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Abstract: The necessity of understanding and simulating hydrological phenomena as well as their
interactions and the effect of anthropogenic and climate conditions on the ecosystem have encouraged
researchers for years to investigate the moisture transfer in soil. Considering the moisture transfer as
an isothermal phenomenon might cause a wrong estimation due to the non-isothermal nature of the
moisture movement in porous media. Hygrothermal (coupled heat and moisture transfer) models are
quite diverse and are the engine of the various hygrothermal software tools used to analyze the heat
and moisture in building envelopes, drying technologies, and many other applications. This paper is
a literature survey conducted to provide an overview on the classical hygrothermal models to address
the historical perspectives on these models. First, it investigated, from a historical point of view, the
challenges behind the development of hygrothermal models as unsaturated flow theories, beginning
with Buckingham theory. The non-isothermal nature of moisture was the starting point for researchers
to deal with new challenges during mathematical modeling and experimental analysis. In general,
the theory of coupled heat and moisture transfer first developed by J.R. Philip and De Vries and the
authors in the mid-1950s inspired the novel hygrothermal models, including Sophocleous and Milly’s
model, Rode’s model, Kiinzel’s model, and Grunewal’s model. In a parallel of hygrothermal model
developments, the models of Whitaker and Luikov can also be classified as hygrothermal models; they
were mostly applied in modeling the phenomenon of drying. The study highlights the application of
hygrothermal models in building physics and gathered a summary of international efforts such as
Annex 24, Annex 41, and the HAMSTAD project and advancements performed from the classical dew
point or steady-state Glaser method. Moreover, this study emphasizes the advantages of the standard
of EN 15026 and limitations of the Glaser method. To sum up, hygrothermal models are still under
development based on various assumptions of moisture driving potentials and transfer coefficients.

Keywords: hygrothermal models; coupled heat and moisture transfer; hygrothermal benchmarks;
history of hygrothermal models; unsaturated flow; building materials

1. Introduction

The concept of moisture encompasses both the liquid and vapor states of water.
Moisture transfer is governed by a number of mechanisms that account for both liquid and
vapor movement [1]. The term “coupled” in studying “coupled heat and moisture transfer”,
in fact, refers to considering the temperature effect on moisture flow as well as taking into
account the moisture effect when analyzing heat and moisture exchange [2]. In addition,
the term hygrothermal refers to the combination of heat and moisture phenomena. The
research on hygrothermal or coupled heat and moisture transfer began as a separate field
of research during the 1930s. In the mid-1950s, a moisture transfer analysis based on
steady-state diffusion was published by Helmut Glaser [3]. In the early 1960s and late
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1950s, the first hygrothermal models were published, accounting for vapor and capillary
transport, initial state of moisture, latent heat of evaporation, and transient conditions.
These developed models were utilized in the building sector to predict moisture conditions
in building materials. Buildings are continuously exposed to changes in indoor and outdoor
climatic conditions. Constant variations in temperature, moisture, and air pressure have a
significant impact on the structural integrity and performance of buildings [4,5]. A number
of programming codes have subsequently been developed and commercialized in the
construction sector (see [6,7]). A complete hygrothermal model is required to reach precise
and optimal parameters in building performance analysis. Figure 1 shows the concept of
hygrothermal load in a building envelope affected by precipitation and solar loading.

Hygrothermal transfer

Figure 1. Concept for the simulation of hygrothermal transfer in a building envelope.

Nowadays, hygrothermal issues are gaining more attention in porous building ma-
terials. The coupled heat and moisture transfer significantly influences the building’s
performance in terms of thermal comfort [8], building energy analysis [9], mold growth
assessment [10], and moisture-related envelope durability [11]. Recent studies in the hy-
grothermal field have focused on either laboratory experimentation or modeling. In the
field of building energy analysis, Building Energy Simulation (BES) is employed to deter-
mine the energy requirements for a structure. The BES approach involves utilizing a single
mass model that estimates physical parameters within a single node. The distribution of
these parameters remains consistent throughout the designated area, enabling the consider-
ation of long-term dynamic analysis. Following BES research, Indira et al. [12] investigated
a building’s energy consumption using CitySim software with a mesoscale climate model
utilizing a city-level climate modeling and building energy simulation. Instead of using
conventional methods which consider reference buildings, the city of Seoul studied how to
improve energy consumption. Carolina et al. [13] analyzed a public educational building on
site and also modeled its energy usage using TRNSYS software version 18. They collected
the indoor temperature and humidity on the site of the building and took into account
the billing information of natural gas and electric bills. In another study conducted by
Kalair et al. [14], TRNSYS 18 software was used for thermal comfort analysis in addition to
dynamic energy simulation. The annual comfort percentage reflected an increase from 49%
to 87.5%, showing a 38.5% increase in thermal demands.

Due to the strong dependency between human well-being, moisture, and mold growth
in building envelopes, mold growth becomes a simple criterion in hygrothermal assess-
ment in bio-based or sensitive materials [15]. Naja et al. [16] investigated the hygrothermal
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condition of nine residential building facades in Nuuk and Sisimiut, Denmark. On-site
monitored data were compared against the Delphin model (Delphin 6 software, hygrother-
mal simulation tool). Hygrothermal data were utilized in free software WUFI (R) mold
index VTT for mold growth analysis. Investigating various wall assemblies showed that
implementing a wind barrier did not eliminate mold growth risk. Boardman et al. [17]
developed a novel mold growth model named DR SIM (dose-response simple isopleth for
mold) for wood-based building assemblies. DR SIM was optimized by a large database of
laboratory growth results obtained from the literature. One of the advantages of this model
is its ability to numerically capture the stochastic nature of mold growth using the deter-
ministic algorithm. More data are required to test the DR SIM model in a comparison of
more widely used classical models like MRD (Mold Resistance Design) or VIT models [18].
There is a wide availability of hygrothermal models in scientific communities where the
moisture-related effects become non-negligible. Long-term hygrothermal assessment of
multi-layer building materials or whole building simulations can be very time-consuming,
especially during parametric analysis or in finer mesh two-dimensional investigations [19].
Recent references [20-23] report the extensive time effort of multi-layered hygrothermal
simulation in various wall assemblies. Thus, in order to reduce the computational time
and lower resource intensity in hygrothermal assessment, the incorporation of Moisture
Reference Years (MRY) has evolved into a standard practice guideline. Generally, trusted
MRY data are based on a single year that reflects as much as ten consecutive years of
long-term moisture-related risk [24].

In the presence of a significant rate of condensation or evaporation of water in a
porous material, the phenomena are necessarily coupled and non-isothermal. Consequently,
hygrothermal phenomena have never been a simple system involving only a single driving
force and flux. There is no doubt that assessing the hygrothermal performance of an
entire building can be both time-consuming and expensive. Besides that, there has been a
wide range of literature which made an effort to assess the hygrothermal model either by
laboratory experimentation or modelling. Gaining insight into hygrothermal phenomena
requires modeling, while experiments allow validating some of the steps in modeling, and
field experience allows gaining a reliable, well-balanced understanding of hygrothermal
facts and figures. However, hygrothermal models are under development and there is no
one direct model that suits the moisture transfer in porous media.

This paper guides researchers in understanding the timeline of hygrothermal develop-
ments from challenges encountered from the starting point. Challenges still exist behind
these models because of the nature of moisture transfer phenomena. It would help users to
select suitable hygrothermal models for various applications, from drying phenomena to
building physics.

Since the theory of Philip and De Vries on hygrothermal dynamics, published in
1957 [25], many models have been developed on the basis of this theory by considering the
interaction of the vapor and liquid phases of water. With all challenges ahead of the theory
of Philip and De Vries, many phenomenological definitions of water in soil were known,
including Darcy’s law in 1985 and Buckingham'’s theory for unsaturated porous media
in 1907, dynamic effects of capillarity in soils (Johnson and King in the years of 1878 and
1889), etc. In Section 2, the development of hygrothermal phenomena for non-isothermal
flow will be explained, from Buckingham'’s theory for unsaturated flow to Philip and De
Vries theory. In the Sections 3 and 4, classical hygrothermal models will be examined in
somewhat more detail, including the models of Philip and De Vries, Luikov, Whitaker
and Kiinzel, Rode, and Grunewald, which are the basis of most commercial software in
building application fields. In the discussion part (Section 4), a brief review was created
on the advantages and disadvantages of various hygrothermal models. To sum up, the
methodology followed in this paper is organized into three phases. The first phase entails
providing on historical point of view about hygrothermal phenomena and challenges
encountered over the years. The second phase comprises a summary of selected classical
models based on the various points of view on hygrothermal driving potentials followed



Buildings 2024, 14, 1786

4 0f 33

by a discussion on advantages and disadvantages of the models. The third phase includes
the progression of the Glaser method to transient methods by gathering the international
efforts carried out in this domain.

