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Excess water on pipes and equipment under porous insulation materials can lead to undesired corrosion. 
This work aims to clarify to what extent thermal diffusion affects the migration of water inside insulation 
materials subject to large temperature gradients. Since no experimental data is available on the thermal 
diffusion coefficients of humid air, revised Enskog theory for Mie fluids is used to estimate transport 
properties. Comparison to experimental data from literature shows that the theory reproduces the diffusion 
coefficient, viscosity and thermal conductivity of humid air within 8.7%, 5.0% and 3.5% respectively. The small 
discrepancies suggest that the theory can also provide reliable estimates of the thermal diffusion coefficients. 
In the investigated composition and temperature range, the theory predicts the Soret coefficient of water to be 
approximately −0.3mK−1, while the Soret coefficient of oxygen varies from −1.2mK−1 to +0.1mK−1. A case 
study with heating of glass wool insulation containing humid air, encapsulating a cylindrical pipe is investigated. 
Non-equilibrium thermodynamics is used to consistently incorporate the Soret coefficients into the flux equations 
in a dynamic, non-isothermal model that includes diffusion, convection, thermal conduction and water sorption 
in the porous medium. With 50 K temperature difference across 5 cm of insulation, we find that at steady-state, 
thermal diffusion leads to a mole fraction of water in the gas phase that is about 1.5% higher at the hot location 
than if thermal diffusion is neglected.

1. Introduction

The water molecules contained in air are frequently referred to as 
moisture [1]. Moisture in building materials is one of the major causes of 
degradation and reduction of thermal performance [2]. Therefore, the 
coupling between heat and moisture transfer in building materials has 
been an active research topic for many years [2–6]. Both experimen-
tal [6] and numerical [7] efforts have shed light on how the moisture 
migrates, while at the same time interacting with an adsorbed water 
phase inside the porous material. In the study of building materials, 
the thermal driving force is mainly limited by variations in the ambient 
temperature and heat ingress from the sun by radiation [8]. Other appli-
cations such as drying [9] e.g. of textiles [10], or in production of paper 
[11] or fuel cells [12], the thermal driving force can be much larger. An-
other application with potential for very high temperature gradients is 
the inside of porous insulation materials around hot pipes or process 
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equipment [13]. The extent to which large temperature gradients influ-
ence the migration of water is important to clarify, since excess water 
under the insulation can lead to corrosion [14,15]. The simultaneous 
coexistence of multiple phases in the presence of a large temperature 
gradient gives the possibility for several transport phenomena to occur, 
such as evaporation/condensation, capillary effects [16–18] and ther-
mal diffusion [19–21].

A simple description of diffusive mass transfer is provided by Fick’s 
law, which states that the diffusion flux goes in the opposite direction 
of the concentration gradient [22]. Unless this formulation is extended, 
it will give incorrect results in systems subject to a large temperature 
gradient [23,24].

Fourier’s law is an analogous description of heat transfer, which 
states that the heat flux moves in the opposite direction of the tem-
perature gradient [24]. Supplementary to these laws, Ludwig (and later 
Soret) showed in 1856 that a temperature gradient can induce a mass 
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flux [25,26]. This is called the Soret effect or thermal diffusion. A con-
centration gradient can also induce a heat flux (the Dufour effect) [24]. 
These phenomena are linked and referred to as coupled transport pro-
cesses [27]. Thermal diffusion has been hypothesized to play an im-
portant role in e.g. drying of porous media [9], where moisture is 
transported out of the material.

The magnitude of the coupling between heat and mass transfer is 
quantified by the Soret coefficient. Several works have been devoted to 
determining the value of the Soret coefficient in a variety of systems, by 
use of models [19,28–30], and measurements [31–33]. It is important 
to clarify the impact of thermal diffusion on transport through porous 
media [20,34,35]. In particular, the role of thermal diffusion in the 
migration of water in humid air through porous insulation materials 
subject to large temperature gradients, remains a knowledge gap. A 
key challenge in this regard is that the value of the thermal diffusion 
coefficient of water in air has, to the best of our knowledge, not yet 
been measured. In this work, we present the first estimates of the Soret 
coefficients of the components of air predicted with revised Enskog the-
ory [36].

