in di-
retta relazione con la pressione di equilibrio e quella effettiva attraverso
l’equazione di stato dei gas. Per fare in modo che la parte liquida ab-
bia tempo di evaporare è presente un time-scale di evaporazione, che
nell’interpretazione fisica, ”dà” il tempo all’acqua di assorbire abba-
stanza energia per poi evaporare.

Dopo aver risolto tutti questi scogli il codice è stato completato e le
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prime simulazioni sono state effettuate.

Quello che è subito apparso è stato che il codice si comporta molto
bene per quanto riguarda la stabilità. I dati in ingresso usati nelle
prime simulazioni sono stati presi da [8] e [9]. Confrontando i risultati
ottenuti in questi lavori con quelli forniti dal modello, si è trovata una
buona coincidenza degli andamenti delle variabili in gioco.

Lo scopo di queste prime simulazioni era quello di acquisire una certa
sensibilità nel comportamento del modello al variare dei parametri in
ingresso. Questa fase ha preso molto tempo ed è servita a comprendere
bene la risposta del materiale sottoposto a condizioni diverse.

Per quanto riguarda le condizioni al contorno, anche queste sono
state modificate cambiando la temperatura di riscaldo, i coefficienti di
scambio termico, le concentrazioni del vapore all’infinito ecc... In molti
casi il modello è risultato stabile, mentre in casi in cui veniva diretta-
mente influenzata la velocità di essiccazione, ad esempio variando la per-
meabilità assoluta del materiale presente nell’equazione di Darcy, una
certa instabilità è emersa (soprattutto per alti valori di permeabilità).

Nell’ultima parte della tesi si è cercato di capire in maniera quali-
quantitativa il fenomeno.

Le simulazioni sono state effettuate per un caso monodimensionale
e tridimensionale. Il caso tridimensionale è stato riportato nella tesi al
fine di mostrare la semplicità con cui e possibile, in OpenFOAM, simu-
lare casi tridimensionali. Maggiori dettagli sono stati studiati nel caso
monodimensionale confrontando grafici ottenuti in condizioni diverse.
E’ questo ultimo caso che verrà ora descritto in dettaglio.

Si è operato con due tipi di cemento, uno tradizionale (Portland) e
uno refrattario alluminoso. Il sistema è costituito da un muro di 20 cm
che viene sottoposto ad una temperatura esterna di 500K e 700K.

Con riferimento al cemento tradizionale, si è visto che se sottoposto
ad un carico termico, le pressioni dell’aria e del vapore aumentano in
prossimità della superficie, finché viene generato un fronte di evapo-
razione che inizierà a penetrare dentro il materiale. Esso dividerà il
cemento in due zone, una completamente asciutta e una ancora com-
pletamente bagnata. Nel primo caso a 500K il fronte si è generato dopo
2 ore e 50 minuti, nel secondo a 700K dopo 50 minuti. In prossimità
del fronte di evaporazione l’andamento della temperatura presenta una
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singolarità. Essa divide chiaramente la zona asciutta in cui il suo an-
damento è pressoché lineare e una ancora bagnata dove l’andamento è
non lineare.

Interessante è stato il comportamento della pressione del vapore,
che in corrispondenza del fronte di evaporazione presenta il suo valore
massimo. Questo perché in tale zona si ha il cambiamento dell’acqua
dallo stato liquido a vapore, quindi generazione di vapore. Da questa
zona fino alla superficie del muro la pressione dell’aria è molto bassa che
vuol dire che il vapore tende ad occupare tutto lo spazio disponibile.

In riferimento al cemento alluminoso si è voluto capire il compor-
tamento del sistema per variazioni di permeabilità e di coefficiente di
scambio termico a parete.

La prima serie di simulazioni è stata condotta mantenendo costante
il coefficiente di scambio termico, la seconda serie tenendo costante la
permeabilità.

Nel primo caso si è constatato che permeabilità più alte generano
fronti di essiccazione a velocità maggiore e inoltre portano ad avere
pressioni massime inferiori. Nel secondo caso l’effetto è identico: mag-
giori coefficienti di scambio termico causano fronti di evaporazione più
veloci.

Da questa serie di analisi si è potuto capire che i parametri più im-
portanti che regolano il fenomeno, sono la permeabilità del materiale e il
coefficiente di scambio termico, accanto, naturalmente al carico termico
imposto.

In conclusione si può dire che per quanto riguarda il comportamento
termo-igrometrico, il modello fornisce risultati qualitativi importanti.

Per quanto riguarda la validazione sperimentale, questa non è stato
possibile effettuarla, per problematiche insorte durante un esperimento
organizzato nel laboratorio Calderys di Lione, e per la difficoltà nel
reperire dati in letteratura.

Lo sviluppo di un modello di questo tipo è di fondamentale impor-
tanza nella progettazione di nuovi materiali e impianti nelle industrie
che hanno questo tipo di problematiche.

Gli sviluppi futuri che possono essere effettuati su tale modello sono:

• Riformulazione delle equazioni che costituiscono il modello matem-
atico al fine di accoppiarle maggiormente.
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• Analisi più approfondita delle condizioni al contorno (soprattutto
dell’aria).

• Estensione del modello al comportamento strutturale per mettere
in relazione il campo di tensioni con un parametro critico indice
di rottura del materiale.

• Ottimizzazione volta al fine di determinare le curve di riscaldo
ottimali, per diminuire il tempo di essiccazione del materiale ed
eliminare il problema della rottura del materiale, fatto che incide
direttamente sui costi del prodotto finale.

• Analisi su superficie di risposta sulle variabili di maggior interesse
al fine di effettuare una analisi di sensibilità.
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Chapter 1

Introduction

In the present work the problem of simulating the heat and mass transfer
within refractory materials is treated. By the use of the free Finite
Volume C++ library OpenFOAM a software is coded with which it is
possible to calculate the state of the material towards time.

Since the earliest days of refractory castables the safe and efficient
removal of water has been a serious problem. When castables are heated,
water vaporizes to form steam leading to high internal pressures and
potentially if the strength of the castable is exceeded, an explosion may
occur.

Several researchers have studied steam spalling; the paper by Gitzen
and Hart [1] is among the most memorable. Gitzen and Hart listed
parameters which influence the likelihood of explosive spalling (perme-
ability, bond strength, thermal conductivity, particle size distribution,
concentration of casting water, ambient curing temperature) and they
also used a spalling test involving the inserting of 2.5” castable cubes
into a pre-heated furnace.

Hipps and Brown [2] took this work further by embedding ther-
mocouples and pressure gauges inside test blocks before inserting them
into a preheated furnace and discovered that the pressure inside the test
blocks was in excess of 106 Pa. However, repeated surface spalling oc-
curred before the pressure gauges had registered any pressure. Gong and
Mujumdar [3] proposed a Finite Element model of the drying process.

3
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A program of research was carried out at University of Missouri-Rolla
[4] [5] during the late 1990’s examining in more detail the dryout para-
meters. UMR’s work led to a computer model which showed that during
dryout of a castable, heat transfer is mainly due to conduction, there is
a sharp moving drying front, and that permeability of the castable has
the greatest influence on the dryout process.

Much work has also been done at the University of Sao Carlos (e.g.
[6]). Most recently, Bogan [7] described in detail the various parame-
ters that affect the dryout process. Recent developments in castable
technology have led to the use of castables with very low permeability
and therefore a greater tendency to explosive spalling. The use of very
large castable blocks and linings is now common, and these factors have
combined to make it necessary to have a method for designing drying
schedules that are safe and rapid.

The aim of the thesis is to develop a tool for studying the behavior
of materials during drying in order to better understand processes in
the refractories industry.



Chapter 2

Refractory Materials

2.1 Introduction

Thermally stable aggregates combined with a bonding agent are the
principal ingredients of a monolithic refractory.

These raw materials are available both naturally and artificially.
Raw materials available in nature unavoidably vary slightly in their
compositions.

But it is important to take advantage of the characteristics of these
natural minerals that cannot be developed artificially rather than to
avoid their use due to variations of chemical composition.

Unlike natural raw materials, artificial raw materials allow adjust-
ment of chemical composition as well as their mineral constituents, and
it is possible to get a uniform quality. Thus, natural and artificial raw
materials have their own advantages and the different varieties of mono-
lithic refractories are prepared by utilizing both. If the different raw
materials are counted by the brands available they will run into hun-
dreds.

2.2 Alumina cement

Portland cement used in civil construction work contains lime-silica
compounds as the principal component. In alumina cement, lime-alumina

5



6 CHAPTER 2. REFRACTORY MATERIALS

compounds form the principal component. It is also called aluminous
cement, high alumina cement or calcium aluminate cement(CAC).

2.2.1 Methods of manufacture and types of alu-
mina cement

Alumina cement is manufactured either by fusion or firing methods. For
the fusion method, blast furnaces, reverberatory, furnaces, rotary kilns,
and electric furnaces are used.

Raw materials for the production of alumina cement are mostly
bauxite and limestone. Use of iron rich bauxite makes a high iron oxide
content alumina cement, and low iron bauxite serves for the manufac-
ture of alumina cement with a relatively low iron oxide content. For
high-purity alumina cement, limestone with a relatively low percentage
of impurities is used with alumina produced by Bayer process.

Differences in the raw materials or the manufacturing methods ap-
plies lead to variation in the chemical composition of alumina cement.

2.2.2 Mineral constitution of alumina cement

The difference in mineral constitution between alumina cement and
Portland cement is expressed in the CaO − Al2O3 − SiO2 equilibrium
phase diagram in figure 2.1.

Portland cement occurs in the relatively high-CaO region, C2S and
C3S existing as its main constituents.

Alumina cement, on the other hand, occurs in a region with lower
CaO than Portland cement, a factor that accounts for its use as a refrac-
tory cement. CA is the main mineral constituent of alumina cement.
Alumina cement also contains C12A7, CA2 and/or C2AS or C4AF .

Alumina cements containing 10% or more iron oxide contain CaO−
Al2O3 − Fe2O3 system compounds like C4AF and/or C6A4fS besides
CA as their principal constituent.

Alumina cements with a relative high percentage of silica contain
C2AS (gehlenite). Alumina cement manufactured in a reducing at-
mosphere may include C6A4fS.
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Figure 2.1: CaO −Al2O3SiO2 phase-diagram.

Alumina cement containing 70 ∼ 80% alumina, contains free alu-
mina besides CA, and also may contain a small amount of CA2 or C12A7.
In such a cement containing a large percentage of alumina, C12A7 is not
likely to form during manufacture, but may have been added to ad-
just the rate of setting. CA2 is often found in a high alumina cement
manufactured in rotary kilns.

2.2.3 Characteristics of alumina cement

Alumina cement reacts with water to form a compound containing water
of crystallization, and it increases in strength as the reaction progresses.

Reaction with water in this way is referred to as hydration, and the
compound formed as a result of hydration is called a hydrate. The
hardening property developed through hydration is known as hydraulic
setting.
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• Characteristics of minerals constituting Alumina Cement

The main material constituents of alumina cement were discussed
in the preceding section. Table 2.1 lists the properties of these con-
stituent minerals. The fact that C12A7 has short initial and final
setting times suggests that it hydrates and hardens very quickly.
Its melting point and strength are not very high, but sometimes it
may be mixed in a small quantity into various alumina cements to
control the setting rate. CA has the highest strength among the
constituents, and has a relatively high melting point. It, therefore,
is the most important component of alumina cement. CA takes
some time till setting starts, but rapidly hardens after this initial
setting. CA, being the principal hydraulic compound in an alu-
mina cement, generally occurs in a large quantity and influences
the main properties of the cement. CA2 can withstand tempera-

[%] [%] [%] m.p.[◦C] density [g/cm3]
Mineral CaO Al2O3 SiO2

C12A7 48.6 51.4 - 1415∼ 1495 2.69
CA 35.4 64.6 - 1600 2.98
CA2 21.7 78.3 - 1700∼ 1765 2.91
C2AS 40.9 37.2 21.9 1590 3.04
C4AF 46.2 20.9 - 1415 3.77

Table 2.1: Characteristics of the mineral constituents of alumina cement.

tures above 1700oC, but takes an exceedingly long time to set. In
addition, it is relatively low in strength. It cannot act as the main
component of alumina cements but may occur in a small quantity
as an auxiliary mineral.