2. A Brief History of Hygrothermal Models

Fredlund and Rahardjo (1993) highlight that classical soil mechanics and geotechnical
engineering often assume soil is either completely dry (0% saturation) or fully saturated
(100% saturation). According to this view, soil behavior is dictated solely by Terzaghi’s
effective stress principle. However, dry and saturated states are merely two extremes of
soil conditions. Most soils are unsaturated, with a degree of saturation ranging from 0% to
100% [26]. When water gradually infiltrates soil due to external pressure or capillary action,
three zones develop: unsaturated, transient, and saturated (as shown in Figure 2) [27].

<

Unsaturated zone

E

L i o ! g e e ] .

Figure 2. Schematic illustration for three zones that appear when water is distributed gradually into
the soil.

Flow through saturated soil was established empirically by Darcy in 1856 and has
since then been verified experimentally on numerous occasions [28]. Darcy suggested that
the rate of water flow through a soil mass is proportional to the hydraulic head gradient:

o = —K; o @
where g, is the flow rate of water, and K; and ag—zw denote the saturated coefficient of
permeability or saturated hydraulic conductivity and hydraulic head gradient in the z
direction, respectively. In unsaturated soil, the coefficient of permeability is significantly
affected by changes in both the void ratio and the degree of saturation (or water content)
of the soil. Generally, the coefficient of permeability increases as the soil’s void ratio
increases. The classical concepts of permeability, such as the Kozeny—Carman model
proposed by Kozeny and later modified by Carman [29,30], clearly indicate the dependency
of permeability on the void ratio of soil. In 1949, Purcell introduced the first and simplest
model, considering a porous medium to be analogous to a bundle of uniform capillary
tubes [29,31,32].

Edgar Buckingham’s famous paper in 1907 [33], with the concept of matric potential
or capillary pressure, provided the last piece for the puzzle of the unsaturated flow theory.
To develop a quantitative framework for unsaturated soil behavior, numerous foundational
principles were already recognized. These include the capillary retention of soil water,
originally documented by Schumacher in 1864; the dynamic ramifications of capillarity in
soil elucidated by Johnson in 1878 and King in 1889; the heat of wetting in soils investigated
by Mitscherlich in 1901; the correlation between hygroscopic water and specific surface
area, extensively studied by Mitscherlich in 1901 and Rodewald in 1902; the formulation of
Darcy’s law for saturated porous media as postulated by Darcy in 1856; and the application
of Darcy’s law with potentials and Laplace’s equation, pioneered by Dupuit in 1863 and
subsequently advanced by Slichter in 1898. Additionally, Buckingham introduced the
concept of “matric potential”, which parallels established physical analogs like electrical
potential in Ohm’s law and temperature in Fourier’s theory, representing the energy
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required to extract water from soil pores. He also mentioned that this potential is not
independent of the water content of soil and measured it indirectly with the column of the
wet soil equilibrated in a gravitational field. Based on Buckingham’s perceptive theoretical
insights, further soil physicists were able to think up a general equation describing both
saturated and unsaturated fluid flow in soil [30,34]:

9 (¥p + 1)

qw = —K(0) 9z

(2)
where K(6) is the hydraulic conductivity for both saturated and unsaturated soil. ¢, 1, are
the gradient in the z direction of the total water potential. This equation can be considered
as a generalization of Darcy’s Law and is known as the Buckingham-Darcy Law.

Total matric potential, known as soil suction and capillary pressure, is commonly
referred to as the free energy state of soil water, which can be quantitively calculated by
Kelvin's equation, as follows:

NTp
= —In
Om

¥y (¢) )

where p and ¢ represent the density of water and relative humidity. 91 and v, represent the
universal gas constant and molecular mass of water. Later, in 1986, Nielsen stated that the
soil total water potential ({;o1,) in energy per unit mass can be divided into the following
parts [35]:

Yrotal = lPP + Y +Ps + ¢ (4)

where ¢, is the pressure potential, 15 is the solute potential, ¢, is the electrochemical
potential, and ¢ is the gravitational potential. The term ¢, is applied to both saturated
and unsaturated media. In the unsaturated soil, ¢, represents capillary potential, and in
saturated soil it denotes the applied pressure. In terms of formulation of moisture transfer
in unsaturated soil media, Buckingham'’s theory was the basis for a new generation of
moisture transfer models. In turn, this attracted other researchers who have been wishing
to develop this theory for various potential effects of moisture transport, such as the
solute potential or the electric potential consequences [36]. While the complexity of the
moisture transfer map continues to be a challenging issue, the methodology of calculating
the moisture coefficients of these potential maps remains a challenge. Due to experimental
limitations, measuring these coefficients is still challenging. Therefore, some assumptions
were made during the calculation of the moisture transfer coefficients.

L. A. Richards, in 1931, represented the transient flow for unsaturated structured media
by combining the Buckingham-Darcy Law with continuity equation [37]. Richards was
among the first researchers to predict water transport in partially saturated porous media
using the differential form of Darcy’s formula. Although the application of Darcy’s model
was for flow in saturated porous media, it has been developed for flow in unsaturated
media by providing hydraulic conductivity as a function of the water content. Equations (4)
and (5) represent the combination of the Richard’s equation and conduction—convection
heat equation [36,38]:

g—f = V|K(¢p,T)- Vg, (5)

CPI?T{ = V(AVT) = V(¢ 4 (T = To)) 6)
where the parameters of 6, T, and g, refer to volumetric moisture content, temperature, and
Darcy flux density, respectively. Ty and A in the energy equation represent the reference
temperature and thermal conductivity of the material. The combination of the Richards
equation and conduction-convection heat equation as the governing model represents the
water and heat transfer in soil. Such a model formulation does not include temperature
gradient as a factor in the flux vapor transfer and associated sensible and latent heat fluxes;
it may produce undesirable results in unsaturated soils [39]. Another limitation of Richard’s
equation in hygrothermal modeling is that it does not include the vapor phase of liquid.
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This is because of the interaction of the vapor phase and liquid phase in porous materials.
The vapor diffusion can follow the kinetic gas theory of Fick’s law under the conditions of
mesopores or larger pores for which molecular diffusion could be negligible. But Fick’s
law could only represent the vapor diffusion and not liquid diffusion in hygrothermal
phenomena.

In Europe, the starting point of heat and moisture transfer models goes back to
the first book on drying technology written by Hirsch in 1932. This book was edited
and rewritten in 1956-1957 by Krischer and Kroll, applying coupled heat and moisture
transfer to drying technologies [40]. Krischer presented in this book two main material
properties, water vapor resistance factor and liquid diffusivity, that govern the drying
process by the terms of capillary suction pressure and vapor diffusion [41]. In general, the
extension to non-isothermal moisture flow and analyzing the moisture transport under
the temperature gradient was carried out by J.R. Philip, De Vries, and the authors in the
mid-1950s. De Vries’s paper, published in 1987 [42], explained the limitations of their theory
and clarified the theory of the combined coupled heat and moisture transfer (more details
explained in Section 3.1).

In 1955, a book by a Russian scientist, Luikov [43], was published by VEB Verlag
Technik in the DDR. Luikov’s models are some of the most widely used for hygrothermal
transfer due to their application in areas ranging from drying to diverse types of porous
materials and the possibility of these models to find an analytical solution. Although the
physical theory of many micro-hydrological phenomena that are considered isothermal has
advanced, it is necessary to understand the influence of temperature gradients on soil water
movement to analyze physical problems during moisture evaporation or condensation
from the soils. Of course, moisture transfer through the unsaturated porous media is a
complex mechanism incorporating physics of capillary suction, evaporation-condensation
phenomena, and may coexist with the soil structure dependency.

Theoretically, any state of the moisture variables, such as capillary potential, volumet-
ric moisture content, water vapor pressure, temperature, and humidity, can be utilized to
express the coupled heat and moisture transfer. These were the known variables, consid-
ered as the driving force of moisture migration over the years for expressing the coupled
heat and moisture transfer. Various driving potentials, summarized in Figure 3, are applied
in hygrothermal development models.

Driving force of _
hygrothermal Vapor
models content

Capillary \ Humidity
pressure | ratio

Water vapor Relative
pressure humidity

Figure 3. Schematic of various driving potentials developed in historical timeline of hygrothermal
models.

However, in recent years, new concepts have been developed as a driving potential
for moisture (liquid and vapor phase) movement. One of the promising developments was
from the viewpoint of non-equilibrium thermodynamics developed by Ozaki et al. [44].
In addition, researchers have attempted to develop a third term for air flow within the
hygrothermal model to describe air flow in cavities, air layers, and fractured layers [45].