In a paper from 2011 [37], Janssen discusses previous experimental 
investigations of porous insulation materials where thermal diffusion 
has been hypothesized to be present or not [38,39]. He comes to the 
conclusion that previous measurements can be explained without con-
sidering thermal diffusion. He argues that at least in building physics: 
“vapor pressure is the sole significant transport potential for the diffu-
sion of water vapor in porous media”. On the other hand, Häussling, 
Löwgren and colleagues [9] claim that thermal diffusion is an impor-
tant effect to consider in drying, where the temperature gradients are 
likely to be larger than in building physics. In this work, we aim to 
contribute to this discussion by 1) Providing the first reliable estimates 
of the Soret coefficients of humid air, 2) Estimating their influence on 
moisture transport in a porous insulation material subject to a large 
temperature gradient.

The paper will be structured as follows. We provide the underly-
ing balance equations for transport of heat, mass and momentum in the 
porous medium in Sec. 2. Here, we will also provide closure relations 
to these balance equations by use of non-equilibrium thermodynamics. 
Details on how the equations have been solved numerically and descrip-
tion of the methodology can be found in Sec. 3. A discussion of thermal 
diffusion and its influence on the case considered can be found in Sec. 4
and concluding remarks are provided in Sec. 5.

2. Theory

We present the governing balance equations for the porous insula-
tion material in Sec 2.1, including the expression for the local entropy 
production. Next, the local entropy production is used to formulate con-
sistent force-flux expressions in Sec. 2.2. We connect the solutions from 
revised Enskog theory to the Onsager coefficients in force-flux relations 
from non-equilibrium thermodynamics in Sec. 2.3.

2.1. General transport equations and entropy production

In this section, we shall state the balance equations used to model 
transport through the porous medium. They are identical to those used 
in [40] and are summarized here for completeness.

The porous medium contains three phases, a solid phase (s), a 
gaseous phase (g) and an adsorbed phase (a), and we assume local ther-
mal, chemical and mechanical equilibrium between them. While the gas 
can be a mixture of different chemical components, the adsorbed phase 
is here assumed to be pure and we use the thermodynamically consis-
tent model from [40] to describe it. The solid is assumed to be stagnant, 
chemically inert, and incompressible, so that the solid density 𝜌s is con-
stant and known. Also, the porosity is assumed known. The employed 
transport equations treat the different phases as interpenetrating con-
tinua, i.e. all three phases may be present at any given point in space. 

They are therefore applicable at length scales much larger than the typ-
ical pore size. Furthermore, the transport equations are formulated on a 
mass basis and we therefore use mass-based quantities for, e.g., chem-
ical potential, entropy and enthalpy, rather than molar quantities, in 
this section.

The mass balance for each component 𝑖 in each phase 𝑗 is

𝜕𝑡

{
𝛼𝑗𝜌𝑗𝑤

𝑗

𝑖

}
+∇ ⋅

{
𝛼𝑗𝒋

𝑗

𝑖

}
=Ψ𝑗

𝑖
, (1)

where 𝛼𝑗 is the volume fraction of phase 𝑗, 𝑤𝑗
𝑖

is the mass fraction 
of component 𝑖 in phase 𝑗, 𝜌𝑗 is the mass density of phase 𝑗 and Ψ𝑗

𝑖

accounts for mass transfer between phases. Since we assume that the 
adsorbed phase is pure, and therefore consists of Component 1 only, 
then Ψg

1 = −Ψa and Ψg
𝑖≠1 = 0.

The flux of component 𝑖 through phase 𝑗 is 𝒋𝑗
𝑖
. This is composed of 

an advective and a diffusive part,

𝒋
𝑗

𝑖
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, (2)

where �̄�𝑗
𝑖
= 𝑤𝑗

𝑖
𝜌𝑗𝒗𝑗 is the advective part, �̃�𝑗

𝑖
is the diffusive part, also 

known as the barycentric mass flux, and 𝜌𝑗𝒗𝑗 =
∑
𝑖 𝑤

𝑗

𝑖
𝜌𝑗𝒗

𝑗

𝑖
. Summing 

over all components, the mass balance of phase 𝑗 is

𝜕𝑡
{
𝛼𝑗𝜌𝑗

}
+∇ ⋅

{
𝛼𝑗𝜌𝑗𝒗𝑗

}
=Ψ𝑗 , (3)

where Ψ𝑗 =
∑
𝑖Ψ

𝑗

𝑖
.