Unless it contacts a lime solution or is present in an amorphous
state, C2AS shows little tendency to hydrate. It is an undesirable
component of alumina cement.

As one of the compounds of the CaO − Al2O3 − Fe2O3 system,
C4AF occurs in iron rich alumina cements. This system has a
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wide region of solid solutions so this compound does not neces-
sarily represent a particular composition. C4AF forms hydrates
of calcium aluminate and calcium ferrite or solid solutions of the
two hydrates. In its setting rate, it resembles C12A7.

• Hydration of Alumina Cement

Although the process by which alumina cements forms hydrates
by reacting with water is not yet completely understood, concen-
trations of lime and alumina are highest between the first and the
sixth hour after solution in water. As the formation of the hydrate
progresses, these concentrations decrease. Thus, CA is considered
first to dissolve in water, then precipitate as hydrate, (see fig. 2.2)

Figure 2.2: Solubility curve of CaO ·Al2O3.

In general, CAH10, C2AH8, C3AH6, and AH3 gel and gibbsite are
recognized as the hydrates of calcium aluminate.

Of these, C3AH6 and gibbsite are stable compounds and the rest
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are metastable (being formed as intermediate products under given
conditions). Thus, even if these metastable compounds are formed
during hydration, they are replaced ultimately by C3AH6 and
gibbsite. This change into C3AH6 is referred to as conversion.

The formation of calcium aluminate hydrates is influenced by tem-
perature during hydration. In general, the respective hydrates are
formed at temperatures given below:

Up to 20oC : CAH10

20oC ∼ 35oC : C2AH8

More than 35oC : C3AH6, AH3.

At a specific temperature, however, the same hydrates may not al-
ways form. As the temperature rises, sometimes different hydrates
may coexist and change to hydrates with less water of crystalliza-
tion. Actual experience suggests that CAH10 tends to form when
the temperature is low, as in winter, and C2AH8 and/or C3AH6

tend to form during summer. When dried at 100oC or so, the
product is exclusively C3AH6. The equations related to hydration
of calcium aluminate and conversions to the respective hydrates
are as follows:

CA + 10H −→ CAH10

2CA + 11H −→ C2AH8 + AH3

3CA + 12H −→ C3AH6 + 2AH3

2CAH10 −→ C2AH8 + AH3 + 9H

3CAH10 −→ C3AH6 + 2AH3 + 18H

3C2AH8 −→ 2C3AH6 + AH3 + 9H.

Thus, amounts of crystal water and AH3 vary with temperature
during hydration because the different hydrates are formed at dif-
ferent temperature. Table 2.2 shows the properties of principal
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hydrates of alumina cement; it is clear that each hydrate consid-
erably differs in the proportion of crystal water. Accordingly, at
low temperatures, in winter, a hydrate has high water of crystal-
lization due to forming a lot of CAH10. At high temperatures, as
in summer, the hydrates have a comparatively small proportion
of crystal water.

[%] [%] [%] Crystal system density [g/cm3]
Hydrate CaO Al2O3 H2O

CAH10 16.6 30.1 53.3 Hexagonal 1.72
C2AH8 31.3 28.4 40.3 Hexagonal 1.95
C3AH6 44.4 27.0 28.6 Cubic 2.52
AH3 - 65.4 34.6 Hexagonal 2.42

Table 2.2: Properties of hydrates of alumina cement.

This conversion is promoted, not only by temperature, but also
by addition of excess water to alumina cement.

As the above reactions between alumina cement and water indi-
cate, the products ultimately formed are calcium aluminate hy-
drates and AH3. In Portland cement, calcium silicate hydrates
and Ca(OH)2 are formed. Thus, in alumina cement AH3 and
not Ca(OH)2 forms, which accounts for the suitability of alumina
cement as a refractory material.

2.2.4 Dehydration of castable refractories

Dehydration after curing and hardening leads to loss of both the free
water that did not take part in the hydration reaction and the water of
crystallization of the hydrates of alumina cement.

Water of crystallization varies according to the type of hydrate formed
as shown in table 2.3

Since the hydrates formed differ according to the curing temper-
ature, the hydrate CAH10 (containing a large proportion of water of
crystallization) forms in large amounts during the winter season, and
C3AH6 (containing comparatively low water of crystallization) forms
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Hydrate Water of crystallization [wt.%]

CAH10 53.3

C2AH8 40.3

C3AH6 28.6

AH3 34.6

Table 2.3: The hydrates of alumina cement and their water of crystallization.

after curing at a high temperature or after conversion. The water of
crystallization in C3AH6 is almost half of that in CAH10.

Thus, for the same quantity of water added, free water and hydrates
present in hardened castable refractories vary according to the curing
temperature. Considering the changes in the texture according to the
curing temperature, the dehydration mechanism for free water will be
complex, but this free water loss process will enter a decelerated drying
stage immediately after removal of molds or forms. Water of crystalliza-
tion of the various alumina cement hydrates is lost between 100◦C and
550◦C. In refractory castables installed during the cold season, however,
the water of crystallization is mostly lost at a low temperature range
of 100◦C to 200◦C, because the hydrates formed at a low temperature
mainly consist of CAH10 and/or C2AH8.

After installation, internal vapour pressure in a castable refractory
mass will rise considerably depending on the heating-up rate during
drying and the permeability of the castable. Sometimes C4A3H3 forms
through a hydrothermal reaction under such pressurized conditions.



Chapter 3

Description of the Drying
Process

3.1 Introduction

The process of drying is mainly subdivided in two steps:

• Transformation of liquid water in vapour by evaporation.

• Draw off of the vapour by means of diffusion and convection.

To better understand the complicate phenomena happening during dry-
ing, various processes happening are analyzed separately.

3.2 Description

3.2.1 Capillary conduction processes

Refractory concrete is considered as a capillary-porous material. For
this reason the capillary processes play a fundamental role in transport
processes. Dry capillary-porous material have the characteristic to ad-
sorb water like a sponge. This property is more evident the thinner
the capillaries are. In the reverse process, the desorption, the capillary
forces also cause a transport of liquid.

13
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In porous materials pores of different sizes are interconnected. If the
water that occupies the space of the small pores evaporates, the same
amount of water is sucked from the bigger pores (where capillary forces
are much smaller). This process goes on until in the bigger pores the
adhesion forces start to retain the water. Obviously, during this process
the water inside the big pores, other than be transported, evaporates
as well. When the adhesive forces don’t permit the transport of water,
the only process that drives the phenomenon is evaporation. What is
possible to observe from the results showed in the next chapters, is that
the drying process is characterized by a front. What will be seen is that,
the material is divided in two parts, separated by the front: a dried one
and a wet one.

While drying proceeds the drying speed becomes ”smaller”; this
is due to the fact that the path of the vapour to go off the material
becomes longer and longer as the front proceeds. The consequence of
this phenomenon is that the resistance against diffusion and convection
increases.

3.2.2 Vapour pressure

Vapour pressure in materials with high moisture content equals the
saturated vapour pressure.

In materials with lower moisture content, equilibrium vapour pres-
sure is considerably lower. Vapour pressure is influenced by two factors:
temperature and capillary forces. Cause of this last contribute, at the
same temperature, the drying process could proceed much more slowly.

During drying, towards the temperature gradient, vapour pressure
builds up in the pores (all this phenomena will be explained clearly
in chapter 11 where the physical interpretation is carried out). In big
capillaries these pressures may equal the saturated vapour pressure, but
normally they are a bit lower.

Now, to permit a vapour flow from the pores to the material surface,
a pressure gradient against the temperature gradient has to be present
and, more exactly, the maximum vapour pressure must be present upon
the water meniscus. If the flow is hindered or if the capillary counter-
pressure is lower than the vapour pressure, the flow goes in the opposite
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direction. This process is facilitated by the fact that water viscosity
becomes lower with increasing temperature.

3.2.3 Evaporation and condensation

Water goes from the liquid to the vapour phase by evaporation. De-
pending on the fact that the boiling point has been reached or not, two
kinds of evaporation are possible.

If the boiling point has not been reached, the drying process pro-
ceeds very slowly independently from the pressure outside and by every
temperature. In this case the evaporated water flows away by diffusion.

If the boiling point has been reached, vapour bubbles are present.
The boiling temperature depends upon the pressure outside also on cap-
illary forces. The evaporated water goes away also by convection. If a
liquid phase is heated, its temperature raises only until the boiling point
is reached. When this point has been reached, temperature doesn’t raise
any more, because heat is used to carry on evaporation.

The heat used to evaporate liquid water is ”latently” stored in the
vapour and is freed by condensation. Condensation also depends on
temperature and capillary forces. That is why condensation happens
when the saturated vapor pressure is exceeded. The heat used for evap-
oration equals the heat used for condensation.





Chapter 4

Important Concepts
Regarding Porous Media

4.1 Capillary pressure

When two immiscible fluids coexist within the void space of a medium,
a discontinuity in pressure exists at the interface between the two fluids.
This pressure difference, termed the capillary pressure, is defined as:

pc = pn − pw, (4.1)

where pw and pnw are respectively the pressures in the wetting and
non-wetting phases. In general, the wetting phase is determined by
the contact angle of the fluid-solid interface. If the fluid has a contact
angle less than 90◦, then it will preferentially wet the solid surface. In
considering a liquid-gas system, the liquid will in most cases be the
wetting phase.

The interfacial tension that exists at the boundary between the two
immiscible fluid phases results in a curvature of the interfacial surface.
The dependence of capillary pressure on this curvature is defined by
Laplace’s equation:

pc = γ(
1

R1

+
1

R1

) (4.2)

where γ is the interfacial tension between the two phases, and R1 and
R2 are the principal radii of curvature of the surface.
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Under static equilibrium, the capillary and gravitational potentials
can be equated.

The hydrostatic pressure ph can be written as:

Ph = ∆ρgh (4.3)

where ∆ρ is the difference in density between the two phases, and h is
the hydrostatic head (height above the free liquid surface).

The curvature at the interface between the two phases is dependent
upon several factors, including pore size and geometry, wettability of the
medium, saturations of the respective phases and the manner in which
saturation is obtained. Using eqs. 4.2 and 4.3, Leverett developed a
semi-empirical relationship between the mean interfacial curvature and
saturation, defined as:

J(S) =
∆ρgh

γ
(
K

ε
)

1
2 . (4.4)

This dimensionless parameter, referred to here as the ’dimensionless
capillary pressure function’ or ’Leverett function’, was supported by
data obtained for a number of clean unconsolidated sands, in which
water was used as the wetting fluid. In reference to eq. 4.4, the term
∆ρgh

γ
represents the mean interfacial curvature and (K

ε
)

1
2 can be shown,

from the Poiseuille and Darcy equations, to be equal to the ’average
pore radius’ of the medium. Rose and Bruce have modified eq. 4.4 by
including a dependence upon wettability as:

J(S)′ =
∆ρgh

γ cos φ
(
K

ε
)

1
2 , (4.5)

where φ is the contact angle. The presence of the cos φ term in the
denominator of eq. 4.5 can be derived through analogy with a capillary
tube, and is often referred to as the capillary tube model. For a capillary
tube of radius rc, combining eqs. 4.2 and 4.3 gives:

∆ρgh =
2γ cos φ

r
(4.6)

where h is the liquid height in the tube.
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Probably the most well-known correlation specifying the behavior of
capillarity in porous solids is that presented by Leverett (1941). Lev-
erett developed a semi-empirical relation correlating capillary pressure
and saturation data for clean unconsolidated sands of various perme-
ability and porosity. The saturation data used in this development were
obtained under both imbibition and drainage conditions, using water as
the wetting liquid. Leverett plotted the saturation data against a ’di-
mensionless capillary pressure function’. This function was determined
by physical parameters including densities of the wetting phase (wa-
ter) and the non-wetting phase (air), interfacial tension, gravitational
acceleration, and sand porosity and permeability. In doing this, Le-
verett found that the saturation data fell satisfactorily along one of two
curves, depending on whether saturations were obtained under imbibi-
tion or drainage conditions. Example J-Curves are shown in figures 4.1
and 4.2.