These driving potentials showed differences between current hygrothermal models.
For example, moisture content (Philip and De Vries model, Luikov’s model, Whitaker’s
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Before 1900, some significant
observation of unsaturated
flow, including preferential
flow (Schumacher, 1882),
capillary retention of soil
water (noted by Schumacher

Theory of non-isothermal

model), capillary pressure (Sophocleous’s model, Grunewald’s model), and relative hu-
midity (Kiinzel’s model) are some of the driving forces utilized. Since the theory of Philip
and De Vries published in the 1950s, there have been many researchers attempting to test
the theory and assumption underlying it, which is about the limitation of the theory and
uncertainty about the quality of the experimental procedures and data. In considering
the scientific history of science, a greater understanding could be gained on how our per-
ception is affected by the insights, biases, and misconceptions of previous generations of
scientists. Figure 4 illustrates selected timelines of important historical events related to
coupled heat and moisture transfer phenomena, beginning with Buckingham’s theory of
unsaturated flow.

Rode’s model
implemented in the
MATCH software and
considering the sorption
hysteresis of water

- " content. o
Moisture transfer model in

macroscopic and microscopic

Grunewald’s model based
on the capillary pressure
formulation was applied in

moisture flow in both
liquid and vapor phases

levels based on the local
average volume behavior (

DELPHIN software version 5,
latter developed by Andreas

in 1864); dynamic effects of (Philip and De Vries, Whitaker, 1977) > :I"ico!ai during his PhD
T # x g ( \ esis.
;;‘;':a":(‘f " sf"ls (IJ::;SO" ': 1957) 0 ( L/J WU FI® o Recently new models has
Satur’a(:dmgﬂol\; theo) a: = . > been developed to consider
Y9y General f th The Philip and de Vries New form of coupled the air transfer, wind
Darcy (1856) moliain ) sk non-isothermal  flow
ial di i heat and moisture driving rain, hysteresis
partial differential el i alead %
i P transfre model with effect such as HAM-Lea and
equations for heat and the more general Bmldit e A e e
2 - umidity as a drivin HAM-fit model, Fang model
Transient flow mass transfer in a capillary pressure (or matric) i e i .

3 tential. (Kunzel, 1995) and still under
Unsaturated flow i orous body (Luikov,1966- X 4 2
equation p y ( head-based approach. developments.

theory (Buckingham, (richards, 1931) 1974) (Marios  Sophocleous, o
O 1979) ®
@
) ‘ 1977’ @ ‘ 1992’ @ 1997 @

Figure 4. Timeline of selected developments in coupled heat and moisture transfer models
[25,33,35,37,38,43,46-52].

3. Classical Hygrothermal Models
3.1. Model of Philip and De Vries

The combined heat and moisture transfer theory in porous media was developed by
J.R. Philip and authors in the mid-1950s [25]. In this theory, moisture and heat transfer
equations are formulated in terms of temperature and volumetric water content as a
driving potential. The theory of Philip and de Vries describes moisture migration under
temperature gradients. It includes terms for water vapor diffusion and liquid movement
by capillarity action. The first paper by Philip and De Vries, referred to as “Simple Theory”,
omitted interactions between the vapor, liquid, and solid phases, as well as the difference
between the mean temperature gradient and the temperature gradient through the air-
filled pores [53]. This theory served as the starting point for suggesting modifications.
These modifications adjusted the relationship to better predict water vapor movements by
applying the following thermodynamic relationship introduced by Edlefsen and Anderson
in 1943 [25,54]:
Py =q@x Pys ()

where P, and P ;s refer to the water vapor pressure and saturated vapor pressure, respec-
tively. And ¢ is relative humidity. Novel modifications were introduced in the second
paper of Philip and De Vries as an “extended treatment of vapor transfer” and later received
interactions from many researchers exploring a different view on vapor transport under
thermal gradients. The obtained general differential equation of coupled heat and moisture
transfer, derived by Philip and De Vries, is described below [53].

g = V(DrVT) + V(D V) ®)
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%—f = V(A VT) — LV(Dg, V) )

5 ]
Dr = D1y + Dry, Dro = t(a+ f (a) 0)=F ( i )/ Dry=Ksvy,
e (9 ?
Dg = Dy + Dy, Dy, = 2L (%) Dy, = KS(*;)% )

(10)

P

where D1 and Dy are, respectively, the total diffusivity for moisture transport due to
temperature and moisture gradients. In addition, Dt , D1, Dy, and Dy are related to the
diffusion of vapor and liquid phases under temperature and moisture gradients. 6 is the
water vapor transmission coefficient, i, is the matrix potential, a is volumetric air content, T
is the tortuosity factor. P,s and ¢ represent saturated vapor pressure and relative humidity,
respectively. It should be mentioned that <y in this model shows the temperature coefficient
of surface tension and L is the latent heat of vaporization of liquid water. In the hysteresis
theory of Philip and De Vries, the moisture potential () and hydraulic conductivity (K)
of the porous media depend on its volumetric moisture content. In addition, moisture
content (f) and temperature (T) have to be taken into account for thermal conductivity
calculation (A). The mentioned parameters also depend on the temperature, such as the
saturated pressure (Pys) or capillary potential (¢5). The dependency of these parameters on
both temperature and water content of the soil creates difficulty for experimental research.
In some cases, there is a significant gap between experimental and theoretical analysis of
vapor transport under a temperature gradient (D7 ;). Philip and De Vries proposed f(a)
as an enhancement factor for the temperature gradient to reduce this gap between the
experiment and theory by taking account of the liquid and vapor phases.

The enhancement factor on the coefficients attracted researchers’ interest for more
experimental and theoretical investigations. Research conducted by Woodside and Kuz-
mark in 1958 suggested that the average temperature gradient across the air-filled space
is six times the overall gradient in the dry case. Another study by Cary in 1963 and 1964
formulated the new form of water vapor transport based on the Philip and De Vries model.
Cary proposed the general symbol of B as a phenomenological coefficient to account for all
local interactions of temperature gradients and liquid and vapor interactions within the

porous media [55,56]:
Py L

Drp = Daw * B (11)

However, Cary’s formulation did not attempt to provide a detailed physical expla-
nation and mechanism. Later, W. A. Jury in 1979 [57] rewrote these modifications and
combined them to explain the relationship of p with the enhancement factor f(a). The
physical mechanism of these enhancement factors was not explained by Philip and De
Vries or Cary but was later identified by Groenevelt and Kay in 1974 [58] as a consequence
of liquid and heat transport during the wetting of tightly bound water inside the soil.

In 1979, Sophocleous attempted to introduce a new form of the Philip and De Vries
theory based on capillary potential formulation, allowing for soil inhomogeneity and the
analysis of saturation conditions. Sophocleous’s model, with the new form of the liquid
flux, was later completed by Milly in 1982. Milly proposed a new form of Philip and De
Vries model by incorporating the hysteresis of the retention curve, achieved by considering
the dependency of capillary potential and temperature on the water retention curve.

The independent variable used by Milly and Sophocleous to describe the water status
of the system is capillary potential. Equations (12) and (13) illustrate the Philip and De
Vries model, using capillary pressure as the driving force for moisture movement [50,59]:

9
g?,,% = V(DrVT + DpVp,) (12)

aT
% = V((A+DrL)VT — L-Dg Vip,) (13)

ot
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where 63,, ) are the slope of the water retention curve and capillary pressure, respectively.
In 1987, De Vries discussed the principles of limitation of the theory and assumptions
made in its derivation and procedure of testing this theory experimentally. These inherent
limitations are as follows [42]:

e  Hysteresis in the dependency of the moisture potential and volumetric water content
is not taken into account.

e In the case of the deformed porous media and when having shrinkage and swelling
porous material, the theory could not be applied.
The porous medium must be homogeneous and isotropic in a macroscopic sense.
Phenomena of boiling, freezing, and thawing are not included.
Surface phenomena at the interface between the matrix and the liquid are not taken
into account, nor are Knudsen effects.

3.2. Model of Luikov (or Lykov)

In 1965, and later in 1966 and 1974 [43,60,61], Luikov developed phenomenological
models in his published papers to describe the heat and moisture transfer under the
various moisture transport mechanisms. In his first published paper in 1965, he proposed a
system of partial differential equations for coupled heat and moisture transfer in building
materials with related thermophysical properties. In the last two papers published in 1966
and 1974, Luikov distinguished transfer mechanism with the connection of water bond
in two different classifications, colloidal and capillary materials. In the capillary porous
materials, the bond between the molecules is mainly caused by the capillary forces, while in
colloidal materials, the bond is caused by adsorption and osmotic forces. In the following
sections, two-way coupled heat and moisture equations for building materials, capillary,
and colloidal materials will be discussed, along with the general form of differential
equations for heat and moisture transfer. In the general form of the equations of Luikov,
a three-way coupled equation was introduced due to the existence of the pressure gradient
in the drying process. Luikov’s theory considers the porous medium as homogenous based
on the fundamental principles of the thermodynamic equilibrium.