The momentum balance for the gas phase is expressed (in compo-
nent notation) as

𝜕𝑡
{
𝛼g𝜌g𝑣

g
𝑘

}
+ 𝜕𝑚

{
𝛼g𝜌g𝑣

g
𝑘
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g
𝑚

}
+ 𝛼g𝜕𝑘 {𝑝} = 𝛼g𝜌g𝑔𝑘 +Θg

𝑘
+ 𝑣i

𝑘
Ψg. (4)

Herein, 𝑝 is the pressure, 𝑔𝑘 is the 𝑘-component of the gravitational 
acceleration, Θ𝑗

𝑘
represents the dissipative viscous friction forces acting 

on phase 𝑗 in direction 𝑘 and 𝑣i
𝑘

accounts for the momentum transfer 
associated with mass transfer between the fluid phases. We choose here 
to set 𝑣i

𝑘
=
{
𝑣a
𝑘
+ 𝑣g

𝑘

}
∕2, since this choice does not dissipate total kinetic 

energy.
The momentum balance of the adsorbed phase is similar, but has an 

additional term involving the spreading pressure 𝜑,

𝜕𝑡
{
𝛼a𝜌a𝑣a

𝑘

}
+ 𝜕𝑚

{
𝛼a𝜌a𝑣a

𝑘
𝑣a
𝑚

}
+ 𝛼a𝜕𝑘 {𝑝} + 𝑎s𝜕𝑘 {𝜑}

= 𝛼a𝜌a𝑔𝑘 +Θa
𝑘
+ 𝑣i

𝑘
Ψa. (5)

Herein 𝑎s is the solid surface area per volume in the porous medium.
The balance equation for the total enthalpy 𝜌ℎ =

∑
𝑗 𝛼
𝑗𝜌𝑗ℎ𝑗 , is

𝜕𝑡 {𝜌ℎ} + 𝜕𝑘
∑
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}
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}
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∑
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𝑗
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𝑗
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}

+ 𝑎s𝜕𝑡 {𝜑} + 𝑎s𝑣a
𝑘
𝜕𝑘 {𝜑} , (6)

where 𝒒𝑗 is the heat flux through phase 𝑗 ∈ {g,a}. For the gas phase, it 
may be expressed as

𝒒g = �̃�g +
𝑁∑
𝑖=1
ℎ

g
𝑖
�̃�

g
𝑖
, (7)

where �̃�g is the measurable heat flux and ℎg
𝑖

is the partial molar en-
thalpy. For the adsorbed and solid phases,

𝒒𝑗 = �̃�𝑗 . (8)

In another work [40], we used the balance equations presented 
above to derive the expression

𝜎 =∇
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𝑇

}
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(9)
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for the local entropy production, 𝜎, where �̃�tot
𝑖

= 𝛼g�̃�
g
𝑖

is the total

barycentric mass flux of component 𝑖 and �̃�tot =
∑
𝑗∈{g,a,s} 𝛼

𝑗 �̃�𝑗 is the 
total measurable heat flux. Furthermore, the subscript 𝑇 is used to in-
dicate that the temperature should be held constant when taking the 
gradient.

The mass fluxes are subject to the constraint

𝑁∑
𝑖=1

�̃�
tot
𝑖

= 0, (10)

which can be used to reduce the number of driving forces. We may 
therefore reformulate the entropy production as

𝜎 =∇
{ 1
𝑇

}
⋅ �̃�tot +

𝑁−1∑
𝑖=1

(
−
∇𝑇Ψ𝑖
𝑇

)
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𝑖

−
∑

𝑗∈{g,a}

𝑣
𝑗

𝑘
Θ𝑗
𝑘

𝑇
, (11)

where

Ψ𝑖 = 𝜇𝑖 − 𝜇𝑁. (12)

2.2. Flux expressions from non-equilibrium thermodynamics

Based on Eq. (11) we formulate the constitutive force-flux relations

�̃�tot =𝐿𝑞,𝑞∇
{ 1
𝑇

}
−
𝑁−1∑
𝑖=1

𝐿𝑞,𝑖
1
𝑇
∇𝑇Ψ𝑖 (13)
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tot
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{ 1
𝑇

}
−
𝑁−1∑
𝑖=1

𝐿1,𝑖
1
𝑇
∇𝑇Ψ𝑖 (14)