Figure 4.1: Imbibition J-curves for three liquids.
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Figure 4.2: J-Curves for imbibition experiments using ethanol.

4.2 Equilibrium moisture content

The moisture content of a wet solid in equilibrium with air of given hu-
midity and temperature is called equilibrium moisture content (EMC).
A plot of EMC at a given temperature versus the relative humidity is
termed sorption isotherm. An isotherm obtained by exposing the solid
to air of increasing humidity gives the adsorption isotherm. That ob-
tained by exposing the solid to air of decreasing humidity is known as
the desorption isotherm. Clearly, the latter is of interest in drying as
the moisture content of the solids progressively decreases. Most drying
materials display hysteresis in that the two isotherms are not identical.

Figure 4.3 shows the general shape of the typical sorption isotherms.
They are characterized by three zones, A,B and C, which are indicative
of different water binding mechanisms at individual sites on the solid
matrix. In region A, water is tightly bound to the sites and is unavailable
for reaction. In this region, there is essentially monolayer adsorption
of water vapour and no distinction exists between the adsorption and
desorption isotherms. In region B, the water is more loosely bound.
The vapour pressure depression below the equilibrium vapour pressure
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Figure 4.3: Typical sorption isotherms.

of water at the same temperature is due to its confinement in smaller
capillaries.

Within a porous medium, usually equilibrium between a liquid and
its vapour is assumed. Locally, within a pore, the partial pressure of
the vapour, which is in equilibrium with the liquid, depends on the
curvature of the liquid - (vapour containing) gas interface.

The relationship between the equilibrium vapour pressure and the
saturation, is determined by the expression given by Kelvin-Whitaker
(1977):

pV,eq = psat exp

( −2 σ

rc(s) ρLRV T

)
. (4.7)

Water in region C is even more loosely held in larger capillaries. It is
available for reactions and as a solvent.





Part II

Mathematical Model
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Chapter 5

Basic Assumptions

5.1 Introduction

In the model presented, concrete is considered a continuous material,
with transport properties depending on the local composition and ther-
modynamical state. In the following sections some fundamental as-
sumptions on the system are discussed.

5.2 The continuum approach

Concrete is a material whose domain is occupied by a persistent solid
phase, called the solid matrix. The remaining part, called the void
space, is occupied either by a single fluid phase, or by a number of fluid
phases, e.g., gas, water, etc... In the latter case, each phase occupies a
distinct separate portion of the void space.

A phase is defined as a chemically homogeneous portion of a system
under consideration, that is separated from other such portions by a
definite physical boundary (interface). There can be only one gaseous
phase in a system, as all gaseous phases are completely miscible and do
not maintain a distinct boundary between them.

An important characteristic of a porous material domain is that the
solid phase (and, hence, also the void space) is distributed throughout
it. That means that if sufficiently large samples of the porous material
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at different locations are taken, a solid phase in each of them is found.
It is obvious that the size of the samples should be small enough so
as to represent a sufficiently close neighborhood around the point of
sampling. The volume of a sample that satisfies these conditions is
called RepresentativeElementaryV olume (REV).

The transport of a considered extensive quantity (e.g., mass, mo-
mentum and energy) of a phase in a porous medium domain may take
place through a single (fluid or solid) phase, through some of the phases
present in the domain (possibly including the solid phase), or through
all of them.

In the first case, at least part of the domain occupied by that phase
must be connected. In the last two cases, a transfer of the considered
extensive quantity may take place across the (microscopic) interphase
boundaries separating the phases through which the transport occurs.

With the above considerations in mind, and for the purpose of this
thesis, a Porous Material is a multiphase material body characterized
by the following features:

• A REV can be determined, such that no matter where it is placed
in the domain, it will always contain both a persistent solid phase
and a void space.

• The size of the REV is such that parameters that represent the
distribution of the void space and of the solid matrix within it
don’t vary with direction. In that case the porous medium is said
to be isotropic.

5.3 The need for a continuum approach

The continuum approach is useful in treating problems related to mul-
tiphase systems, such as a porous material, where the various phases
are separated from each other by abrupt interfaces.

Accordingly, the real system, consisting of two, or more phases,
that together completely occupy disjoint subdomains within a porous
medium domain, is replaced by a model in which each of the phases is
assumed to behave as a continuum that fills up the entire domain. For



CHAPTER 5. BASIC ASSUMPTIONS 27

each point inside the macroscopic space, average values of phase vari-
ables are taken over elementary volumes (EV), centered at the point.
The averages are referred to as macroscopic values of the considered
variables. By traversing the entire porous medium domain with a mov-
ing EV, thus assigning averaged values to every point, we obtain fields
of macroscopic variables which are differentiable functions of the space
coordinates.

The advantages of the continuum model of a porous medium are:

• It circumvents the need to specify the exact configuration of the
interphase boundaries, acquiring the knowledge of which is an
infeasible task anyway.

• It describes processes occurring in porous media in terms of dif-
ferentiable quantities, thus enabling the solution of problems by
employing methods of mathematical analysis.

• The macroscopic quantities mentioned above are measurable, and
can therefore be useful in solving field problems of practical inter-
est.

Central to the derivation of the governing equations is the existence
of a REV for the considered domain of analysis. In the present study it
is assumed that an REV exists.





Chapter 6

Balance Equations and
Physical Properties

6.1 Introduction

The simulation model for the coupled heat and water transport in con-
crete during the drying process includes three different mass balance
equations (one for the liquid water, one for the water vapour and one
for dry air) as well as an energy balance.

The liquid water movement is modelled by means of its balance
equation.

The water vapour movement is modelled considering the dependence
of the vapour pressure on temperature and the decrease of vapour pres-
sure with capillary pressure of the liquid water. The movement of the
gaseous phase as a whole is due mainly to liquid water displacement
and change of gas density with temperature.

The energy balance equation considers conductive and convective
heat fluxes inside the porous matrix.

The mathematical formulation developed to describe heat and mass
transfer in concrete is based on the averaging of the quantities over a
representative elementary volume (REV). The volumetric fraction of
each phase composing a REV with volume V is defined as:

εi =
Vi

V
i = S, L, G (6.1)
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where the subscripts S, L, G indicate solid,liquid and gaseous phase,
respectively. Vi is the volume of the phase i. The average of an arbitrary
quantity, φ, over a REV is defined as:

φ =
1

V

∫

V

φ dV. (6.2)

The volumetric fractions for the solid, liquid and gaseous phase are
linked by the volumetric constraints:

εS + εL + εG = 1. (6.3)

The following effects had to be modelled:

• The transport of mass (liquid water, water vapour and air) and
energy.

• The phase changes: evaporation and dehydration.

Shrinkage of concrete associated with drying is present only at a later
stage of drying, when more tightly bound water is removed. When it
occurs, the influence of solid phase deformation upon mass flow is small,
and, shrinkage or deformations of the solid phase, respectively, and
mass transfer through pores can be treated as two uncoupled processes.
Therefore, it can be assumed that drying influences shrinkage but the
influence of shrinkage upon drying is negligible.

Changes of pore structure due to hydration, which takes place af-
ter drying starts, have minimal influence upon the process, and conse-
quently are also neglected in the present model. Under these circum-
stances, the solid phase can be considered as a fixed rigid frame in space
in mass transfer calculation.

6.2 Conservation equations

6.2.1 Free water conservation equation

Water exists in the model in three forms: fluid, gaseous and chemically
bonded.
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The liquid water movement can be described through the mass conser-
vation equation of the free water given as:

∂(ρLεL + ρV εG)

∂t
+∇•(ρLuL + ρV uV ) = mB (6.4)

where:

mB =
∑

i

mb,i (6.5)

mb,i is the density of chemical bonded water in the phase i, ρL is the
density of the liquid phase which is assumed as constant, ρG the density
of the water vapour. uL and uV are the velocities of the liquid phase
and the water vapour. The first term is the rate of change of free water
in a unit cell and the second term is the amount of water transported by
this unit cell. The source term mB is the amount of water that changes
from the bonded to the free phase per volume and time unit.

6.2.2 Water vapour conservation equation

The mass balance equation for water vapour is expressed through:

∂(ρV εG)

∂t
+∇•(ρV uV ) = mL (6.6)

ρV and uV are the density and the velocity of the air.

The source term mL is the density of water that changes from the
fluid to the gaseous phase per volume and time unit.

Handling Evaporation Source Term

In the equation:
pV

psat

= exp

( −2 σ

rc(s) ρLRV T

)
(6.7)

pV represents the equilibrium partial pressure of the vapour:

pV → pV,eq (6.8)
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and the above states (in a modified form):

pV,eq = psat exp

( −2 σ

rc(s) ρLRV T

)
. (6.9)

One of the key-points of the reformulation of the equations is that
the difference between the equilibrium and current value provides the
mass source/sink of the water vapour.

In order to create the correct units, the potential in terms of partial
pressure differences needs to be converted into mass source per unit
volume:

δpV = pV,eq − pV . (6.10)

The mass source term in this context is poorly conditioned: it is
sufficient to consider a situation where the flow carries away the vapour
with high velocity and the ”equilibrium cannot be reached”.

It also must be considered, that the evaporation mass source requires
an energy source to satisfy the latent heat of evaporation qW , where the
available energy limits the amount of evaporation. This represents a
coupling issue with the energy equation.

At this stage, an evaporation time-scale tE is introduced, which de-
termines how long it takes for pV to reach psat.

Using Eqn. (6.10), the equation of state for water vapour and the
evaporation scale tE gives an expression for the vapour mass source:

mL =
pV,eq − pV

RV T tE
(6.11)

Estimating the Evaporation Time-Scale Thermodynamically, evap-
oration of mL of liquid water requires qW mL of energy. Total energy
available in a control volume for this operation, assuming the tempera-
ture drop of ∆T is:

e = ρcP ∆T. (6.12)

Therefore the time-scale tE for Eqn. (6.11) can be estimated as:

min(tE) =
qW mL

ρcP ∆T
. (6.13)

In reality, the value of tE will have minimal effects on the results,
but it is required for realistic physical behavior and stable numerical
implementation.
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6.2.3 Air conservation equation

The movement of air is described by:

∂(ρAεG)

∂t
+∇•(ρAuA) = 0 (6.14)

ρA and uA are the density and the velocity of the air.

CONCLUDING REMARKS : The conservation equation for only
fluid water can be derived from the previous equations by subtraction
and therefore it is redundant.

6.2.4 Energy conservation equation

The transport of energy, formulated in terms of temperature, is de-
scribed by:

ρT cp,T
∂T

∂t
+∇•(cp,LρLuLT ) +∇•(cp,V ρV uV T ) +∇•(cp,AρAuAT )

−∇•(λeff∇T ) = qW mL + qB.
(6.15)

This equation incorporates transports of energy by convection and con-
duction. ρT is the summed heat capacity and equals: ρT = εSρS +
εLρL + εGρG.

λeff is the averaged thermal conductivity and is taken as suggested
by Becker and Katz (1990); it varies linearly from 1.8 to 2.2 for the
saturation range of 0 to 100 %, respectively. qW and qB are the specific
heats of evaporation and dehydration.

6.2.5 Bonded phase equations

Introduction

The density of chemical bonded water in the phase i is given by the
variable bi. This form of description of the various phases is given
because in the model, the water in the bonded phases is of interest.
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The bonded water is modelled by an ordinary differential equation for
every phase on every point. These differential equations are coupled:

∂bi

∂t
= −bisi(T ) +

∑

j 6=i

aijbjsj(T ). (6.16)

Coupling comes from the dehydrated water source:

mb,i =
∂bi

∂t
. (6.17)

The change of the phase bi is equal to the amount of water removed
from the bonded phase by the reaction plus the amount of water added
to the phase by other reactions. aij is the amount of water transferred
from the bonded phase j to phase i. The function si(T ) describes the
reaction speed. It is expressed by an Arrhenius-type function.