3.2.1. Luikov’s Model for Coupled Heat and Moisture Transfer in a Building Material

In the 1960s [43], Luikov proposed a simplified system of differential equations for
coupled heat and moisture transfer in building materials. According to his classification,
building materials are similar to moist capillary media, where the bond of moisture sorption
is fully associated with heat transfer. Nevertheless, heat transfer phenomena must take into
account the moisture transfer calculations. For building materials under certain conditions,
such as when the material is unfrozen (i.e., the temperature is above 0 °C) and the pressure
gradient is negligible, the following hygrothermal model might be written as:

%f = DyV?0 4+ Dy VT (14)
c%f = (A4 LDr,) V3T (15)

where Dy and D7 are the diffusion coefficients of moisture (vapor and liquid) in the
material, and D, is the thermal diffusion of vapor, as in the Philip and De Vries theory’s
definition. C represents the specific heat capacity of the moist material. The thermal
equation is the simplified Fourier heat conduction equation with the thermal diffusivity of
(A + LDt ) without considering the convection or filtration mass transport. The important
task in building materials is to develop an experimental procedure for determining the
thermophysical characteristics as a function of the moisture content and temperature.
Consequently, to describe the heat and moisture transfer in building materials, the following
thermophysical properties must be known and experimentally measured:Dr ,, Dy, and Dr.
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3.2.2. Luikov Model for Coupled Heat and Moisture Transfer in a Colloidal
Porous Material

In his second paper, published in 1966 [43], Luikov introduced the governing equations
for coupled heat and mass transfer in colloidal porous media based on the thermodynamics
of irreversible processes. It is widely used in the macroscopic approach to heat and mass
transfer, as demonstrated by Groot [62]; coupled heat and moisture transfer equations
are obtained directly from the non-equilibrium thermodynamics law. The basis of the
irreversible thermodynamics equation, using the rate of entropy production of the system
(or Gibbs’s theory), was the starting point for Luikov in defining the system of equations
for heat and mass transport in porous media.

Compared to the Philip and de Vries model, which follows Fick’s diffusion law,
molecular transfer phenomena would be in character in his models when the radius of the
micro-capillary is less than 1072 cm. In these cases, Poiseuille’s laminar flow [63] and Fick’s
diffusion law will not be obeyed. However, for non-isothermal conditions, coupled heat
and moisture transfer in colloidal porous media can be described by the following equation:

d6 920
g + Trm at2 = D9 V(V@ + 5TVT) (16)
oT  0°T eL 90

where Dy and a, are the moisture diffusion coefficient and thermal diffusivity. In colloidal
porous media, with low gas pressure when the value of the volumetric heat capacity is
close to zero, heat is transferred by the molecular mechanism. In the law gas pressure
range, the length of the mean molecular free path plays a significant role in establishing
both thermal conductivity and the velocity of heat propagation (7). As a result of this
condition, the first term (%—f) may be neglected. However, only under certain conditions in
the gas flow does the effect of a finite velocity of heat propagation (7;) become significant. In
metals, such as aluminum, with small value of heat propagation term (101! for aluminum),
experimental measurement of this parameter becomes impossible. Two parameters, € and
6T, the phase transition coefficient and thermogradient coefficient, respectively, demonstrate
differences between the formulation of coupled heat and moisture transfer in building
materials. Thermogradient parameter (J) in hygroscopic materials can be experimentally
determined by measuring the decrease in moisture content under steady-state conditions
for a temperature drop of one degree. The parameter ¢, the phase transition factor, accounts
for the thermal diffusion of vapor. It can be theoretically evaluated by the ratio of the
change in liquid content due to evaporation or condensation to the overall change in
moisture content.

3.2.3. Luikov Model for Coupled Heat and Moisture Transfer in a Capillary Porous
Material and General form of Equations

Capillary forces create strong bonds between water molecules within capillary porous
media. Consequently, the terms representing moisture and heat propagation (7., and 1),
demonstrated in Equations (16) and (17), are neglected. The coupled models were explained
by Luikov in 1974 [61] for heat and moisture transfer in capillary porous media, while the
gradient when the total pressure is zero can be written in simplified form as:

a0

== DpV?60 + DgsV2T (18)
oT 5 96

Several researchers have proposed solutions to Luikov’s equations using both nu-
merical modeling and analytical techniques [64]. Table 1 shows the summary of solutions
developed analytically and numerically to solve Luikov’s coupled heat and mass transfer
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equations. Today, this can be accomplished relatively easily since many commercial pro-
grams such as MATLAB R2024a and COMSOL Multiphysics software (version 6.2) allow
you to solve these coupled partial differential equations directly [65]. On the other hand,
obtaining a direct analytical solution remains a challenging task.

Table 1. Summary of the numerical and analytical studies for Luikov differential equations.

Study

Year

Numerical

Analytical

Highlighted

R. Younsi et al. [66]

2006

Luikov model in three dimensions is applied to forecast
temperature and moisture content profiles of wood under
high heating rates. The numerical analysis utilized the
FEMLARB software version 2 that operates within the
MATLAB framework. The numerical results were in a
good agreement with experimental results.

JEN'Y. Liu and Shun
Cheng [67]

1991

Luikov system of linear partial differential equations was
solved analytically under the specified initial and
boundary conditions. The method was tested by obtaining
numerical results for spruce specimens and comparing
them with published finite element solutions.

R.N. Pandey et al. [68]

1999

Luikov system of linear partial differential equations with
various types of boundary conditions was analytically
analyzed. The study demonstrates the influence of
complex roots on dimensionless temperature, moisture
content, and local drying rate. Benchmark results are
provided for reference purposes.

Win-Jin Chang et al. [69]

2000

An analytical solution was obtained by applying Laplace
transformation, which reduces the equations to ordinary
differential equations. Next, a transformation function is
introduced, which converts the equations into a
fourth-order ordinary differential equation. Therefore, the
temperature and moisture distributions in the transform
domain can be determined easily.

Menghao Qin et al. [70]

2015

The paper introduces an analytical method for evaluating
the combined hygrothermal transfer in porous building
materials under diverse boundary conditions, including
convection surface, adiabatic surface, and constant heat
and moisture potential surface. The method considers the
interaction between heat and moisture transport through
the incorporation of a temperature gradient coefficient.

M.A. Garcia-Alvarado [71]

2014

The solution for Luikov model is obtained using Laplace
transform and complex inversion integral. Provided
solution considers the temperature in the interface
moisture content. The provided solution is compared with
experimental data.

R. Pecenko et al. [72]

2018

The paper proposes a semi analytical approach based on
Laplace transform to solve the time-periodic boundary
conditions for simulating temperature and humidity
oscillations in natural environments. The solution is
obtained by solving some terms of the inverse Laplace
transform using Gaussian quadrature. Convergence tests
and validation of the proposed method are presented in
the paper, along with its application to different
building materials.
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Table 1. Cont.

Study

Year  Numerical Analytical

Highlighted

Renata S.G et al. [73]

2013 * *

The Generalized Integral Transform Technique is used to
obtain a hybrid solution for the Luikov equations, which
takes into account pressure gradient effects during the
drying of capillary—porous solids with spherical geometry.
The accuracy of the numerical codes developed in the
study is validated through comparisons with previous
literature results.

S. Vargas-Gonzalez et al.

[74]

2021 - *

A modified Luikov equation was developed for
simultaneous heat and mass transfer in solids based on
interface thermodynamics. The equilibrium relation
between air and (wet solid) can be approximated
mathematically by two linear segments utilizing the
thermodynamics theory. The implications of modified
Luikov equations for thermodynamic and mathematical
analysis of lumped equations were investigated.

K. Abahri et al. [75]

2011 - *

A system of transient Luikov equations was solved
analytically for Dirichlet boundary conditions. First, the
Laplace transformation is introduced, followed by the
potential function technique. By utilizing this method, the
original mathematical problem can be reduced to a
fourth-order ordinary differential equation, which is
relatively simple to solve. The obtained solution was then
utilized to evaluate the temporal moisture and
temperature distributions within the materials.

Ferroukhi et al. [76]

2016 * -

A novel approach was developed to predict the
performance of buildings by utilizing two simulation tools,
COMSOL Multiphysics and TRNSYS. The Luikov model is
applied in the COMSOL software (version 4.3) to simulate
the heat, air, and moisture transfer in multilayer porous
walls, while the BES (Building Energy Simulation) model
is used to simulate the hygrothermal behavior of

the building.

B. Remki et al. [77]

2012 * -

Finite element method was implemented by COMSOL
Multiphysics software version 4.3 to solve the Luikov
equation. The drying processes with high temperature and
conventional boundary conditions as the normal climate
conditions were regarded as two major cases during

the analysis.

Abdelghani Koukouch
etal. [78]

2020 - *

Analytical solution for two different models were
proposed for studying the moisture content and
temperature distribution inside a biomass during forced
convection drying. The thin-layer model assumes the
biomass to be a uniform parallelepiped material, while the
Luikov model considers it as a porous medium. Hermite’s
zero-order approximation was used to obtain analytical
solutions for the Luikov model equations.