⋮

�̃�
tot
𝑁−1 =𝐿𝑁−1,𝑞∇

{ 1
𝑇

}
−
𝑁−1∑
𝑖=1

𝐿𝑁−1,𝑖
1
𝑇
∇𝑇Ψ𝑖 (15)

for heat and mass transfer in a mixture of 𝑁 components. Here, 𝐿𝑘,𝑧
are called Onsager coefficients. An advantage of using non-equilibrium 
thermodynamics, is that we can make use of the Onsager relations, 
which state that 𝐿𝑘,𝑧 = 𝐿𝑧,𝑘. Due to the high porosity, and assuming 
that all mass transport takes place in the gas-phase, the Onsager coeffi-
cients in a porous medium can be modeled as

𝐿𝑘,𝑧 ≈ 𝛼g𝑏𝑘,𝑧𝐿
g
𝑘,𝑧

if 𝑘, 𝑧 ≠ 𝑞, 𝑞 (16)

where the positive phase-dependent constant 𝑏𝑘,𝑧 ≤ 1 takes into account 
that, e.g., diffusion in a porous medium differs from that in a bulk gas 
(superscript g) due to steric hindrance. Furthermore, we have that:

𝐿𝑞,𝑞 = 𝑇 2 (𝛼s𝜆s + 𝛼a𝜆a)+ 𝛼g𝐿
g
𝑞,𝑞 (17)

2.3. Transport properties from revised Enskog theory

The Enskog solutions of the Boltzmann equation in kinetic gas the-
ory represent a powerful tool to investigate the behavior of dilute gases, 
where it has been shown to give accurate predictions [41–48]. Shortly 
after the Enskog solutions were presented, an extension of the theory 
to account for the covolume of hard sphere particles was developed for 
pure fluids [49,50]. Later, an extension to multicomponent mixtures of 
hard spheres was obtained [51–54]. These solutions were termed Re-
vised Enskog Theory (RET), and extend the solution of the Boltzmann 
equation to higher densities.

We recently presented a RET for Mie fluids (RET-Mie) [36,55]. With 
Mie fluid parameters fitted to equilibrium properties, the theory is fully 
predictive for transport properties [36]. We showed that the theory 
accurately reproduces experimental values for diffusion coefficients, 
thermal conductivities, viscosities and thermal diffusion coefficients of 
several mixtures.

Fig. 1. Schematic illustration of boundary and initial conditions of the investi-
gated case. Initially, the porous insulation has a temperature of 295 K, a relative 
humidity of 0.3 and pressure of 105 Pa. The right side is open towards ambient 
air with temperature, pressure and relative humidity equal to the initial values. 
The left side of the domain is a wall with constant temperature of 345 K.

In this work, we connect the framework of RET to the Onsager co-
efficients in non-equilibrium thermodynamics in order to predict the 
transport properties of humid air. We find that

𝐿
g
𝑖,𝑗

=
𝑥𝑖𝑀𝑖𝑑

(0)
𝑖,𝑗
𝑥𝑗𝑀𝑗

2𝑁𝐴𝑅
,

𝐿
g
𝑖,𝑞

= −𝑅𝑇
𝑁−1∑
𝑗=1

𝐿
g
𝑖,𝑗

(1 − 𝑘𝑇 ,𝑗
𝑀𝑗

−
1 − 𝑘𝑇 ,𝑁
𝑀𝑁

)
,

𝐿
g
𝑞,𝑞 = 𝑇 2𝜆g −𝑅𝑇

𝑁−1∑
𝑖=1

𝐿
g
𝑞,𝑖

(1 − 𝑘𝑇 ,𝑖
𝑀𝑖

−
1 − 𝑘𝑇 ,𝑁
𝑀𝑁

)
,

(18)

where 𝑅 is the universal gas constant, 𝑀𝑖 denote the molar masses, 𝑥𝑖 is 
the mole fraction of component 𝑖, 𝑁𝐴 is Avogadro’s number, 𝜆g is the 
thermal conductivity of the gas phase, 𝑑(0)

𝑖,𝑗
are the diffusive response 

functions’ Sonine polynomial expansion coefficients, and 𝑘𝑇 ,𝑖 are the 
thermal diffusion ratios as defined in Ref. [36]. A detailed derivation 
of Eq. (18) and more information can be found in the Supplementary 
Information (SI).