Developments

Chemical reactions considered:

3 C1 → C2 + 2 C3 + 9 H (6.18)

C2 → AH + 2 H (6.19)

15 C3 → 2 C12A7 + C2 + 21CH + 66H (6.20)
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Shorthand for the species:

Symbol Specie composition Molecular mass M [kg/ mol]

A Al2O3 102
C CaO 56
H H2O 18
C1 C2AH8 358
C2 AH3 156
C3 C3AH6 378

Reviewed reaction rate equations:

∂C1

∂t
= −3b1S1 +

2

3
b2S2 +

44

15
b3S3 +

4

45
b2S2 (6.21)

∂C2

∂t
= −2b2S2 (6.22)

∂C3

∂t
= −22

5
b3S3 +

2

15
b2S2. (6.23)

Where in Eqn. (6.21) the second and fourth terms of the right hand
side are related to the water released by Eqn. (6.19) and Eqn. (6.20)
(this last one because of the production of AH3). Since the reaction
described in Eqn. (6.20) happens at different temperature respect to the
reaction in Eqn. (6.19) (higher temperatures), the contribution of water
represented by the fourth term in Eqn. (6.21) has not to be considered
(because at that range of temperature AH3 doesn’t dehydrate). Finally
the equation for ∂C1

∂t
that we should consider is:

∂C1

∂t
= −3b1S1 +

2

3
b2S2 +

44

15
b3S3. (6.24)

Regarding the bi terms, bi is the amount of water stored in the bound
water phase i: if from 1 kg of phase 1 (C2AH8 for example) 0.3 kg water
will be set free and the density of phase 1 is for instance 30 then bi is 9.
The densities of the phases C1, C2 and C3 are respectively 1950, 2420
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and 2520; the water lost during the process corresponds to 15, 20 and
22%.

Considering, for instance, 1 for each phase, b1, b2 and b3 corresponds
to 292.5, 484 and 504 respectively. The speed of reaction is given by
the Arrhenius law:

Si(T ) = Aexp

(−Ei

RT

)
. (6.25)

Water mass production:

mb,1 =
∂C1

∂t
(6.26)

mb,2 =
∂C2

∂t
(6.27)

mb,3 =
∂C3

∂t
. (6.28)

Total water production by reactions:

mB =
∑

i

mb,i = mb,1 + mb,2 + mb,3. (6.29)

Total heat consumption by reactions:

qB =
∑

i

qH,i mb,i. (6.30)

Missing data:

• Initial concentration of species C1, C2, C3 (molar fractions)

• Reaction speed coefficients: E1, E2, E3

• Heat release rates: qH,1, qH,2, qH,3

This formulation allows an arbitrary amount of bonded phases de-
pending on the chemistry of the modelled material.
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6.3 Comments on the equations

All the equations above discussed are taken from various reports (see
bibliography) that treated similar problems. When the system was im-
plemented for the first time a strange behavior in form of wiggles was
noticed, regarding the air and vapour pressure graphs. The problem
was traced not in the implementation but in some missing terms in the
original equations that will be discussed now.

Liquid water content Considering the equation for mL, either in
the form in the original paper:

mL =
∂(ρV εG)

∂t
+∇•(ρV •uV ),

where pV is obtained from the equilibrium equation, or after the
addition of inertia:

mL =
(pV,eq − pV )ψV

tE
.

In both cases, there is no mention of how much liquid water there is
left. Therefore, liquid water will continue to evaporate even when there
is none left, which drives εL negative and is wrong anyway! Therefore
the mL term has been changed to make sure it goes to zero when εL

goes to zero.

Liquid water conservation equation For liquid water, the velo-
cities come from the vapour and capillary pressure, which is fine. The
liquid water equation says:

∂ρLεL

∂t
+∇•ρLuL = mb −mL

.
As uL comes from the outside, the water velocity does not go to zero

when εL goes to zero, i.e. there is water transport even when there’s
no water left! Again, this is wrong and will produce negative εL. The
equation should read:
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∂ρLεL

∂t
+∇•ρLεLuL = mb −mL

and now it is fine! It shall be noticed that both forms are dimen-
sionally correct because εL is dimensionless.

6.4 Physical properties

The basic property of alumina cements is their great resistance to com-
pression, that exceeds largely ordinary cements. This is achieved thanks
to their low porosity. Nevertheless this low porosity causes problems
when exposing this cements to high temperatures (∼ 1400◦C). At that
conditions there is a reduction of the diffusive and transport character-
istics of the material, causing high internal pressures.

In order to understand the behavior of the material in such condi-
tions, it is important to make the material properties function of pres-
sure and temperature.

As it will be shown later the file brickProperties.H contains the
material properties of the solid and fluids (air and vapour). The ther-
mophysical model is constructed as a pressure-temperature system from
which the properties are computed. The dependence of the various
variables on temperature is obtained by internal libraries of the pro-
gramming code based on Sutherland’s formulas and Janaf tables and
since their discussion goes beyond the purpose of this thesis the details
will not be discussed.



Chapter 7

Boundary Conditions

It is assumed that total flow of water happens only in the vapour phase.
This assumption is based on the fact that it has been shown that velocity
of the liquid water are of the order of 10−8m/s, that is a negligible value.

The total flow of water is:

n̂•JW = n̂•JV = βρV ln

(
1− xv∞
1− xv

)
. (7.1)

JW is the total flow of water which is equal to the flow of vapour JV .
n̂ is the outward pointing unit vector at the boundary. xv and xv∞ are
the concentrations of water vapour in the gas phase inside and outside
of the boundary. β is the mass transfer coefficient.

Energy leaves the model via heat transmission and convection:

n̂•JE = α(T − T∞) + cp,V TβρV ln

(
1− xv∞
1− xv

)
. (7.2)

Here JE is the total flow of energy, α is the heat transfer coefficient and
T∞ is the temperature on the outside. The boundary conditions for the
air is that on the outside. The total gas pressure pG is the atmospheric
pressure. According to Dalton’s law:

pG = pV + pA = patm. (7.3)
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Implementation
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Chapter 8

Introduction to OpenFOAM

8.1 Object-Oriented techniques

Object-oriented (OO) techniques have proven to be a good tool for
software design and development. There are many object-oriented lan-
guages. Popular examples are Smalltalk and C++. C++ was intro-
duced by Stroustrup in 1985 and it has been strongly inspired by Simula.
Although OO software design has been used for a long time, it is only in
the last ten years becoming popular in the field of numerical simulation.
One reason is the bad reputation object oriented languages had in terms
of computational efficiency. With the availability of parametrized types
(templates) in C++, OO techniques become more and more accepted in
the numerical community. Templates enable the programmer to use a
clean and OO design without the performance problems experienced so
far. This chapter tries to introduce the OO paradigm. It is not meant to
be a comprehensive explanation of OO techniques. More details can be
found in literature. The application of those techniques to finite-volume
simulation software shall be sketched.

Templates, as already mentioned above, had a very strong influence
on the design of numerical software. Some of the techniques which can
be used to overcome efficiency drawbacks shall be described in brief.
The introduction is, however, a little biased towards the C++ language,
because this is the programming language which has been used to code
the finite volume library used.
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OO design models things (objects) from the real world with appro-
priate computer-understandable descriptions. One of the major diffe-
rences of OO programming versus classical programming is the unifi-
cation of data structures and functionality. Consider, as an example,
graphical primitives of a drawing program. This could be circles, lines,
squares or other graphical objects. All these objects have things in
common. For instance they have a position, and they can be moved.
A classical program would define appropriate data structures to store
those objects. Then functions could be defined to operate on the data
structures and for example move a circle from one position to another.

In an OO approach data and functionality would be combined. This
means a graphical object might have a data-structure to store its posi-
tion. Furthermore it does ”know” how to move itself. The exact defi-
nition of an OO language is a matter that is discussed elsewhere, but
Bjarne Stroustrup suggests that an OO approach is one that involves
abstraction, inheritance and polymorphism.

Abstraction is the ability to represent conceptual constructs in the
program and to hide details behind an interface. This is achieved by al-
lowing the programmer to create classes to represent conceptual objects
in the code, classes that encapsulate, i.e., contain and protect, the data
that make up the object. Member functions are provided that permit
limited, well-defined access to the encapsulated data. Thus it is possible
to create data types that represent tensor fields and typical terms in the
equations constructed to behave like their mathematical counterparts,
hiding the numerical details of the implementation by encapsulation.
The class interface is designed to resemble standard mathematical no-
tation, as seen below, while the implementation is not relevant at this
level.

Inheritance enables relationships between the various classes to be
expressed, representing commonality between different classes of objects
by class extension. By doing this existing class can be given new beha-
vior without the necessity of modifying the existing class. For example,
this can be used to construct a complicated mathematical class by ex-
tending base classes that express simpler mathematical objects. A class
representing the algebraic structure of a ring could thus be derived from
a pre-existing group class by adding the concept of multiplication.
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Polymorphism is the ability to provide the same interface to objects
with different implementations, thus representing a conceptual equiva-
lence between classes that in practical terms have to be coded differ-
ently. Examples of this in OpenFOAM include the implementation of
boundary conditions.

C++ is a good programming language for scientific work. Its au-
thor, Bjarne Stroustrup, intended it to support a range of programming
styles, and so he incorporated a number of conceptual tools, not all of
which are strictly object-based. In particular, C++ implements oper-
ator overloading, which is essential in order to construct an interface
that resembles standard mathematical notation. Moreover it is widely
available on all platforms and, being based on C, is fast. Recent studies
indicate no significant difference in performance between Fortran and
the C group of languages.

8.2 Design of an OO/FV library

In the last years an OO numerical library (OpenFOAM) has been de-
veloped. The main objective was to gather work, which would be done
in different projects, into a single piece of software. This should enable
people to share the benefits of new developments. Many numerical tech-
niques can be applied to different problems. A computational grid, for
example, is needed by almost all sorts of numerical applications.

The software design has to fulfill several design criteria:

• a reliable programming interface

• reasonable efficiency

• maximal reuse-ability of components

• extendible

• customizable to various problems.

To find a stable programming interface is not a trivial task. By
talking about a ’reasonable’ efficiency it is meant, that a tradeoff had
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to be found between a clear and OO structure and plain performance
aspects. A good compromise is achieved by using the C++ program-
ming mechanisms. The main objective of the FV library is to be a
flexible toolbox. Therefore computational efficiency is not the single
most important design objective, although it is an important point, of
course.

Another main criterion is, that new physical problems can be tackled
quickly. For this reason it seems reasonable to make minor concessions
in terms of CPU efficiency. One option is of course to highly optimize
critical parts of the program, without altering the programming inter-
face for new developments. The final design offers both, optimizable
code and a flexible interface. Furthermore it gives programmers the op-
portunity to hand-optimize critical parts, without effecting the overall
software structure. Thus new developments can be prototyped quickly
and computational efficiency would already be good. If, however, a mo-
dule becomes very frequently used, the effort to hand-optimize might
pay off. Basically the library consists of three levels:

1. the actual application (run by an end-user)

2. an interpreted control language

3. the underlying C++ class library.

There is a number of interfaces-files and classes available which e-
nable users to interactively run and test numerical applications. The
intermediate layer of a control language offers the flexibility to customize
the simulation runs.

8.3 Presentation of OpenFOAM

In this section the principles of the field operation and manipulation
(OpenFOAM) C++ class library for continuum mechanics are outlined.

As stated above OO techniques enable the creation of data types
that closely mimic those of continuum mechanics, and the operator
overloading possible in C++ allows normal mathematical symbols to
be used for the basic operations.
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8.3.1 Introduction

Computational continuum mechanics (CCM) is the simulation of con-
tinua using computers.