Menghao Qin et al. [79]

2006 - *

A new analytical approach has been suggested as a
solution for Luikov equation using the Transfer Function
Method. The coupled partial differential equations and
their boundary conditions are first subjected to Laplace
transformation. This approach enables the calculation of
the transient distribution of temperature and moisture
content within the building material.

Note: symbol of “*” denotes “Yes” and “-” denotes “No”.
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3.3. Model of Whitaker

In 1977, Stephen Whitaker [48] developed his theory of homogenization by analyzing
the three phases of moisture and vapor movement in a rigid porous media, as shown in
Figure 5. In Figure 5, o represents the phase of the rigid solid matrix, {3 is the liquid phase,
and y shows the gas phase. Whitaker’s model concerned the topological structure of a
three-phase system of equations, including liquid, vapor, and solid phases. There are three
averaging methods that are useful in the analysis of heat and mass transport in porous
media [80]. Whitaker provided the general form of the equations derived by the spatial
volume averaging method. Whitaker’s equations were later simplified by several authors
to facilitate experimental investigation of the theory. Perre [81] presented a simplified
version of the equations under specific conditions, Whitaker’s theory can be described
using coupled heat and moisture transfer models. The hygrothermal model of Whitaker
can be expressed as follows:

0X

Psg:V(Pstvvwv“‘vaPv_prl) (20)

a(slplh1+sypvhv +sspshs+p*ba)

ot _ _
= V(AVT) +hyp, fDy V wo+ hy DV po + oy V,

(21)
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Figure 5. Averaging domain and three-phase porous medium system.

Like other models of energy and moisture conservation equations, the terms T and
X represent the temperature and mass moisture content. ps, oy, and p; are the densities
of the porous material, vapor, and liquid, respectively. The symbols f, D,, and D, are
dimensionless diffusivity and the diffusivity of water vapor and bound water, respectively.
The parameter w, depicts the vapor mass fraction. The parameters of ¢;, €,, and ¢; are,
respectively, the volume fraction of liquid, vapor, and solid, respectively. Similarly, #;,
hy, hs, and hy, are the specific enthalpy of the liquid phase, vapor phase, solid phase
of water, and specific enthalpy of bound water, respectively. Finally, A is the thermal
conductivity of the porous body.
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The moisture movement equation incorporates contributions from various mass trans-
fer mechanisms, namely vapor diffusion, bound water diffusion, and mass convection.
These mechanisms are considered in terms of enthalpies of each phase in the thermal
energy equation.

3.4. Model of Kiinzel

In 1995, Kiinzel [46] proposed a new hygrothermal model during his PhD thesis. This
model utilized relative humidity as the driving potential, a departure from the conventional
approaches relying on volumetric water content and capillary pressure. Martin Krus’s
thesis [82] investigated the various diffusion coefficients in hygrothermal transfer. A
drawback of the models based on volumetric water content or capillary pressure is the
discontinuity of the water content in multi-layered building components. Divergent jumps
of the water content at the boundary layers between the two different materials require
the computation of the moisture transport through complex transitional functions at the
material boundaries. In a super-saturated region (highly saturated region), there is no
straight relation between the water content and the driving potential for the liquid transport,
as capillary suction stress may cause a wrong estimation. The hygrothermal model of
Kiinzel based on relative humidity as the driving potential can be written as:

3
Co ;qu =V (Dy Vo +5, V(¢ pus)) (22)
T
Cop =VAVT)+L V(- V(g pus)) (23)

where D, denotes the liquid conduction coefficient and can be calculated from the par-
tial vapor pressure in the sorption region by the formula introduced in EN 15026 [83],
Dy = pus-0p. This only can be written in the sorption region under the isothermal condition
when there is no liquid conduction through the pores during the capillary rising test. The
relation between the capillary coefficient Dy, liquid water permeability K, and the liquid
conduction coefficient D, in Kiinzel model is formulated below:

o KoAT

0 (24)

D(p: Dw ¢
where Dyy can be determined by measuring transient moisture profiles in building materials,
as explained in this reference [82]. The term liquid transport based on the temperature
gradient was not considered by Kiinzel due to the small effect in comparison with the
moisture gradient. This term was later applied by the Liu formulation based on the Kiinzel
model using COMSOL and was well validated by comparing against the benchmark test
of EN 15026 [83,84] and the benchmarks of the HAMSTAD project [85]. Hans Janssen [86]
clarified that under isothermal conditions, Kiinzel’s and Liu’s equations yield equivalent
results. Even in non-isothermal conditions, it can be also neglected due to small effect of
temperature on moisture gradient. Dong et al. [87] compared the Kiinzel and Liu models
with the HAMSTAD benchmark 5 and revealed that during high relative humidity, there is
a slight deviation.

The advantages of the Kiinzel model are governed by the partial vapor pressure and
relative humidity, both of which are material-independent variables and easy to measure
during experiments. This model is the basis of the WUFI software [Warme Und Feuchte
Instationdr, which, translated, means heat and moisture transiency] developed during
Kiinzel’s PhD thesis. It has been utilized in numerous research works [6,88]. Kiinzel’s
model as an engine of the WUFI software showed a good match with the experiments
carried out in the Department of Hygrothermics at Fraunhofer IBP.

This model was later applied to the Energy Plus software version 8.2 as a HAM
model for energy study of buildings. It was analyzed by the National Renewable Energy
Laboratory (NREL) to better understand the different existing models in the EnergyPlus
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software [7]. Furthermore, there is a need for simpler moisture prediction models with
fast response time and high accuracy. For this purpose, Woods et al. [89] analyzed the
four models in Energy Plus, two different effective moisture penetration depth models
(EMPD1 and EMPD?2), effective capacitance (EC) model, and the Kiinzel model (HAM
model). The results indicates that the Kiinzel model and two EMPD models were closer to
the isothermal analytical solution.

Seong and Sumin [90] analyzed the impact of indoor temperature on moisture storage
in the insulation layer in walls using the WUFI 6.7 software. For a wooden material, lower
indoor temperature resulted in higher moisture storage. Zirkelbach et al. [91] applied
the WUFI software for simulation of the different green roofs, considering the outdoor
climate conditions, soil type, and drainage boards. The Kiinzel model was validated with
the help of measured temperature and humidity field tests. Experimental measurements
showed good agreement with the WUFI simulation results. Recent achievements and
developments in relative humidity formulation include the three coupled models, or a
complete form of heat, air, and moisture transfer (HAM models). These models consider
forced convection for air transfer, and use relative humidity as moisture potential, such
as HAM-Lea [92] and HAM-fit [93] models. In other research based on the humidity
formulation of a hygrothermal model, Zhang et al. [52] took into account the temperature-
dependent hysteresis effect. It was supposed that their models could more effectively
illustrate the declining trend of moisture content.

3.5. Model of Rode

Rode Pedersen first presented the simplified system of equations of coupled heat and
moisture transfer in his paper published in 1990 [47]; this model was implemented in the
MATCH software. The coupled hygrothermal equations of Rode’s model are written as:

d
00 a%l =V (K; Vi, +6,VPy) @)
T

poc = = V(AVT) + LV(K V) (26)

where K] is the hydraulic conductivity as a function of water content. Moreover, the model
also considered the hysteresis of the moisture retention curve by taking into account both
adsorption and desorption curves. In addition, it defines the moisture capacity as a function
of the water content and direction of the retention process (adsorption/desorption). A
procedure was introduced for hysteresis in the sorption curve, though it is equally valid for
the suction curve as well.

3.6. Model of Grunewald

The Grunewald model was initially shown in [49], while its numerical implementation,
considering new features also with dry air transport and a focus on pollutant and VOC
(volatile organic compound) transport, was later included in the software. This model is
implemented in the software Delphin 5 and in its later versions as written as:

Py
Ju SpP vs exp(5577)
5 =V (KV gy + V) (27)
Pp
oT OpP s exp( S%T)
C =VAVT)+LV( AT P V) (28)

It can simulate transient mass and energy transport processes for arbitrary standard
and natural climatic boundary conditions by considering the wind-driven rain, wind speed,
wind direction, and short- and long-wave radiation. Hejazi et al. [94] compared the two
well-known softwares WUFI Pro 4.2 and DELPHIN (Version 5) in the case of validation.
And the results obtained from two softwares were very close. One of the advantages of
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capillary pressure form of hygrothermal equations is in a saturated region where we have a
higher relative humidity. In this region, capillary pressure can define the state of the water
content in the material. An example of recent models is Fang et al. [51], who used capillary
pressure as the single driving potential for both vapor and liquid transport to predict wind
driving rain penetration.