3. Methodology

3.1. The investigated case

To gain insight into the role of thermal diffusion in porous insulation 
materials subject to large temperature gradients, we will consider an ex-
ample with heating of a humid insulation material surrounding a hot, 
cylindrical pipe. A schematic illustration of the example can be found 
in Fig. 1. At 𝑡 = 0, the insulation material has uniform temperature 
(𝑇 init = 295 K) and relative humidity (RHinit = 0.3) profiles. At 𝑡 = 0, 
the temperature at the left boundary is increased to (𝑇west = 345 K), 
which causes moisture to redistribute inside the insulation material. In 
Sec. 4, we will investigate how thermal diffusion influences this redis-
tribution process.

An important physical phenomenon to account for in insulation 
materials is the adsorption of water onto and into the porous matrix 
and we will perform simulations both with and without this effect. 
To have a concrete example for numerical calculations with adsorp-
tion, we will apply the thermodynamic framework to the well-known 
Brunauer-Emmett-Teller (BET) adsorption model for single-component 
adsorption [56,57]. We assume that the adsorption is independent of 
temperature [40], such that

Γ (RH) =
𝑎𝜉 ⋅ RH

{1 − 𝑐 ⋅ RH}{1 − RH+ 𝜉 ⋅ RH}
. (19)

We have used the constant 𝑐 = 1 − 𝑎

Γ∞
, which is smaller than, but very 

close to 1, which ensures that Γ (RH = 1, 𝑇 ) = Γ∞. Using an area per 
adsorbed molecule of 0.3 nm2 , and fitting the parameters in Eq. (19) to 
the L2 data set from Ref. [58] for glass wool results in the parameters 
𝑎 = 0.18mol cm−2 , 𝑐 = 0.999 and 𝜉 = 1388 (average absolute relative 
deviation of 9.8%), so that the adsorption area per volume of insulation 
is 𝑎s = 6.39 × 105 m2 m−3 .
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Both the liquid and solid phases are approximated as incompressible 
and the air is treated as an ideal gas mixture with three-components: 
water, nitrogen and oxygen.

We will consider a one-dimensional, horizontal case with full radial 
symmetry, and therefore set the gravitational acceleration to zero. The 
adsorbed phase is furthermore assumed not to flow, so that 𝒋a

H2O = 𝟎. 
Mass transport of water will then only occur through the gas phase. 
Heat can flow through all three phases.

We assume gas flow at low Reynolds numbers and therefore choose 
to model the viscous friction force to be proportional to the gas flow 
velocity 𝑣g

𝑘
and the gas viscosity 𝜂g,

Θg
𝑘
= −𝛼g𝛼g𝜂g𝑣

g
𝑘
∕𝜅. (20)

This choice of model defines the permeability 𝜅 of the insulation, 
where we have used 𝜅 = 3 × 10−10 m2 . We have used the value 𝜂g =
1.8 × 10−5 Pa s for the viscosity, 0.97 for the porosity and the constant 
value of 𝜆 = 5.4 × 10−2 Wm−1 K−1 for the overall thermal conductivity, 
defined as

𝜆 ≡ 𝛼g𝜆g + 𝛼a𝜆a + 𝛼s𝜆s. (21)

In the momentum equation (4) for the gas phase, we assume instant re-
laxation to steady-state flow and neglect the contribution from 𝑣i

𝑘
Ψg. 

Furthermore, the low Reynolds number assumption means that the in-
ertial term can also be omitted. Equation (4) then reduces to Darcy’s 
law.

Taking advantage of the cylindrical symmetry, the transport equa-
tions to be solved reduce to four partial differential equations (PDEs); 
the mass balances for water, oxygen and nitrogen, and a PDE for the en-
ergy balance (Eq. (6)). These were spatially discretized with the finite 
volume method (FVM) [59] on a one-dimensional grid with 40 uniform 
cells, producing a system of coupled ordinary differential equations 
(ODEs). The ODEs were integrated in time using the backward Euler 
method [60]. Each time step involved solving a system of non-linear 
equations using the Scalable Nonlinear Equations Solvers (SNES) com-
ponent the PETSc library [61,62], with fsolve from the optimize 
module of SciPy [63] as a fallback.

Heat and mass fluxes were calculated by use of the force-flux re-
lations (Eqs. (13)-(15)) using the Onsager coefficients calculated from 
RET, as described in Sec. 2.3 with 𝑏𝑖𝑗 = 1. We will compare two ways 
to compute the fluxes:

With Coupling All Onsager coefficients were used in the force-flux re-
lations in Eqs. (13)-(15).