Fluid dynamics is a significant branch of continuum mechanics and
covers a variety of cases, including compressible, incompressible, multi-
phase, and free-surface flows, as well as flows involving further physics
such as chemical reactions, species transport, phase changes, and elec-
tromagnetic effects.

All these flows can be described by systems of linked partial differ-
ential equations of the form:

∂ρQ

∂t
+∇•(ρU⊗Q)−∇•ρD∇Q = SpQ + Sq (8.1)

where U is the fluid velocity, ρ its density, and Q is any tensor-
valued property of the flow. These equations involve time derivatives
(∂ρQ

∂t
), convective terms [∇•(ρU⊗Q)], diffusive terms (∇•ρD∇Q), and

source terms (SpQ and Sq).

The approach with OpenFOAM has culminated in the creation of the
OpenFOAM C++ class library for CCM. The C++ class library makes
it possible to implement complicated mathematical and physical models
as high-level mathematical expressions. This is facilitated by making
the high levels of the code resemble as closely as possible standard vector
and tensor notation.

In this approach the tensorial fields Q=ρ, U, etc., which represent
the state of the system of interest, are considered as the solution of a
set of partial differential equations (PDEs), rather than viewing the pro-
blem as a numerical one in which arrays of floating values are obtained
by inverting matrices. The approach proposed here, which is from the
viewpoint of the tensor calculus, is considered appropriate for the FVM
and is easier to understand from the point of view of the continuum
mechanics. In fact any system of time-dependent PDEs including con-
vection, diffusion and source terms can be handled. In this thesis an
outline of the library is presented and discussed, including some of the
issues involved in the approach to implementing classes for tensor fields
and differential equations.
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8.3.2 Implementation of tensor fields

The majority of fluid dynamics can be described using the tensor calcu-
lus up to rank 2, i.e., scalars, vectors and second rank tensors. Therefore
three basic classes are present in OpenFoam: scalarField, vector-
Field and tensorField. In this thesis code-design issues relating to
the tensor-field interface and the differential operators thereof are dis-
cussed. One of the great advantages of OO is that this division into
interface versus implementation is possible: in theory, it should be pos-
sible to rewrite totally the tensor implementation without affecting the
rest of the library.

These tensor field classes are somewhat different from a mathemati-
cal tensor field in that they contain no positional information; they are
essentially ordered lists of tensors, and so only point-wise operations
(i.e., tensor algebra) can be performed at this level. The operators im-
plemented include addition and subtraction, multiplication by scalars,
formation of various inner products, and the vector and outer products
of vectors. In addition, operations such as taking the trace and determi-
nant of a tensor are included as well as functions to obtain eigenvalues
and eigenvectors; these are not necessarily for solution of fluid systems
but are important for postprocessing the data.

Since C++ implements operator overloading, it is possible to make
the tensor algebra resemble mathematical notation by overloading +,-,*
etc.

The next level of tensors are referred to as ”geometric tensor fields”
and contain the positional information lacking in the previous classes.
Again, there are classes for the three ranks of tensors currently imple-
mented, volScalarField, volVectorField and volTensorField. At
first, the relationship between, for example, scalarField and volScalarField
should be ”isA” i.e., derivation. However, this would allow the compiler
to accept scalarField+volScalarField as an operation, which would
not be appropriate, and so encapsulation is used instead. In addition
to the additional metrical information necessary to perform differenti-
ation, which is contributed by a reference to a ”mesh class” fvMesh,
these classes contain boundary information, previous time steps, neces-
sary for the temporal discretization, and dimension set information. All
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seven base SI dimensions are stored, and all algebraic expressions im-
plemented above this level are dimensionally checked at execution. It is
therefore impossible to execute a dimensionally incorrect expression in
OpenFOAM. This has no significant runtime penalty whatsoever: typi-
cal fields have 104−105 tensors in them, and dimension checking is done
once per field operation. Currently two types of tensor-derivative classes
are implemented in OpenFOAM: finiteVolumeCalculus or fvc, which
performs an explicit evaluation from predetermined data and returns a
geometric tensor field, and finiteVolumeMethod or fvm, which re-
turns a matrix representation of the operation, which can be solved to
advance the dependent variable(s) by a time step.

The fvc class has no private data and merely implements static
member functions that map from one tensor field to another. Use of a
static class in this manner mimics the concept of a namespace which has
recently been introduced in C++, and by implementing the operations
in this manner, a clear distinction is drawn between the data and the
operations on the data. Any OpenFOAM code can be thought of as an
exercise in mapping from one tensor field to another, and it matters little
whether the mapping procedure involves the solution of a differential
equation or not. Very complicated expressions can be built up in this
way with considerable ease.

8.3.3 Implementation of PDE classes

The fvc methods correspond directly to tensor differential operators,
since they map tensor fields to tensor fields.

CCM requires the solution of partial differential equations, which is
accomplished by converting them into systems of difference equations by
linearizing them and applying discretization procedures. The resulting
matrices are inverted using a suitable matrix solver. The differential
operators ∇· ,∇, and ∇× lead to sparse matrices, which for unstruc-
tured meshes have a complex structure requiring indirect addressing and
appropriate solvers. OpenFOAM currently uses the conjugate-gradient
method, with incomplete Cholensky preconditioning (ICCG), to solve
symmetric matrices. For asymmetric matrices the Bi-CGSTAB method
is used. The matrix inversion is implemented using face addressing
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throughout, a method in which elements of the matrix are indexed ac-
cording to which cell face they are associated with. Both transient
and steady-state solutions of the equations systems are obtained by
time-marching, with the time-step being selected to guarantee diagonal
dominance of the matrices, as required by the solvers.

In order that standard mathematical notation can be used to cre-
ate matrix representations of a differential equation, classes of equa-
tion object called fvMatrixScalar, fvMatrixVector etc., are defined
to handle addressing issues, storage allocation, solver choice, and the
solution. These classes store the matrices that represent the equa-
tions. The standard mathematical operators + and - are overloaded
to add and subtract matrix objects. In addition, all the tensorial deriv-
atives ∂

∂t
,∇· ,∇×, etc., are implemented as member functions of the

class finiteVolumeMethod, which construct appropriate matrices u-
sing the finite-volume discretization.

8.3.4 Mesh topology and boundary conditions

Geometric information is contributed to the geometric fields by the class
fvMesh, which consists of a list of vertices, a list of internal cells and
a list of boundary patches (which in turn are lists of cell faces). The
vertices specify the mesh geometry, whereas the topology of any cell
- be it one, two or three dimensional - is specified as an ordered list
of the indices together with a shape primitive describing the relation-
ship between the ordering in the list and the vertices in the shape.
These primitive shapes are defined at runtime, and so the range of
primitive shapes can be extended with ease, although the 3D set tetra-
hedron (four vertices), pyramid (five vertices), prism (six vertices),
and hexahedron (eight vertices) cover most eventualities. In addition,
each n-dimensional primitive shape knows about its decomposition into
(n−1)-dimensional shapes, which are used in the creation of addressing
lists as, for example, cell-to-cell connectivity.

Boundary conditions are regarded as an integral part of the field
rather than as an added extra. fvMesh incorporates a set of patches
that define the exterior boundary of the domain. Every patch carries a
boundary condition, which is dealt with by every fvm operator in an
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appropriate manner. Different classes of patch treat calculated, fixed
value, fixed gradient, zero gradient, symmetry, cyclic and other bound-
ary conditions, all of which are derived from a base class patchField.
All boundary conditions have to provide the same types of information,
that is, that they have the same interface but different implementa-
tions. This is therefore a good example of polymorphism within the
code. From these basic elements, boundaries suitable for inlets, outlets,
walls, etc., can be devised for each specific situation.





Chapter 9

Code Design - First part

9.1 Basic concepts of C++ and file organ-

isation

9.1.1 Basics

The main idea of C++ and OO is that it is possible to define own types,
the CLASSes, which will do the things we want them to do. The user
can then create an object of this type and ask it to do things for him
without knowing how to do it. For example:

class square {

public:

square(const scalar size); // This is called a constructor

void draw(); // This is called a member function

};

This defines a new type. If a square is needed, an object of this type
must be constructed:

53
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square mySquare(4.73);

For drawing it, the following syntax is used:

mySquare.draw();

It shall be pointed out that ”Square” is a class, and ”mySquare” is
an object (of that class). The point is that from the outside it doesn’t
matter how square draws itself and from the inside only how ”Square”
draws itself must be considered, what the size is etc.

In all classes there are two parts: the public part (visible to people
who want to use the object) and the private part (for own use inside the
class, in order to execute the functions in the public part). Therefore:

class square { public:

square(const scalar size);

void draw();

private:

scalar size; // This is called private data

};

and nobody outside of class ”Square” can see the private data size,
but the function

draw()

can. This is called encapsulation.
The line:
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square(const scalar size);

is called a constructor, i.e. this is how an object of class square is
made.

In the code of this thesis there are several classes shown later. The
easiest one is brickState.

It takes a number of parameters in its constructor and it has got a
lot of member functions. Also, it has got some private data and private
functions. In order to use it, an object of the class brickState has to
be made, so, in the main code:

brickState brick(pV, pA, epsilonL, T);

has to be written.
Now:

brick.Uvapour();

and similar can be used, which does the work inside of ”brick-
State::Uvapour()”, etc.
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9.2 Description of classes defining the state

of the material

9.2.1 brickProperties.H

At the lowest level the thermodynamic and transport properties of the
refractory material on a point-by-point basis are implemented in the
brickProperties class. This class holds material properties tables for
liquid water, water vapour and air. To calculate liquid water prop-
erties NSRDS functions are used. For gasses the JANAF tables with
Sutherland transport formulas are used together with the perfect gas
hypothesis.

The properties of liquid water, water vapour and air are private
members of this class and used as needed.

The brickProperties class is used inside of the brickState class
to help it do its job.

9.2.2 brickState.H

The second level in the code hierarchy is the brickState class. It holds
reference to the fields describing the thermodynamic state of the ma-
terial: volumetric fraction of liquid water εL, partial pressure of water
vapour pV , partial pressure of dry air pA and temperature.

Based on the four primitive variables: vapour pressure pV , air pres-
sure pA, liquid volume fraction εL and temperature T , it calculates all
other properties, apart from transport equations.

Some properties that can be user-controlled are read in from a spe-
cific external file. The above fields are updated by calling the correct()
member function. Other transport properties will be recalculated on de-
mand from the current state and auxiliary variables.

The class brickState internally creates a private data called

brick_
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of the type brickProperties and it can be used inside of the brick-
State class.

phiSolid_

is also an example of such a thing. It gets set, read from a dictionary,
in the brickState constructor, and then can be used.

Since

Foam::dimensionedScalar Foam::brickState::phiSolid() const

is a member function of brickState class, it can see and use the
private data

phiSolid_.

9.3 Chemistry

The brickChemistry.H class is a virtual base class showing what
chemistry does. The number of reactions involved (max 3) is chosen
in a specific external file. Each available chemistry reaction will have
its own dictionary coefficients.

For simplicity also a noReaction.H class is implemented which
doesn’t consider chemistry.

The three reactions are implemented in the threeReaction class.
The private members of this class will be the three species C1, C2 and
C3. The ordinary partial differential equations will be solved with the
function ”correct()”. mb() and qb() will be calculated as required.
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9.4 The main code: brickFoam.C

The top-level code (brickFoam class), implements the set of equations
derived in chapter 6. The system of equations is solved to convergence
in a loop using a segregated solver and updating the non-linear coupling
and recalculating transport properties after every iteration. Once the
desired convergence tolerance is reached, the time-step is completed.

In order to use the variables and functions written in the brickState
class, an object of this class has to be made. This is done by calling a
constructor for brickState:

brickState brick(pV, pA, epsilonL, T);

and now in the main code I can ask it questions like:

brick.epsilonGas();

This calls the function ”brickState::epsilonGas()” in the brickState
class.