4. Discussion on Building Hygrothermal Models

Coupled heat and moisture transfer is governed based on the principles of energy
and mass conservation, along with diffusion equations and a few state equations. In
Table 2, a summary of the hygrothermal equations outlined in this review is presented. The
equations inspired by the theory of Philip and De Vries are based on the assumption that the
moisture transfer could be classified into a liquid phase and vapor phase flow. Since then,
it has been challenging that there is no way to directly measure these two phases in a pore
system. To deal with this, Luikov, for instance, assumed that the two phases are assumed to
be proportional, with the proportionality factor as a (fitted) constant. Luikov developed the
system of coupled heat and moisture equations based on the irreversible thermodynamics
law (Gibb’s theory). Richard’s equation, together with the Fourier equation, created one of
the first hygrothermal models in 1931; however, the exclusion of condensation, evaporation,
and the vapor phase of water in the analysis may have led to potentially misleading results.

Table 2. Summary of hygrothermal models.

Moisture Transfer Driving

Name of Model Year Potential Moisture Phase
Richard’s equation 1931 Capillary pressure Only liquid phase
Philip and De Vries model 1957 Water content Liquid + vapor phases
Luikov model 1965-1974 Water content Liquid + vapor phases
Sophocleous and Milly’s model 1977,1982 Capillary pressure Liquid + vapor phases
Whitaker’s model 1977 Water content Liquid + vapor + solid phases
Kiinzel model 1995 Relative humidity Liquid + vapor phases
Model of Rode 1992 Vapor pressure—capillary pressure Liquid + vapor phases
Model of Grunewald 1997 Capillary pressure Liquid + vapor phases

On the left-hand side of the equations, the storage dependency is defined and pro-
vides a relationship between the volumetric water content and relative humidity or the
relationship with the capillary suction pressure, which comes from the sorption isotherms
of material or retention curve. For instance, in both Kiinzel’s model and Sophocleous and
Milly’s model, which consider the moisture transport with the driving forces of humidity
and capillary pressure, this relationship was provided by derivation of sorption isotherm
(g—z * aa—‘f) and water retention curve (a‘% * aa#). The derivations of g—g and 3379!, are equal to
the slope of the sorption curve and water retention curve, which is known as the specific
volumetric moisture capacity (Q‘f;,’p, {g)- For converting the sorption isotherm curve as a
function of capillary suction, Kelvin’s equation is also applicable to link the capillary suc-
tion to relative humidity: ¢, = o;\TLn(¢). Luikov’s model for colloidal porous materials,
published in 1966, introduced the two terms of moisture and heat propagation factors (T,
T¢), which can be neglected in building materials. It only became significant under certain
conditions; however, its exceptional value renders laboratory measurements impractical.

Physical parameters comprising D and Dy are defined in all models in some way,
representing the general diffusion coefficients for heat and moisture gradients and separated
as D7 = Dty + Drjand Dg = Dy, + Dy;. The coefficients of Dty and Dt are the
diffusivity of liquid and vapor under the temperature gradient. D1; was neglected in the
Luikov, Philip and De Vries, Kiinzel, and Rhode models due to the low value of the liquid
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transfer in the temperature gradient. One of the differences between Rhode’s model in a
comparison of others is the term coupling in the heat equation (L V (K;V,)), which is
defined as the liquid transfer instead of considering the vapor transfer. Luikov’s model
in 1965 for building materials came with the coefficient of (A + LDr,,) for the thermal
transfer, and later, for capillary porous materials, Luikov transferred the thermal equation
by adding %, which is a complete coupled equation. This transformation on hygrothermal
models has not been compared yet to see how it affects the temperature and moisture
content distribution in both multilayer materials and single-layer ones. In Luikov’s system
of equations, and especially in the general form, there was a lack of physical definition
on diffusion coefficients under the temperature or moisture gradient. Kiinzel explained
the disadvantages of utilizing the water content as the driving potential in multilayer
material, which is the discontinuity of water content at the interface of multi-layered
building materials [47]. In Figure 6, a concept of Kiinzel’s view on multi-layered building
materials is presented; there is a rise in water content from material 1 to material 2, in a
comparison of humidity with a smooth variance in the boundary layer.
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Figure 6. Concept of relative humidity and moisture content distribution through the multilayer
composite material and at the interface with large jump of moisture content.

One of the disadvantages of relative humidity models comes in the supersaturated
region. As stated in [95], relative humidity is deemed unsuitable as a potential variable to
be chosen due to the high slope of the moisture retention curve after 99% (or in the super-
saturated region). Even slight fluctuations in relative humidity can lead to considerable
variations in moisture content, necessitating the use of ten or more significant digits for
accurate measurements. Relative humidity formulation could be suitable for the sorption
region, and during the rain or any durability analysis of building wall construction, it
might cause a wrong estimation.

The state of the equilibrium moisture content of a capillary body depends on the tem-
perature and humidity of the surrounding air and on the method of reaching equilibrium.
The mechanism of transfer varies depending on how the equilibrium condition is reached.
Thus, the maximum hygroscopic moisture content of any porous media, corresponding
to the porous body with humidity of 100%, is significantly less than the maximum mois-
ture content that the body can acquire in absorbing water or by wettability of the porous
media. A similar relation holds for coarse-pored bodies such as building materials. This
equilibrium moisture content would decrease by increasing the temperature, and during
the hygroscopic equilibrium condition, various mechanisms affect the moisture transfer,
monolayer adsorption in the range of 0-10% humidity, polymolecular adsorption in the
range of 10-90% humidity, and capillary transport in the range of 90-100% humidity (see
Figure 7). This hysteresis could be relatively varied from one geometry of pore to another.
An inherent challenge in the classification of regions within hygroscopic materials, as
illustrated in Figure 7, stems from the absence of a definitive rule for characterizing various
regions from sorption to super-saturated.
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Figure 7. Various regions classified for hygroscopic materials.

Several related areas in the hygrothermal modeling need further scrutiny:

e  Considering the three-dimensional hygrothermal analysis with an additional term of
infiltration or air velocity in porous media.

e Taking into account the computational fluid dynamics (CFD) approach rather than
the conventional 1D methods because the power of the computers has been improved.
CFD offers detailed information on airflow, temperature, and humidity throughout
the building environments and constructions.

e Itisalso not clear yet what the hysteresis effect is of sorption/desorption in moisture
risk analysis of building materials.

e International efforts are needed to bring attention to assessing the hygrothermal
models on various climate regions, especially in cold freezing regions.

e  The development of hygrothermal models encompasses all moisture states in porous
materials, including the sorption, capillary, and saturated regions.

5. Advancements from Glaser Method to EN ISO 15026

The goal of hygrothermal simulation in the building sector is to evaluate the variation
in temperature and moisture within porous building materials, with precise consideration
of the ambient humidity, initial conditions, and energy exchange between the inside of
the envelope and the surrounding environment. Future objectives include quantifying
the energy consumption of buildings, thermal comfort, durability, and indoor air quality
issues [96]. A poorly designed building can result in surface condensation, posing a
significant risk of mold growth. Also, the risk of condensation is considerably affected
by age and height of materials used in the building, especially old ones. In order to
ensure the health and safety of building occupants, it is necessary to control moisture
migration and accumulation inside building envelopes [97]. As part of this section, one
of the hygrothermal applications in building envelopes is discussed which has finally
become a standard in various countries. Furthermore, we present a brief discussion on
how the classic graphical method, known as the dew point method, transformed into
the transient hygrothermal method. All the efforts came from this truth to accelerate the
building simulation and reach a trusted hygrothermal model.

By the end of 1940, Rowley, Algren, and Lund [96] introduced the graphical method,
known as the steady-state method, which was subsequently applied in practice by Johans-
son and Persson, Egner [97], Cammerer and Diirhammer [98]. This method was used for the
occurrence of condensation in building construction. They defined vapor pressure curves
based on the vapor permeance of materials. After World War 2, the graphical method found
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application in Europe, operating under the assumption that condensate was deposited
through the building material with the water vapor saturation line and every assembly
with some insulation layer needed a vapor barrier. Due to the unsatisfactory results of
their approach, Helmut Glaser published four papers between 1958 and 1959 [99-102] to
develop this simple method to control interstitial condensation in moisture-safe freezer
walls based on steady-state vapor diffusion. The Glaser method, which is originally a
graphical method, calculates moisture transfer as steady-state diffusion after a steady-state
thermal calculation has been carried out.

Figure 8 schematically demonstrates a cellular concrete in a Glaser method analysis,
covered with insulation or roofing material on the exterior side during winter. We suppose
the cellular concrete to be exposed to high relative humidity and low temperature on
the exterior side (Tpyterior) €xchange with high temperature and low relative humidity
inside (Tjpterior). The vapor pressure profile can be calculated from the differences between
the interior and exterior vapor pressure (Py cxterior — Pv.interior) OVer the vapor diffusion
resistance. Due to the high resistance factor on the upper side, the vapor pressure differences
almost established themselves over the roof. Additionally, saturation pressure is only
dependent on temperature, as shown by the dotted line in Figure 8. As a result of this
graphical method, by comparing the vapor saturation and distribution, in the upper part
of the roof, the vapor pressure is higher than the saturation vapor pressure, so the blue
highlighted color in Figure 8 shows where condensation can be expected [103,104].