No Coupling All the cross-coefficients representing heat and mass cou-
pling were set to zero, 𝐿𝑖𝑞 = 0.

However, all simulations were carried out with coupling included. 
The different ways to compute the fluxes were only used in the post-
processing routine to estimate the influence of coupling on the magni-
tude of the fluxes.

3.2. The Soret coefficients of humid air

Humid air is represented as a ternary mixture of water, nitrogen and 
oxygen. When reporting the Soret coefficients of humid air, we adhere 
to the definition given by Ortiz de Zárate [64], which in the state of 
vanishing mass fluxes can be written as

(
𝑆𝑇 ,H2O
𝑆𝑇 ,O2

)
= − 1

∇𝑇

[
𝑥H2O(1 − 𝑥H2O) −𝑥H2O𝑥O2

−𝑥H2O𝑥O2
𝑥O2

(1 − 𝑥O2
)

]−1(∇𝑥H2O
∇𝑥O2

)
,

(22)

where 𝑆𝑇 ,𝑖 and 𝑥𝑖 are the Soret coefficient and mole fraction of compo-
nent 𝑖.

Fig. 2. The viscosity of humid air at 1 bar as predicted using RET-Mie (lines), 
measured for mixtures [65], and computed for pure fluids from correlations [66,
67] (symbols). The error in RET-Mie predictions is within - 3 % for pure air and 
+ 15 % for pure water vapour, with AARD of 5.01 % for all data points.

Fig. 3. Thermal conductivity of humid air and the water/nitrogen mixture at 
up to 1 bar as predicted using RET-Mie (lines), and measured (symbols) [68]. 
The error in predictions is < 8.8 % for all experimental data points, with AARD 
3.5 %. In comparison with the correlation by Lemmon and Jacobsen [66] for 
pure air, the deviation between RET-Mie and the correlation is < 2.6 %, with 
AARD 1.4 %. For pure water, the deviation between RET-Mie and pure fluid 
correlations is up to 51 % for temperatures ranging from 375 K to 600 K.

Fig. 4. The diffusion coefficient of water in air as predicted by RET-Mie at 1 bar, 
𝑥H2O = 1% (line), and measured (symbols) [69–76]. The deviation in RET-Mie 
predictions from the data is within ± 14 %, with AARD 8.6 %. The smallest 
deviation is from the data set from Mason, with all errors within ± 2.5 %, and 
AARD 1.4 %.

4. Results and discussion

4.1. Comparison to experimental data on the transport properties of humid 
air

The RET-Mie presented in Sec. 2.3 requires input parameters for the 
Mie potentials to calculate transport properties. The thermodynamic 
properties of oxygen and nitrogen are represented to good accuracy 
by Mie-potentials, where we have used parameters from Refs. [77] and 
[78] respectively. The effects of internal degrees of freedom on the ther-
mal conductivity were accounted for by using RET-Mie with the Eucken 
correction [79].

It has been shown in the literature that the Mie potential is capa-
ble of representing the transport properties of gas mixtures containing 
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Table 1

Parameters used with RET-Mie and values for water from 
Mason et al. [70].

Specie 𝜎 (Å) 𝜖 (𝑘−1
𝐵

) 𝜆𝑟 (-) 𝜆𝑎 (-) Ref.

H2O 2.5466 706.67 9.0 6.0 This work
H2O 2.71 506.0 12.0 6.0 [70]
O2 3.46 118.0 12.0 6.0 [77]
N2 3.609 105.79 14.08 6.0 [78]

Table 2

The average absolute relative deviation (%) from ex-
perimental data and reference correlations [66] ob-
tained from the different parameter sets for water 
indicated in Table 1. Subscript mix refers to mixtures 
of humid air, and subscript H2O refers to pure water.

Ref. 𝜂H2O 𝜂mix 𝜆H2O 𝜆mix 𝐷

This work 10.04 5.01 47.88 3.54 8.65
[70] 24.48 7.51 67.24 4.15 7.14

water, provided that the water content is sufficiently low to suppress 
the relevance of dipole-dipole interactions [70,80]. Using experimental 
data for diffusion coefficients of water in nitrogen and air, the viscos-
ity of humid air, and the thermal conductivity of humid air at mole 
fractions of water below 0.2 (to avoid the regime where dipole-dipole 
interactions are prevalent), we find that the parameters in the first row 
of Table 1 give, overall, the most accurate predictions. Relevant details 
on how the parameters for water were regressed can be found in the SI. 
For the case of water, we have also included for comparison values from 
Mason et al. [70], which are similar to those found in this work. Since 
the parameters from Mason et al. [70] were fitted with a Stockmayer 
potential, which also includes a dipole term, they are not expected to 
be exactly the same as for the Mie potential used in this work.