The object:

brick

that exists in the main code and

brick_

of brickProperties type, inside of the brickState class, have no-
thing to do with each other:
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brick_

is only visible inside of the brickState class and

brick

is only visible in the main code.
”brick.epsilonGas()” calls the function ”brickState::epsilonGas()” for

the object of type brickState. It has to be noticed that the object ”brick”
sets the parameters, e.g.:

phiSolid_

inside of the class brickState. Therefore, 2 objects of the type brick-
State can be created inside of the main code and they do not see the
private bits of each other, e.g.:

brickState redBrick(....); brickState blueBrick(....);

and

redBrick.Uvapour(); blueBrick.Uvapour();

will, potentially, give two different answers, because the properties
of ”redBrick” may be different than the properties of ”blueBrick, but in
both cases, the code in ”brickState::Uvapour()” is executed, but private
data may be different!

For the rest the top-level code is like a standard main() function,
calling lots of functions etc., so it is auto-explicative.
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// * * * * * * * * * * * * * * * * * * * * * * * * * * //

// Main program:

int main(int argc, char *argv[]) {

for (runTime++; !runTime.end(); runTime++)

{

for (int corrI = 0; corrI < nCorr + 1; corrI++)

{

#include "vapourEqn.H"

#include "liquidEqn.H"

#include "airEqn.H"

#include "tempEqn.H"

// Correct brick state

brick.correct();

}

runTime.write();

}

return 0;

}

// * * * * * * * * * * * * * * * * * * * * * * * * * * //



Chapter 10

Code Design - Second part

10.1 Introduction

In this chapter the main steps of the implementation are discussed. In
particular, referring to the file implementing the main code, the sequence
of the solution strategy is discussed. See also appendices.

10.2 createFields.H

• Creation of the solution variables pA, pV , εL, T .

• Initialization of the above variables referring to the initial condi-
tions specified in a directory.

• Creation of the object ”brick” of the type ”brickState” passing
the solution variables as initialization parameters.

10.3 createFluxes.H

In this file the airflux, the vapourflux and the liquidflux are calculated
by interpolation of the cell-centered values of adjacent cells.
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10.4 brickState.C

As already said above this class takes reference to the state of the brick.
The object ”brick” is achieved by calling the constructor of the class
and passing the initialization parameters pA, pV , εL, T . In doing so the
private variables: pVapour, pAir, epsilonLiquid and T, brick, are initial-
ized to every cell of the domain. Moreover the solid properties, liquid
water properties and local fields of diffusivity and other two variables
needed for the solution, are read in.

10.5 vapourEqn.H

In treating the solution sequence of the equations first the vapour equa-
tion is solved. The file executes the following:

• Update of various variables of the instationary term of the vapour
equation.

• Calculation of the flux field.

• Calculation of the diffusivity.

• Calculation of the equilibrium vapour pressure.

• Limiting the equilibrium vapour pressure for available liquid water
mass.

• Creation of the finite volume matrix.

• Solving of the matrix for the vapour pressure.

• Recalculation of the flux field.

• Calculation of the liquid water sink (= water vapour source). Re-
absorption of liquid water from the vapour phase is not allowed.

• Checking of the boundedness of the air pressure.

• Check evaporation temperature: how low will T go if energy is
used for evaporation.
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10.6 airEqn.H

At this stage the file ”airEqn.H” is executed through this steps needed
for constructing the well posed equation ready for solution :

• Update of various variables of the instationary term of the air
equation.

• Calculation of the flux field.

• Calculation of the diffusivity.

• Creation of the finite volume matrix.

• Solving of the matrix for the air pressure.

• Recalculation of the flux field.

• Checking of the boundedness of the air pressure.

10.7 liquidEqn.H

Now the liquid water equation is treated.

• Update of various variables of the instationary term of the liquid
water equation.

• Creation of the finite volume matrix.

• Solving of the matrix for the air pressure.

• Checking of the boundedness of εL.

10.8 tempEqn.H

The first part of the solution strategy is concluded by solving the equa-
tion for temperature.
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• Update of various variables of the instationary term of the liquid
water equation.

• Creation of the finite volume matrix.

• Solving of the matrix for temperature.

A this point the diffusivity is corrected by means of the function:

brick.correct()

which updates the diffusivity coefficient taking into account the new
values of the solution variables.
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Test Cases
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Chapter 11

1D-Case

11.1 Introduction

The simulations described in this chapter aim at continuously calculat-
ing the air and vapour pressure (pA, pV ), the volume fraction of liquid
water (εL) and temperature (T ) of an infinite wall with a thickness of
20cm, the system is therefore mono-dimensional.

Two kinds of cements are analyzed: a traditional Portland cement
and a high alumina cement.

Referring to the traditional cement, the principal drying mechanisms
are discussed analyzing various simulation runs.

Referring to the high alumina cement the behavior of the model at
variations of: heat transfer coefficient on the surface and on permeability
is treated.

11.2 Traditional cement

The problem is studied for two sets of boundary conditions. On both
sides of the wall, boundary conditions are defined as shown in 7.2.

Referring to [8] and [9] two simulations have been set up considering
the following: in the first case the external temperature is 500K and
in the second case 700K, the heat transfer coefficient is α = 10 for
both simulations, the mass transfer coefficient for vapour and energy
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boundary condition is β = 1, 24 · 105 and the vapour concentration at
infinity xv∞ = 0.012 for both cases. The initial liquid volume fraction
is set to 0.3 and the initial temperature is in each case 300K.

The domain has been divided in 50 cells with a scaling factor of
0.2 towards the external surface and a symmetry plane at 10cm in the
material. The time-step has been chosen to 0.2s with an evaporation
time-scale of the same value.

11.2.1 Drying front generation - vapour pressure

What can be seen in figures 11.1 and 11.2 is that the vapour pressure
rises until a drying front that goes in the material is generated. In this
case the external temperature is set to 500K. The air pressure behaves
quite smoothly in this stage.

In figures 11.3 and 11.4 the same simulation has been done with an
external temperature of 700K.
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Figure 11.1: Air and vapour pressure behavior at 500K corresponding
to: 10min, 40min, 1h20min and 2h.
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Figure 11.2: Air and vapour pressure at 500K at t=3h (left) and drying
front formation at t=3h (right).

For the case at T=500K at t=2h50min, the surface of the wall is dry
and the front begins to penetrate into the material.

For the case at T=700K, the surface will be dry after 50min (see
figure 11.4).

It has to be noticed that, since in the second case the heating tem-
perature is higher, the developed gradient will be higher as well; the
physical consequence will be that in this case the vapour pressure is
higher during the drying process.
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Figure 11.3: Air and vapour pressure behavior at 700K corresponding
to: 10min, 20min, 30min and 40min.
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Figure 11.4: Air and vapour pressure at 700K at t=50min and drying
front formation at t=50min.
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11.2.2 Temperature and liquid volume fraction pro-
files

In order to understand how drying goes on, in this section, the graphs
at 500K with permeability of µ = 10−17 are analyzed.
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Figure 11.5: Liquid volume fraction at t=29h20min.

Physical interpretation

• The brick is heated up, which introduces the energy. The impor-
tant factor is the rate of energy increase, which depends on the
external temperature and the Nusselt number: the higher they
are, the smaller the time-step.

• In the outer part of the brick, the liquid water is gone and a linear
temperature profile is present.

• Because of the latent heat of vaporization, there is a liquid water
front in the brick. In other words, the water evaporates in a 2D
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Figure 11.6: Temperature at t=29h20min.

front (see figure 11.5) that propagates through the brick. Outside
of the front, there’s no water and temperature varies linearly, (see
figure 11.6).

• The temperature inside of the brick is not 100◦ C (when the water
evaporates), because there is a ”mixture” of solid, air, vapour and
water - this gives a non-linear temperature profile.

• Considering the area where water actually evaporates the follow-
ing can be seen: according to the model, the vapour saturation
pressure depends only on temperature, and as the wall gets very
hot, it goes up pretty high. The vapour equation tends very
strongly towards that pressure and interesting phenomena start
happening.

– Vapour cannot leak out immediately, because it is captured
in a porous medium and it leaks out very slowly.

– Vapour is being generated by evaporation.
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– Vapour pressure is so high that it pushes the air out of the
active evaporation zone: as a result, in the evaporation zone,
the air pressure wants to be zero on the outside, see fig. 11.7
on the next side.

– Binary diffusivity effect: it says that if vapour is going out,
that air should go in. This is the convection term in the
vapour and air equations, which, compared to the porous
medium ”diffusion” (Darcy’s law), is actually quite big!

• The air pressure goes to almost zero since the vapour pressure
is very high, because the porous resistance is also very high and
it takes a long time (or large pressure gradient) for the air to
get in. In short: the vapour pressure is high because the local
saturation pressure depends on the temperature (which is high)
and the porous medium has a very high resistance, so it takes lot
of pressure and a long time for the vapour to leak out. A side-
effect is that the vapour generation pushes out the air because
vapour is being generated (evaporation) but the air is not.
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Figure 11.7: Air and Vapour pressures at t=29h20min.

Comments on pressures

What comes out from the graph in figure 11.7 permits to state an im-
portant issue. As stated above, in the dried part of the material, the
high vapour pressure pushes the air out of the cement, causing an air
pressure of 0 bar that means that in this part there is no air.

From the numerical point of view this means that solving the air
equation in this part has theoretically no physical sense, because it
reduces to 0 = 0.

Because of this, the implementation of the code considers a very
small air pressure in order to permit the solution of the system regarding
the air equation.
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11.2.3 Comparisons
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Figure 11.8: Graphs of: temperature, liquid volume fraction, air pres-
sure and vapour pressure at 500K and 700K at t=22h30min.

In this section the graphs of the four solution variables at 500K and
700K are compared at the same time of 22h30min.

Figure 11.8 clearly shows that there is a big difference in the thermic
field between the two temperatures. The two ”noses” in the graph are
positioned in correspondence of the position of the drying front.

The most important fact that has to be pointed out in analyzing this
results is that there is a big difference in the values of vapour pressure.
This underlines the importance of the heating rate in developing a high
vapour pressure field.
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11.3 High alumina cement

In this section two simulations are shown. In the first case the heat
transfer coefficient on the surface is taken constant and permeability
varies; in the second case the material permeability is hold constant
whereas the heat transfer coefficient changes. In this way the influence
of µ and α on the solution variables field is shown.

Again the domain has been divided in 50 cells with a scaling factor
of 0.2 towards the external surface, and a symmetry plane at 10cm in
the material. The initial liquid volume fraction is set to 0.08 and the
initial temperature is in each case 300K.

The time-step has been chosen to 0.2s with an evaporation time-scale
of the same value.

11.3.1 Constant heat transfer coefficient on the sur-
face

The following results show the influence of different permeabilities on
the behavior of liquid volume fraction, temperature, vapour and air
pressure. The heat transfer coefficient on the surface is taken constant
to α = 20.

What clearly comes out from figure 11.9 is that the front at µ = 10−15

always preceeds the front at µ = 10−16. This means that there is a strict
relationship between the permeability of the material and the velocity
of the drying front. The higher the permeability the faster the drying
front.
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Figure 11.9: Graphs of liquid volume fraction at constant heat transfer
coefficient α = 20 at: t=2h, 3h, 4h10min and 5h50min.

11.3.2 Constant permeability

In this part the permeability of the material is taken constant to µ = 10−16.
Figure 11.10 shows the effects of two different values of the heat

transfer coefficient on the surface: α = 10 and α = 20. In analogy
to what has been seen in the previous section, also the heat transfer
coefficient strongly influences the drying speed. A higher heat exchange
rate accelerates the drying of the material.

According to the results, the heat transfer coefficient on the surface
and the permeability strongly influence the behavior of the material
during drying.
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Figure 11.10: Graphs of liquid volume fraction at constant permeability
µ = 20 at: t=2h, 3h, 4h10min and 5h50min.
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3D-Case

12.1 Introduction

The aim of this section is to show that the model works in a 3D case,
as well.

All the comments made for the 1D case are true also for the 3D case,
but in this situation it is easier to show what happens on the physical
level. A very simple geometry has been treated but also a much more
complicated geometry could be considered.