P .
Texterior V.exterior

Roofing

Cellular Concerete

Tinterior PV.interior

Figure 8. Schematic diagram of Glaser method for a cellular concrete roof for winter conditions.
In the blue highlighted part, condensation might be expected.

This simple, one-dimensional, steady-state calculation approach has been imple-
mented in standards and codes in Europe, the USA, and Canada. The Glaser method was
known as the “dew point method” in Canada and the USA. The standard of EN ISO 13788,
first introduced in Belgium and the Netherlands, is now part of the European standards for
internal surface temperature to avoid interstitial condensation and critical surface humid-
ity [105]. As is known, this method has a lot of limitations and does not include a number
of important physical phenomena [104]:

The variation of material properties with moisture content;

Capillary suction and liquid moisture transfer, which whiten materials;

Air movement from within the building into the component through gaps or air spaces;
Hygroscopic moisture capacity of materials.

None of the conditions were met, yet the simplicity of the Glaser approach was
charming. This attracted the researcher’s interest in upgrading the Glaser method in the
years following the 1950s, with significant contributions from Vos in 1969 and 1971 [106,107]
and Hens in 1975 and 1978 [108,109], Van der Kooi in 1971 [110], and Kief1in 1983 [111].
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Since the 1990s, advances in power and speed have opened the way for the devel-
opment of comprehensive models capable of transient or non-steady-state-coupled heat
and moisture transfer (discussed in Section 2) in one-dimensional to three-dimensional
multilayer composite building materials. Some of these models are commercialized, such as
WUHFI software, as discussed in Section 3 [112]. Figure 9 summarizes international efforts
from 1990 to 2007 to explore hygrothermal phenomena in building physics. Despite the
progress, due to the complexity of the phenomena and the models, the hygrothermal phe-
nomenon is not mathematically well modeled and is still under development. The first
effort is Annex 24: Heat, Air and Moisture Transfer in Envelopes (HAMTIE), which was
initiated by the International Energy Agency (IEA) organized in 1990. The main objective of
Annex 24 was to analyze the effect of HAM response on thermal performance and durability
in buildings and to study the physics of heat, air, and moisture transport. Later in 2001, the
European Commission initiated the project “HAMSTAD “(Heat Air and Moisture Standard
Development), which focused on the development of draft standardization procedures for
determination methods of moisture transfer properties and draft methodology for certifica-
tion of upgrading moisture modeling codes. As a result of the Annex 24 meeting in Paris, in
April 1991, five benchmark reports were published [113,114]. The HAMSTAD project, in
contrast to Annex 24, includes two phases: an open methodology for free code development
and the quality assessment of codes. This project aims to implement a better HAM modeling
methodology than the traditional Glaser approach [85]. The recent international effort is IEA
ECBCS Annex 41 from 2003 to 2007, by taking into account the various models in “whole
buildings” and considering the advanced development in modeling the heat, air, and mois-
ture transfer [115-117]. Six different exercises were carried out in this international project
to make intermodel comparisons and validate the results with experimental data [114].

*%

* ok

European

Energy Agency Commission
Annex 24. Heat, Air and Moisture Transport in highly The European Commission initiated the project
Insulated building envelops’ (HAMTIE) ) initiated in 1990 “HAMSTAD” (Heat Air and Moisture Standards
by Internatioanl Energy Agency (IEA). Development) in 2001.

Annex 41. Whole Building Heat, Air and Moisture Response

(MOIST-ENG) initiated in 2003 by Internatioanl Energy
Agency (IEA). * Benchmark No.2 Analytical case 1

* Benchmark No.1 Insulated Roof

* Benchmark No.3 Lightweight Wall

* Benchmark No.4 Response Analysis

* Benchmark No.5 Capillary Active Inside Insulation
* Benchmark No.6 Analytical Case 2

Figure 9. Selected international efforts concerning hygrothermal transfer initiated by international
energy agency (IEA) and European commission.

The results proposed in the HAMSTAD project led to the upgrading or revision of
(pre-)EN standards for measuring the moisture transfer coefficients, water vapor perme-
ability [118], sorption—desorption curves, and water retention curves [119]. In contrast to
steady-state assessment or the graphical method introduced by Glaser, now as part of the
European Standard [104], transient hygrothermal simulation brought more details and pre-
cise analysis on the risk of moisture issues within the building constructions and materials.
Transient assessment of the hygrothermal performance of building components covered in
European Standard EN 15026 accounts for heat and moisture storage, sensible latent heat,
vapor and liquid transfer under the realistic boundary, and initial condition. Annex A of
EN 15026 [83] defines a normative benchmark test to ensure that the software and code
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used fulfills some basic requirements and provides accurate results. This benchmark is
based on the analytical solution for hygrothermal transfer in a semi-infinite region named
here as “No.6 Analytical case 2” in Section 5.6 [120].

In the following sections, we revisit and summarize the six important benchmarks de-
veloped during the HAMSTAD project and European Standard EN 15026. Each benchmark
covers at least two transfer mechanisms. These benchmarks follow the hygrothermal model
considering the liquid and vapor transfer for moisture formulation and serve as the basis
for numerical solutions. They also cover air transfer and heat and mass balance, as well as
exterior and interior boundary and climate conditions. It must be kept in mind that several
equations can characterize the moisture state, such as water vapor pressure, capillary
pressure, relative humidity, and volumetric water content, and relate them to each other.
All these driving potentials should be able to determine the moisture content as a result. It
is a complicated task due to the nonlinearity of the hygrothermal equations and it requires
a solid understanding of both mathematics and the physical properties of the parameters
involved. However, various numerical results in the benchmark cases showed that reason-
able consensus solutions can be found. Reference [85] provide more details on the initial
boundary conditions and physical properties of materials in HAMSTAD benchmarks.

5.1. Benchmark No. 1 Insulated Roof

This benchmark addresses interstitial condensation that arises at the interface between
two materials. The construction assembly consists of a vapor-tight seal, a 100 mm load-
bearing material, and a 50 mm thermal insulation layer. The assembly of the roof structure
is shown in Figure 10a. The properties of the two materials differ; the load-bearing layer is
capillary-active, while the hygroscopic insulation is capillary-non-active. Thermal conduc-
tivities between two materials differ by a factor of 50 (at dry conditions). The simulation
covers five years with a normal external climate fluctuation. Even though there is good
agreement of the results of the moisture content in the load bearing layer, the results in the
insulation layer disperse from year to year (Figure 10b).
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Figure 10. (a) Roof assembly details for the No. 1 benchmark ‘Insulated roof’. (b) Average moisture
content in the insulation layer for the No. 1 benchmark ‘Insulated roof” and simulated by Schijndel
etal. [121] and Liu et al. [84].
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5.2. Benchmark No. 2 Analytical Case 1

This benchmark concerns the moisture redistribution in a homogeneous material with
the thickness of 200 mm under isothermal conditions (shown in Figure 11a). Initially, the
moisture equilibrium of the layer is maintained by the relative humidity of the ambient air,
which is kept constant. The movement of moisture results from a sudden change in relative
humidity in the environment, causing a swift but different change in humidity. This case
can be solved analytically, with the initial conditions of 20 °C and relative humidity of 85%.
Temperature is kept constant at the boundary conditions, while humidity varies from 45%
to 65%. As shown in Figure 10b, the simulation covers 1000 h for the calculation of the
moisture content through the wall. However, [88] illustrates the results for 100 and 300 h.

External side: Te=20°C RHe = 45%
N
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S
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Internal side: Ti=20°C RHi = 65%
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Figure 11. (a) Schematic of the applied boundary conditions through the homogenous wall for the
No. 2 benchmark ‘Analytical case’. (b) Moisture content distributions of homogenous wall at 1000 h in
the No. 2 benchmark “Analytical case’. Researchers who contributed to simulation include Schijndel
etal. [121], Dong et al. [122], Liu et al. [84], Wang et al. [123], Belleudy et al. [124].

5.3. Benchmark No. 3 Lightweight Wall

In the third benchmark, air is transferred through a single layer of 200 mm thickness.
Airflow is the main cause of moisture transfer in this case, but moisture and temperature
gradients across the layer also play a role in the heat and moisture transfer. The boundary
conditions are constant, except for the pressure difference between indoor and outdoor,
which causes the infiltration or convection of air. Over the initial 20 days, air exfiltration
occurs, which subsequently transitions into air infiltration. Further information regard-
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ing boundary conditions is presented in Figure 12a and in [85]. As a result of the third
benchmark, moisture distribution during the 100 days is shown in Figure 11b.
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Figure 12. (a) Applied boundary conditions for No. 3 benchmark ‘Lightweight” wall. (b) Comparison
of the moisture profile at the middle (150 mm) of homogenous wall studied by Schijndel et al. [121]
and Tariku et al. [125].