The resulting average absolute relative deviation (AARD) for the dif-
ferent parameter sets are shown in Table 2. The table shows that none 
of the parameter sets give accurate predictions of the thermal conduc-
tivity of pure water. However, for mixtures where the mole fraction of 
water is below 0.2, the transport properties of humid air can be repre-
sented within 10%.

Figs. 2, 3 and 4 compare predictions from RET-Mie to experimental 
data for the viscosity, thermal conductivity and diffusion coefficient of 
humid air. Details on how the binary diffusion coefficient of humid air 
was calculated based on the four diffusion coefficients of the ternary 
system can be found in the supporting information (SI). The figures 
illustrate that the temperature dependence of the transport properties 
of humid air are correctly captured by RET-Mie.

Fig. 2 shows that the deviation between experiments and RET-Mie 
increases as the mole fraction of water increases. The most recent data-
set on experimental diffusion coefficients of humid air shown in Fig. 4
are from 1962 [75], while the oldest data-set is from 1934 [76]. The 
majority of the experimental data are located slightly above the pre-
dictions from RET-Mie with an AARD of 8.6%. The data-set by Mason 
however [70], lies right on top of the predictions from RET-Mie, with 
an AARD of 1.4%.

4.2. The Soret coefficients of humid air

RET-Mie has its basis in non-equilibrium statistical mechanics [49]. 
Moreover, the comparison with experiments in Sec. 4.1 shows that the 
theory reproduces the transport-properties of humid air mostly within 
10%, and gives the right temperature and composition dependence pro-
vided that 𝑥H2O < 0.2. This supports the assumption that the theory 
should also give reliable predictions of Soret coefficients.

Fig. 5 shows the Soret coefficients of water and oxygen in humid 
air defined in Eq. (22), predicted by RET-Mie. In the inspected tem-
perature and composition range, the Soret coefficient of water, 𝑆𝑇 ,𝐻2𝑂

, 

Fig. 5. The Soret coefficient of water and oxygen in humid air at 1 bar, as a 
function of temperature for several mole fractions of water. At all conditions, 
𝑥N2

∕𝑥O2
= 0.79∕0.21.

has a value of about -0.3 mK−1. The Soret coefficient of oxygen, 𝑆𝑇 ,𝑂2
, 

changes from positive at high mole fractions of water, to negative at 
smaller water concentrations.

It is evident from Eq. (22) that both Soret coefficients contribute 
to the redistribution of water in a large temperature gradient. Hence, 
to better understand the practical implications of these coefficients, we 
now investigate an example with exposure of humid air inside of an 
insulation material to a large temperature gradient.

4.3. A Case study of thermal diffusion in insulation materials

This section contains a discussion of the examples described in 
Sec. 3, where water redistributes in a 5 cm thick insulation material sur-
rounding a cylindrical pipe as the insulation material is heated. Initially, 
the insulation material has a uniform temperature and composition pro-
file. Then, at 𝑡 = 0, the temperature at the western boundary (the pipe 
wall) is increased by 50 K, which leads to a redistribution of the water.

We will first discuss an example where we impose zero adsorp-
tion and desorption in the insulation material, setting Γ(RH) = 0. The 
temperature and composition profiles during a simulation lasting 60 
minutes are shown in Fig. 6. Figures 6a and 6b show that in 60 minutes, 
the temperature and composition profiles change from almost constant, 
to steady-state profiles matching the boundary conditions. By compar-
ing the blue and the red dashed lines in Fig. 6b, it is evident that thermal 
diffusion leads to a mole fraction of water in the gas phase that is higher 
at the hot location than if thermal diffusion is neglected. However, the 
effect is relatively small, and the mole fraction of water increases from 
0.00787 to 0.00799 at the warmest location, i.e. an increase of 1.5%. It 
is also interesting for this case to consider the diffusive mass fluxes, plot-
ted in Fig. 6c, with and without thermal diffusion coupling (see Sec. 3). 
With coupling, the mass flux is a couple of orders of magnitude lower 
than if coupling is neglected. The Soret effect here counteracts the mass 
flux contributions from the gradients of the chemical potentials, and it 
is crucial to include coupling to achieve the correct magnitude of the 
mass flux.