The system is a brick with the edge of 10cm. The mesh is a 10 ×
10×10 structured grid with a scaling factor of 0.2 towards the surfaces.
The time-step and the evaporation scaling factor are set to 1s. Using
this coarse resolution, compared with the previous cases, it is possible
to hit non smooth behaviors of the variable treated: anyway, quite good
results will be shown, even with this resolution. The material treated,
that is the properties of the concrete studied for the 3D case, is that
shown in the previous chapter referring to [9].

The external temperature is set to 700K. The initial liquid volume
fraction is 0.3 and the initial temperature is 300K.
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12.2 Temperature and liquid volume frac-

tion

Figures 12.1 and 12.2 show the temperature and the liquid volume frac-
tion during the process, in particular corresponding to 10, 20, 30 minutes
and 1 hour of heating up. All the observations carried out in the previ-
ous chapter can be reported here; in general no more comments should
be made for the 3D case but here it is possible to observe, in a cubic brick
case, how the temperature and the volume liquid fraction go on. The
figures regarding the εL show clearly the drying front penetrating in the
material: the green region corresponds to the zone where evaporation
occurs, the blue zone is dry while the red one is still wet.

12.3 Vapour pressure and air pressure

Figures 12.3 and 12.4 show how the vapour and air pressures behave
during the process: also in these two cases all that was told regarding
the pressures in the 1D case can be recognized here.



CHAPTER 12. 3D-CASE 83

Figure 12.1: Temperature at (clockwise): t=10min, t=20min, t=30min
and t=1h.
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Figure 12.2: Liquid volume fraction at (clockwise): t=10min, t=20min,
t=30min and t=1h.
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Figure 12.3: Vapour pressure at (clockwise): t=10min, t=20min,
t=30min and t=1h.
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Figure 12.4: Air pressure at (clockwise): t=10min, t=20min, t=30min
and t=1h.



Conclusions

In this work the implementation of a finite volume solver, which permits
to simulate the drying of cement bonded castables, has been carried
out. Starting with the study of porous materials a mathematical model
has been created taking into account various papers treating similar
problems.

The set of balance equations governing the phenomenon has been
expressed in form of four partial differential equations for air, vapour,
liquid and energy, and one ordinary differential equation governing the
chemistry.

The material properties have been taken into account considering the
equation of state of the gasses, the Leverett approach for the capillary
pressure, the Kelvin-Whitaker formula for the equilibrium vapour pres-
sure and the Arrhenius formula describing the kinetics of the chemical
reactions.

For the implementation of the code the open source library Open-
FOAM has been used. Because of the difficulty in the creation of the
code a collaboration with the developer of OpenFOAM, Doct. Hrvoje
Jasak, has been set up. He guided the whole part concerning the coding
of the model. In particular the equations found in the papers were not
correct; so a reformulation has been necessary in order to obtain stable
results.

After the code had been written, there was a stage in which its
sensibility to material parameters and boundary condition variations
has been studied.

Simulation for various materials have been done in 1D and 3D cases.
The results showed very well the mechanisms of the drying process and
the qualitative behavior of the graphs has been very good.
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Concluding, it can be said that the model behaves very well in ex-
plaining the importance of the various parameters on the whole drying
process.

An experimental validation has not been carried out due to prob-
lems that occurred during the setting up of an experiment and on the
unavailability of data in literature.

The future developments that are possible are the following:

• Reformulation of the mathematical model in order to create a
stronger coupling in the equations.

• Analysis and improvement of the boundary conditions.

• Extension of the model in implementing also the mechanical be-
havior.

• Finding better material constitutional relations.

• Optimization of the heating-up schedules, in order to limit the
cases of spalling of the castables during the drying process and
minimize the drying time.

• Response surface analysis on the main variables in order to get a
sensitivity analysis.



Nomenclature

Each field is followed by its dimension. Seven numbers represent the exponential of
the units in the following order:

[mass, length, time, temperature, mol, current, luminous intensity].

Latin Symbols

aij Stoichiometric coefficients [0, 0, 0, 0, 0, 0, 0]
bi Mass fraction of bonded phase i [0, 0, 0, 0, 0, 0, 0]
cp Heat capacity of the mixture [0, 2, -2, -1, 0, 0, 0]

cp,A Heat capacity of the air [0, 2, -2, -1, 0, 0, 0]
cp,L Heat capacity of the liquid water [0, 2, -2, -1, 0, 0, 0]
cp,T Heat capacity of brick [0, 2, -2, -1, 0, 0, 0]
cp,V Heat capacity of the water vapour [0, 2, -2, -1, 0, 0, 0]
Dva Binary diffusivity of water vapour in air [0, 2, -1, 0, 0, 0, 0]
Deff Effective diffusivity [0, 2, -1, 0, 0, 0, 0]
FA Face mass flux of air [1, 0, -1, 0, 0, 0, 0]
fP Diffusion hindering coefficient [0, 0, 0, 0, 0, 0, 0]

J(s) Leverett function [0, 0, 0, 0, 0, 0, 0
JW Water flow at the boundary [1, 0, -1, 0, 0, 0, 0]
K Permeability of the solid [0, 2, 0, 0, 0, 0, 0]

kRL Relative permeability of the liquid phase [0, 0, 0, 0, 0, 0, 0]
kRL Relative permeability of the gas phase [0, 0, 0, 0, 0, 0, 0]
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mB,i Dehydrated water source per time from bonded phase i [1, -3, 1, 0, 0, 0, 0]
mL Evaporation mass source [1, -3, -1, 0, 0, 0, 0]
mA Mass fraction of air [0, 0, 0, 0, 0, 0, 0]
mV Mass fraction of water vapour [0, 0, 0, 0, 0, 0, 0]
n̂ Outward-pointing unit normal [0, 0, 0, 0, 0, 0, 0]
pA Partial pressure of the air [1, -1, -2, 0, 0, 0, 0]
pC Capillary pressure [1, -1, -2, 0, 0, 0, 0]
pG Pressure of the gas phase [1, -1, -2, 0, 0, 0, 0]
pL Pressure of the liquid phase [1, -1, -2, 0, 0, 0, 0]
pV Partial pressure of the water vapour [1, -1, -2, 0, 0, 0, 0]

pV,eq Equilibrium partial pressure of the water vapour [1, -1, -2, 0, 0, 0, 0]
patm Atmospheric pressure = const. [1, -1, -2, 0, 0, 0, 0]
psat Saturated vapour pressure [1, -1, -2, 0, 0, 0, 0]
qH,i Latent heat of reaction for bonded phase i [0, 2, -2, 0, 0, 0, 0]
qW Latent heat of vapourisation of water [0, 2, -2, 0, 0, 0, 0]
R Universal gas constant [1, 2, -2, -1, -1, 0, 0]
RA Gas constant for air [0, 2, -2, -1, 0, 0, 0]
RV Gas constant for water vapour [0, 2, -2, -1, 0, 0, 0]
se Effective saturation [0, 0, 0, 0, 0, 0, 0]
T Temperature [0, 0, 0, 1, 0, 0, 0]

T∞ Temperature at infinity [0, 0, 0, 1, 0, 0, 0]
t Time [0, 0, 1, 0, 0, 0, 0]

tE Evaporation time-scale [0, 0, 1, 0, 0, 0, 0]
uA Velocity of the air [1, -1, 0, 0, 0, 0, 0]

udiff Diffusion velocity for the gas mixture [1, -1, 0, 0, 0, 0, 0]
ueff Effective velocity for the gas mixture [1, -1, 0, 0, 0, 0, 0]
uG Velocity of the gas phase [1, -1, 0, 0, 0, 0, 0]
uL Velocity of the liquid water [1, -1, 0, 0, 0, 0, 0]
uV Velocity of the water vapour [1, -1, 0, 0, 0, 0, 0]
WA Molecular mass of dry air [1, 0, 0, 0, -1, 0, 0]
WM Molecular mass of mixture [1, 0, 0, 0, -1, 0, 0]
WV Molecular mass of water [1, 0, 0, 0, -1, 0, 0]
xv Molecular fraction of air [0, 0, 0, 0, 0, 0, 0]
xv Molecular fraction of water vapour [0, 0, 0, 0, 0, 0, 0]

xv∞ Molecular fraction of water vapour at infinity [0, 0, 0, 0, 0, 0, 0]
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Greek Symbols

α Heat transfer coefficient on the surface [1, 2, -3, -1, 0, 0, 0]
β Mass transfer coefficient for vapour boundary condition [0, 0, 0, 0, 0, 0, 0]
εG Volume fraction of gas phase [0, 0, 0, 0, 0, 0, 0]
εL Volume fraction of liquid phase [0, 0, 0, 0, 0, 0, 0]
εS Volume fraction of solid phase [0, 0, 0, 0, 0, 0, 0]
λ Brooks-Corey variation parameter [0, 0, 0, 0, 0, 0, 0]

λeff Mean thermal conductivity [1, 1, -3, -1, 0, 0, 0]
µW Dynamic viscosity of liquid water = const. [1, -1, -1, 0, 0, 0, 0]
φ Porosity [0, 0, 0, 0, 0, 0, 0]

ρM Mixture density [1, -3, 0, 0, 0, 0, 0]
ρG Density of air [1, -3, 0, 0, 0, 0, 0]
ρG Density of gas phase [1, -3, 0, 0, 0, 0, 0]
ρL Density of liquid water = const. [1, -3, 0, 0, 0, 0, 0]
ρT Density of brick [1, -3, 0, 0, 0, 0, 0]
ρV Density of water vapour [1, -3, 0, 0, 0, 0, 0]
ψA Effective compressibility of the air [0, -2, 2, 0, 0, 0, 0]
ψV Effective compressibility of the water vapour [0, -2, 2, 0, 0, 0, 0]
σ Surface tension coefficient [1, 0, -1, 0, 0, 0, 0]
θ Contact angle [0, 0, 0, 0, 0, 0, 0]





Appendix A

brickProperties.H

/*------------------------------------------------------*\

Class brickProperties Declaration

\*------------------------------------------------------*/

class brickProperties :

public IOdictionary

{

// Private data

//- Properties of water phase

H2O waterPhase_;

//- Properties of air

transport airPhase_;

//- Properties of water vapour

transport waterVapourPhase_;

public:

// Constructors
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//- Construct from object registry

brickProperties(const fvMesh& mesh);

// Destructor

virtual ~brickProperties() {}

// Member Functions

// Molecular mass of components

//- Return molecular mass of water

inline scalar Wwater() const;

//- Return molecular mass of air

inline scalar Wair() const;

// Density

//- Return density of water vapour

inline scalar rhoVapour(const p, const T);

//- Return density of air

inline scalar rhoAir(const p, const T) const;

// Dynamic viscosity

//- Return dynamic viscosity of water vapour

inline scalar muVapour(const scalar T) const;

//- Return dynamic viscosity of air

inline scalar muAir(const scalar T) const;

//- Return binary diffusivity of water vapour air

inline scalar Dva(const scalar T) const;
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// Thermal conductivity

//- Return thermal conductivity of water vapour

inline scalar kVapour(const scalar T) const;

//- Return thermal conductivity of air

inline scalar kAir(const scalar T) const;

// Specific heat capacity coefficients

//- Return specific heat capacity water vapour

inline scalar cpVapour(const scalar T) const;

//- Return specific heat capacity of air

inline scalar cpAir(const scalar T) const;

};

// * * * * * * * * * * * * * * * * * * * * * * * * * * //





Appendix B

brickState.H

/*------------------------------------------------------*\

Class brickState Declaration

\*------------------------------------------------------*/

class brickState :

public IOdictionary

{

// Private data

// References to fields defining the state

//- Reference to water vapour pressure field

const volScalarField& pVapour_;

//- Reference to air pressure field

const volScalarField& pAir_;

//- Reference to liquid phase fraction

const volScalarField& epsilonLiquid_;

//- Reference to temperature field
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const volScalarField& T_;

//- Brick properties

brickProperties brick_;

// Material properties

//- Solid porosity

dimensionedScalar phiSolid_;