5.4. Benchmark No. 4 Response Analysis

The fourth benchmark consists of a 100 mm wall with a 20 mm plaster on the inside,
which is subjected to rain and solar irradiation (see Figure 13a for schematic view of
geometry). There is no convective heat and moisture throughout the layer. During the
24 h simulation period, the climatic conditions are quite harsh, causing a different heat and
moisture transfer, such as moisture condensation and redistribution of moisture between the
interface of the two capillary materials. References [85,121] provide a detailed description
of the material data and climatic conditions for this benchmark. Figure 13b is presented
here for just moisture distribution during the 100 days; various researchers simulated
this benchmark.
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Figure 13. (a) Applied boundary conditions for No. 4 benchmark ‘Response analysis’. (b) Moisture
profile at the outer surface investigated by Schijndel et al. [121] and Tariku et al. [125].

5.5. Benchmark No. 5 Capillary Active Inside Insulation

The fifth benchmark addresses the moisture redistribution inside a wall with highly
hygroscopic interior materials. The wall assembly includes three different materials, as
shown in Figure 14a. A constant initial temperature and water content are considered
throughout the wall with a sudden change in temperature and water vapor pressure at the
starting point of the simulation. Two different numerical solutions agree well for all layers
during the 60 days chosen for the simulation. As a result of this benchmark, Figure 14b
illustrates the moisture profile through the wall construction. As moisture content varies in
the wall construction, there is a sharp enhancement in the insulation material due to the
various physical properties of the insulation material and mortar, including the sorption
isotherms and water vapor permeability.
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Figure 14. (a) Applied boundary conditions for No. 5 benchmark ‘Capillary active inside insulation.
(b) Comparison of HAMSTAD project; Schijndel et al. [121] and Dong et al. [122] simulated moisture
profile at the middle (100 mm) of homogenous wall after 60 days.

5.6. Benchmark No. 6 Analytical Case 2

The sixth benchmark introduced in ISO EN 15026 deals with coupled heat and moisture
transfer in a semi-infinite material (thick building material). Climate, whether or not in
the boundary condition, is constant and the materials are airtight. Figure 15a shows the
boundary conditions of this benchmark. At a certain time (7, 30, 365 days), temperature and
moisture profiles were calculated with an analytical solution (see Figures 15b and 14c) [83].
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Figure 15. (a) Applied boundary conditions for No. 6 benchmark ‘Analytical case 2’. (b,c) Moisture
and temperature profile at 7 days, 30 days, and 365 days, with simulation carried out by Liu et al. [84]
and Belarbi et al. [126].

6. Conclusions

Nowadays, hygrothermal models have been and continue to be a research subject in
the building sector due to their inseparable role in building energy analysis. Developments
in heat and moisture modeling have progressed since 1907 when Buckingham introduced
the “capillary potential” as a driving force for moisture movement in un-saturated soil.
Parallel to research in unsaturated soil, hygrothermal models were also under development.
Later, in the 1950s, Philip and De Vries brought a novel form of hygrothermal equations by
considering the vapor phase and sensible latent heat in their theory. Due to the limitations
of this study, only the most utilized and well-known hygrothermal models developed
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after the theory of Philip and De Vries are discussed, including Milly’s model, Luikov’s
models, Whitaker’s model, Sophocleous and Milly’s model, Rode’s model, Kiinzel’s model,
and Grunewal’s model. Most of these models have been experimentally and numerically
analyzed as computer technology advanced, proving their accuracy by providing reliable
results. The strength of this literature review lies in its comparison of these hygrothermal
models, detailing their utility and downsides. Kiinzel’s model is not the latest version
of the hygrothermal model with humidity formulation, but it can be a starting point for
researchers to develop and fill this research gap by providing solutions that are not only
advanced and complicated but also easy to apply. Whitaker’s model, for the first time,
incorporated the effect of rigid porous media in the hygrothermal equations. It should be
mentioned that it is complex and still lacks an experimental procedure for verifying the
accuracy of this formulation. Due to variations in computing techniques, as evidenced
by comparing the results of HAMSTAD benchmarks produced with different numerical
solutions, the results might vary from one to another. The methods and algorithms used for
numerical solutions, mesh elements, boundary conditions, and the variety of coefficients
are parameters influencing numerical modeling. Hygrothermal models have been widely
used in the building sector to analyze condensation occurrences in building components.
Efforts by authors in the mid-1940s led to the introduction of a graphical method later
developed by H. Glaser, which calculates moisture transfer as steady-state diffusion, also
known as the “dew point method” in the USA and Canada. Despite its simplicity, this
graphical method produced unsatisfactory results. International efforts, such as Annex 24
starting in 1991 and the HAMSTAD project in Europe in 2001, led to the development of
better and more accurate methods for moisture risk analysis in building applications. Six
different benchmarks were introduced to ensure that the software and codes used meet
basic requirements and provide accurate results in transient hygrothermal assessments.
These proposed codes and benchmarks were later included in the upgrade or revision of
(pre-)EN standards. In conclusion, the present study, with the provided information, aims
to guide researchers and engineers engaged in building analysis as well as those aiming to
develop novel hygrothermal models.
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Nomenclature

Ks Saturated hydraulic conductivity (m-s~1)
K Hydraulic conductivity (m-s~1)

hy Hydraulic head (m)

JQu Flow rate of water (m3-s—1)

Py Capillary potential (J-kg~')

VP, Gravitational potential (]-kgfl)

Vg Solute potential (]-kgfl)

Ve Electrochemical potential (]'kg_l)

X Mass moisture content (kg-kg_l)

0 Volumetric water content (m3/m?)
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t Time (s)

T Temperature (K)

C Volumetric heat capacity of material J-K1.m3)
A Thermal conductivity (W-m~1.K~1)

q Specific heat of liquid water (J-kg~!-K™1)

o1 Density of water (kg~m*3)

Ty Reference temperature (K)

Py Water vapor pressure (Pa)

Pys Saturated water vapor pressure (Pa)
© Relative humidity (-)

Um Molecular mass of water (kg~mol_1)

g Gravity (m/s?)

R Gas constant (J-mol~1-K1)

Dt Total diffusivity of moisture transport due to a temperature gradient (m?-s~1.K~1)
Do Total diffusivity of moisture transport due to a moisture gradient (m?-s~1)

Dt, Diffusion of vapor under temperature gradient (m2-s~ LK1
Dr;  Diffusion of liquid under temperature gradient (m2.s~1.K 1)
Do, Isothermal vapor diffusivity (m?-s~1)

Dg, Isothermal liquid diffusivity (m?-s~1)

L Latent heat of vaporization of liquid (J-kg 1)

) Water vapor transmission coefficient (s)

a Volumetric air content (-)

Y Temperature coefficient of surface tension (K

T Tortuosity factor (-)

fe Unitless parameter for the mass fraction of clay in the soil (-)
f(a)  Enhancement factor

D, Water vapor diffusion coefficient in air (m?-s~1)

Py Atmospheric pressure (Pa)

B Phenomenological coefficient (-)

ég) Slope of the water retention curve (J-kg~!)

& Slope of the water sorption curve (-)

€ The criterion of the phase transition of fluid into vapor (-)
Tr Heat propagation (s)

Trm  The moisture propagation in capillary porous media (s)
o1 Thermo gradient coefficient (K1

aq Thermal diffusivity (m2-s71)

Kij General moisture transfer coefficients (-)

Ps Density of solid phase (kg-rn_3 )

o Density of vapor phase (kg-m~3)

Dy Water vapor diffusivity (m?-s—1)

Dy, Bound water diffusivity (m?-s~1)

f Dimensionless diffusivity tensor

Vi Liquid phase velocity (m-s~1)

Iy Specific enthalpy of the liquid phase (J-kg ™)
hy Specific enthalpy of the vapor phase (J-kg™!)
hs Specific enthalpy of the solid phase (J-kg™1)
hy, Specific enthalpy of the bound water (J-kg 1)
Wy Vapor mass fraction (kg/kg)

€] Volume fraction of liquid (m3/m3)
ey Volume fraction of vapor (m3/m3)
I Volume fraction of solid (m?/m?)

dp Water vapor permeability (kg-Pa~!-m~1.s71)

Dw  Capillary coefficient (m?-s~1)

Dy Liquid conduction coefficient (kg-m_1 s

u Moisture content (kg of moisture. (kg of dry material ~1))

Po Dry density of material (kg-m~3)

op Water vapor permeability as a function of moisture content (kg-m~!-s~1.Pa~1)
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