In Fig. 7 we show the temperature, water mole fraction and mass 
flux profiles for the example if sorption is included. Although the tem-
perature evolutions shown in Figs. 6a and 7a are very similar, the redis-
tribution of moisture becomes fundamentally different with sorption. 
Since the adsorbed amount increases with increasing relative humid-
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Fig. 6. Results from the warm-up case without sorption showing (a) temper-
ature, (b) mole fraction of water in the gas phase and (c) diffusive flux of 
water in the gas phase at times 0 s (short-dashed blue), 30 s (dotted orange), 
120 s (dash-dotted green) and 3600 s (long-dashed red). In (c), diffusive wa-
ter fluxes computed without thermal diffusion (𝐿𝑖,𝑞 = 0) are shown at times 0 s
(semi-transparent blue), 30 s (semi-transparent orange), 120 s (semi-transparent 
green) and 3600 s (semi-transparent red). (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)

ity, and the relative humidity decays exponentially with temperature, 
a large desorption occurs at the hot end of the insulation material. The 
desorption manifests as an increase in the water mole fraction at the 
two intermediate times, 𝑡 = 30 s and 𝑡 = 120 s, before eventually the 
steady-state mole fraction ends up very similar as in Fig. 6 (see inset in 
Fig. 7b). In the case with adsorption, the overlapping dashed and solid 
lines in Fig. 7c mean that the thermal diffusion gives a much smaller 
contribution than the diffusion contribution from the gradients of the 
chemical potentials. Despite the much smaller magnitude of the cou-
pling contribution to the mass flux, it results in a mole fraction of water 
in the gas phase that is about 1.5% higher at the hot location than if 
thermal diffusion is neglected, as shown in Fig. 7b.

5. Conclusion

The aim of this work has been to clarify to what extent thermal 
diffusion affects the migration of water in humid air through porous 
insulation materials.

Fig. 7. Results from the warm-up case with sorption showing (a) tempera-
ture, (b) mole fraction of water in the gas phase and (c) diffusive flux of 
water in the gas phase at times 0 s (short-dashed blue), 30 s (dotted orange), 
120 s (dash-dotted green) and 3600 s (long-dashed red). In (c), diffusive wa-
ter fluxes computed without thermal diffusion (𝐿𝑖,𝑞 = 0) are shown at times 0 s
(semi-transparent blue), 30 s (semi-transparent orange), 120 s (semi-transparent 
green) and 3600 s (semi-transparent red).

No experimental measurements of the Soret coefficients of humid 
air could be found in the literature. As an alternative, Revised Enskog 
theory for Mie fluids (RET-Mie) was used to calculate the transport 
properties of humid air, which was represented as a ternary mixture 
of nitrogen, oxygen and water. It was found that Mie fluids were capa-
ble of representing the transport of properties of humid air, provided 
that the mole fraction of water remained below 0.2. At higher water 
mole fractions, dipole-dipole interactions influence the transport prop-
erties such that Mie potentials are insufficient to represent the fluid 
properties of the gas mixture.

Comparison to experimental data from literature showed that RET-
Mie reproduces the diffusion coefficient, viscosity and thermal conduc-
tivity of humid air within 8.7%, 5.0% and 3.5% respectively. Moreover, 
the theory gives a temperature and composition dependence similar to 
the experimental values. This supports the assumption that the theory 
also gives reliable predictions of Soret coefficients. In the investigated 
composition and temperature range, RET-Mie predicted the Soret coef-
ficient of water to be approximately −0.3mK−1 , while the Soret coeffi-
cient of oxygen varied from −1.2mK−1 to +0.1mK−1 .
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To clarify the role of thermal diffusion in insulation materials, we 
investigated a case with heating of glass wool insulation containing 
humid air, which was surrounding a cylindrical pipe. Non-equilibrium 
thermodynamics was used to consistently incorporate the Soret coeffi-
cients into the flux equations in a dynamic, non-isothermal model that 
included diffusion, convection, thermal conduction and adsorption in 
the porous medium. At steady-state with 50 K temperature difference 
across 5 cm of insulation, thermal diffusion gave a mole fraction of 
water that was about 1.5% higher at the hot location than if thermal 
diffusion were neglected.
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