//- Solid density

dimensionedScalar rhoSolid_;

//- Solid specific heat capacity

dimensionedScalar cpSolid_;

//- Liquid water density

dimensionedScalar rhoLiquid_;

//- Liquid water dynamic viscosity

dimensionedScalar muLiquid_;

//- Liquid water thermal conductivity

dimensionedScalar kLiquid_;

//- Surface tension coefficient

dimensionedScalar sigma_;

//- Contact angle in degrees

dimensionedScalar theta_;

//- First leverett coefficient
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dimensionedScalar leverett1_;

//- Second leverett coefficient

dimensionedScalar leverett2_;

public:

// Constructors

//- Construct from components

brickState

(

const volScalarField& pV,

const volScalarField& pA,

const volScalarField& epsilonL,

const volScalarField& T

);

// Destructor

virtual ~brickState() {}

// Member Functions

// Material field properties

//- Return vapour density

volScalarField rhoVapour() const;

//- Return vapour dynamic viscosity

volScalarField muVapour() const;

//- Return vapour specific heat capacity
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volScalarField cpVapour() const;

//- Return vapour thermal conductivity

volScalarField kVapour() const;

//- Return air density

volScalarField rhoAir() const;

//- Return air dynamic viscosity

volScalarField muAir() const;

//- Return air specific heat capacity

volScalarField cpAir() const;

//- Return air thermal conductivity

volScalarField kAir() const;

//- Return water vapour-air diffusivity

volScalarField Dva() const;

// Solid properties

//- Return porosity

dimensionedScalar phiSolid() const;

//- Return solid fraction

dimensionedScalar epsilonSolid() const;

//- Return density of solid

dimensionedScalar rhoSolid() const;

//- Return thermal conductivity of solid

dimensionedScalar kSolid() const;

//- Return permeability of the solid
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dimensionedScalar permSolid() const;

//- Return pore variation factor

dimensionedScalar lambdaPore() const;

//- Return residual saturation

dimensionedScalar residualSat() const;

//- Return gas diffusivity attenuation factor

dimensionedScalar gasDiffAtt() const;

// Liquid water properties

//- Return dynamic viscosity of liquid water

dimensionedScalar muLiquid() const;

//- Return thermal conductivity liquid water

dimensionedScalar kLiquid() const;

//- Return surface tension coefficient

dimensionedScalar sigma() const;

//- Return contact angle (in radians)

dimensionedScalar theta() const;

// Derived solution variables

//- Return secific heat capacity for brick

volScalarField cp() const;

//- Return effective thermal conductivity brick

volScalarField kEff() const;
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//- Return gas fraction

volScalarField epsilonGas() const;

//- Return saturation

volScalarField sat() const;

//- Return effective saturation

volScalarField satEff() const;

//- Return relative permeability of water phase

volScalarField kRLiquid() const;

//- Return relative permeability of gas phase

volScalarField kRGas() const;

//- Return gas velocity

volVectorField Ugas() const;

//- Return vapour velocity

volVectorField Uvapour() const;

//- Return air velocity

volVectorField Uair() const;

//- Return capillary pressure

volScalarField pCapillary() const;

//- Return liquid pressure

volScalarField pLiquid() const;

// Solver helper variables

//- Return effective diffusivity in gas

const volScalarField& Deff() const;
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// Mixture fractions

//- Return mass fraction of vapour

volScalarField mVapour() const;

//- Return mass fraction of air

volScalarField mAir() const;

// Gas mixture properties

//- Return gas pressure

volScalarField pGas() const;

//- Return gas density

volScalarField rhoGas() const;

//- Return gas specific heat capacity

volScalarField cpGas() const;

//- Return gas thermal conductivity

volScalarField kGas() const;

// Derived scalar variables

//- Return molecular mass of water

dimensionedScalar Wwater() const;

//- Return molecular mass of water

dimensionedScalar Wair() const;

//- Leverett function

volScalarField leverett(volScalarField&) const;
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//- Update state variables

void correct();

};

// * * * * * * * * * * * * * * * * * * * * * * * * * * *//
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createFields.H

Info<< "Reading field T\n" << endl;

volScalarField pV

(

IOobject

(

"pV",

runTime.timeName(),

mesh,

IOobject::MUST_READ,

IOobject::AUTO_WRITE

),

mesh

);

volScalarField pA

(

IOobject

(

"pA",

runTime.timeName(),
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mesh,

IOobject::MUST_READ,

IOobject::AUTO_WRITE

),

mesh

);

volScalarField epsilonL

(

IOobject

(

"epsilonL",

runTime.timeName(),

mesh,

IOobject::MUST_READ,

IOobject::AUTO_WRITE

),

mesh

);

volScalarField T

(

IOobject

(

"T",

runTime.timeName(),

mesh,

IOobject::MUST_READ,

IOobject::AUTO_WRITE

),

mesh

);

(

brickChemistry::New(T)
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);

// Dimensioned scalar for general use

dimensionedScalar one("one", dimless, 1.0);

// Field variables for solution procedure

volScalarField epsilonPsiAir(brick.epsilonGas()

*brick.psiAir());

volScalarField epsilonPsiVapour(brick.epsilonGas()

*brick.psiVapour());

// Mass evaporation source

volScalarField mL

(

IOobject

(

"mL",

runTime.timeName(),

mesh,

IOobject::NO_READ,

IOobject::AUTO_WRITE

),

mesh,

dimensionedScalar("zero", dimensionSet

(1, -3, -1, 0, 0, 0, 0), 0.0)

);





Appendix D

createFluxes.H

surfaceScalarField phiAir

(

IOobject

(

"phiAir",

runTime.timeName(),

mesh,

IOobject::NO_READ,

IOobject::NO_WRITE

),

linearInterpolate

(

brick.epsilonGas()*

(

brick.rhoAir()*brick.Ugas()

- brick.rhoGas()*brick.Deff()*

fvc::grad(brick.rhoAir()/

brick.rhoGas())

)

) & mesh.Sf()

);
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surfaceScalarField phiVapour

(

IOobject

(

"phiVapour",

runTime.timeName(),

mesh,

IOobject::NO_READ,

IOobject::NO_WRITE

),

linearInterpolate

(

brick.epsilonGas()*

(

brick.rhoVapour()*brick.Ugas()

- brick.rhoGas()*brick.Deff()*

fvc::grad(brick.rhoVapour()/

brick.rhoGas())

)

) & mesh.Sf()

);

surfaceScalarField phiLiquid

(

IOobject

(

"phiLiquid",

runTime.timeName(),

mesh,

IOobject::READ_IF_PRESENT,

IOobject::AUTO_WRITE

),

brick.rhoLiquid()*

(linearInterpolate(epsilonL*brick.Uliquid())

& mesh.Sf())

);
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vapourEqn.H

// Update epsilonPsi for the ddt term

epsilonPsiVapour = brick.psiVapour()*brick.epsilonGas()

// Calculate flux field

surfaceScalarField vapourEqnFlux

(

IOobject

(

"vapourEqnFlux",

runTime.timeName(),

mesh,

IOobject::NO_READ,

IOobject::NO_WRITE

),

fvc::interpolate

(

brick.epsilonGas()*

(

brick.psiVapour()*

(

brick.Ugas()

- brick.rhoGas()*brick.Deff()

)
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- brick.Deff()*fvc::grad(brick.psiVapour())

)

) & mesh.Sf()

);

// Calculate diffusivity

volScalarField vaporDiff = brick.Deff()*brick.psiVapour

// Calculate equivalent vapour pressure

volScalarField pVEq

(

brick.pvSat()*

Foam::exp

(

-brick.sigma()*brick.leverett(brick.sat())/

(

Foam::sqrt(brick.permSolid()/brick.phiSolid())*

brick.rhoLiquid()*brick.RR()/brick.Wwater()*T

)

)

);

// Limit pVEq for available liquid water mass

pVEq =

min

(

pVEq,

brick.rhoLiquid()*epsilonL/brick.psiVapour()*

runTime.deltaT()/tE + pV

);

// Vapour equation

fvScalarMatrix vapourEqn

(

fvm::ddt(epsilonPsiVapour, pV)

+ fvm::div(vapourEqnFlux, pV)



APPENDIX E. VAPOUREQN.H 113

- fvm::laplacian(vapourDiff, pV)

==

pVEq*brick.psiVapour()/tE -

fvm::Sp(brick.psiVapour()/tE, pV)

);

vapourEqn.solve();

// Calculate the flux

phiVapour = vapourEqn.flux();

volScalarField magUvapour = mag(brick.Uvapour());

mL =

max

(

(pVEq - pV)*brick.psiVapour()/tE,

dimensionedScalar("zero", mL.dimensions(), 0.0)

);

volScalarField deltaTEv =

mL*brick.deltaHv()*runTime.deltaT()/

(brick.rho()*brick.cp());





Appendix F

airEqn.H

// Update epsilonPsi for the ddt term

epsilonPsiAir = brick.psiAir()*brick.epsilonGas();

// Calculate flux field

surfaceScalarField airEqnFlux

(

IOobject

(

"airEqnFlux",

runTime.timeName(),

mesh,

IOobject::NO_READ,

IOobject::NO_WRITE

),

fvc::interpolate

(

brick.epsilonGas()*

(

brick.psiAir()*

(

brick.Ugas()

- brick.rhoGas()*brick.Deff()*

fvc::grad(one/brick.rhoGas())
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)

- brick.Deff()*fvc::grad(brick.psiAir())

)

) & mesh.Sf()

);

// Calculate diffusivity

volScalarField airDiff = brick.Deff()*brick.psiAir();

// Air equation

fvScalarMatrix airEqn

(

fvm::ddt(epsilonPsiAir, pA)

+ fvm::div(airEqnFlux, pA)

- fvm::laplacian(airDiff, pA)

);

airEqn.solve();

// Calculate the flux

phiAir = airEqn.flux();

dimensionedScalar minPA = min(pA);

dimensionedScalar maxPA = max(pA);

if (minPA < pAMin)

{ pA.max(pAMin);

pA.correctBoundaryConditions();

}

volScalarField magUair = mag(brick.Uair());



Appendix G

liquidEqn.H

// Calculate liquid flux

phiLiquid =

brick.rhoLiquid()*

(linearInterpolate(epsilonL*brick.Uliquid())

& mesh.Sf());

// Liquid equation

solve

(

fvm::ddt(brick.rhoLiquid(), epsilonL)

+ fvc::div(phiLiquid)

==

chemistry->mb() -

fvm::Sp(mL/epsilonL, epsilonL)

);

dimensionedScalar minEl = min(epsilonL);

dimensionedScalar maxEl = max(epsilonL);

volScalarField magUliquid = mag(brick.Uliquid());

// Check boundedness of epsilonL
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bool bounding = false;

if (minEl < dimensionedScalar("small", dimless, SMALL))

{

bounding = true;

epsilonL.max(SMALL);

}

if (maxEl > brick.phiSolid() - SMALL)

{

bounding = true;

epsilonL.min(brick.phiSolid() - SMALL);

}

if (bounding)

{

epsilonL.correctBoundaryConditions();

}



Appendix H

tempEqn.H

// Calculate flux field

surfaceScalarField TEqnFlux

(

IOobject

(

"TEqnFlux",

runTime.timeName(),

mesh,

IOobject::NO_READ,

IOobject::NO_WRITE

),

brick.cpLiquid()*phiLiquid

+ fvc::interpolate(brick.cpVapour())*

phiVapour

+ fvc::interpolate(brick.cpAir())*phiAir

);

volScalarField TEqnDiff

(

IOobject

(

"TEqnDiff",

runTime.timeName(),
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mesh,

IOobject::NO_READ,

IOobject::NO_WRITE

),

brick.kEff()

);

// Temperature equation

solve

(

brick.rho()*brick.cp()*fvm::ddt(T)

+ fvm::div(TEqnFlux, T)

- fvm::laplacian(TEqnDiff, T)

==

- fvm::Sp(mL*brick.deltaHv()/T, T) // deltaHv > 0

- chemistry->qb()

);
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