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Abstract. The problem of unsteady coupled moisture and heat energy transport through
porous solid is studied numerically using singular boundary integral representation of the
corresponding governing equations. Bench mark example moisture uptake in a semi-
infinite region is studied numerically.

1 INTRODUCTION

Building materials are in general porous, composed of solid matrices and pores. Within
the pores, moisture can exist in any of three thermodynamic states of matter, i.e. va-
por, liquid, and solid [1, 2]. However, moisture transport is possible only in the case
of gaseous/vapor and liquid states. The main moisture transport mechanisms are vapor
diffusion, capillary suction or a combination of both, depending on the moisture content
of the material.

In the paper, the numerical model based on boundary element method (BEM) is consid-
ered to solve coupled nonlinear heat energy and moisture transport through porous media
[8]. Since the singular integral representation is based on the use of an appropriate fun-
damental solution which incorporates more or less physics of the transport phenomenon
such as accomulation and diffusion of the field function, the accurate description of dif-
ferent time and length scales can be accomodated and treated much more accurately in
a physically and mathematically justified manner. One serious drawback of the BEM is
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that it leads to a fully populated system of equations. However, this can be overcome
efficiently by the sub-domain or macro element approach, yielding a sparse system similar
to FEM and FDM schemes [7].

The first part of the present work describes the problem. Relevant governing energy
and moisture transport differential equations are considered [1, 2]. Next, the correspond-
ing singular integral representation is developed describing nonlinear heat and moisture
diffusion in an integral form. The nonlinearity of the coupled diffusion problem is ac-
complished using an iterative solution strategy, based on an under-relaxation procedure.
One bench mark example, e.g. moisture uptake in a semi-infinite region, is given to
demonstrate the efficiency and accuracy of the proposed solution strategy [2, 3].

2 Governing equations for two-phase system

Let us consider a two-phase thermodynamic system in a control volume {2 bounded by
a control surface I', where the indices [ and v represent the two phases. For example, [
may refer to the liquid water and v to the vapor water in a liquid /vapor moisture system.

2.1 Moisture transport equation

The mass balance equation describing accumulation within the control volume, mass
flux in and out of the control volume and generation of a species via reaction/phase change
written for the water vapor and liquid water [1, 2]

Y, = - Y,
m A, — cJv — d m A,
Pm=py V.jy—mc  an Pmy

where the dimensionless field functions Y, = m,/m,, and Y; = m;/m,, represent mass
fraction or moisture ratio of water vapour and liquid water, respectively, and m,, rep-
resents mass of the dry porous material. The vector quantities ;’U and ;l denote the
nonconvective water vapour and liquid water mass fluxes, respectively, and ¢ represents
moisture condensation/evaporation mass rate. The basic governing conservation equation
for the moisture flow through a porous solid can now be derived by adding the individual
species conservation egs.(1), yielding

ow = 2 = 2 = 2
S =-V-i=-V5.,-V-j (2)

where the derived potential field function W = p,,,Y, 4+ pi,Y: = m.,/ Vi, represents moisture
content m, = m, + m; per volume of dry material V,,. The model is based on the
assumption that the water transport can be divided into vapor and liquid flows [1].

Using Fick and Darcy constitutive models for expressing the vapour diffusion mass
flux j’v and liquid conduction mass flux jl due to capillary suction and gravity effect,
respectively, one can write

jv - _5p(VV7 T>ﬁpv and jl = _DI(I/Va T>ﬁpl + Dl(Wa T)Plg, (3)
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where the transport coefficients 6, and D; are vapour permeability and liquid conductivity
of the material, respectively, and the quantity g is the gravity acceleration. The transport
coefficient D; is given as follows

k(W) pu
m(T)
where k; is the permeability of the material, 7, and p; are the dynamic viscosity and mass

density of the liquid water, respectively. The liquid flux j; can be rewritten in the form
for the suction pressure, ps,.. = po — P1, Where p, is the atmospheric pressure, yielding

Dl(VVa T) = (4)

jl - Dlﬁpsuc + Dlplga (5)

where pgue = Psuc|T, Po, Ps(T')] and py is the saturation vapour pressure.
One may apply moisture content W for the driving potential and the relation for the
water retention curve W = W (p;). The moisture content gradient can be written as

. dW - .
VW =—V Vp=——VW,
o Vo PL= s T

(6)
where dW/dp; is the slope of the water retention curve, yielding

_ D R (7)
dW/dp,  mdW/dp,’

fl = —DWﬁW + Dipig and Dy

The eq.(5) or eq.(7) can be rewritten for the p, and T field functions. The vapour /liquid
water two-phase system is in equlibrium when the pore water pressure p; or the suction
pressure pg,. and the relative humidity ¢ satisfies the Kelvin moisture state relation [1]

RT RT
) or paem = T In(e) (8)

with M,,, R and p, being the water molecular mass, the universal gas constant and
atmospheric pressure, respectively. Thus, an expression for suction pressure gradient as a
function of temperature 1" and vapour pressure p, can be obtained by making use of the
partial differentiation of eq.(8) as follows

v 7 (L2 (2 Fpo o ar RTp Ldpoer RTp 1o

w o \Ds M, M, p, dT M, p,
=—1(1 - — T+ —Vp,|, 9
| (o) - ) 974 9 )
resulting in the following form of the constitutive model
s Rpl T dps = T = =
=-D-—1(1 - — T+ — Dipg. 1
i L K n(yp) o dT) VT + pvvpu} + Dipig (10)

3
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Substituting mass flux egs.(5) into conservation eq.(2) yields the governing moisture trans-
port equation due to water vapour diffusion, liquid water conduction and gravity

=V (5,90) =V (Do) = V- (D). (11)

The moisture transport eq.(11) is comprised of various moisture driving potentials, e.g.
moisture content W, partial water vapour pressure p, and the suction pressure pg,.. These
driving potentials can be expressed in terms of a single transport potential. Let us first
formulate the moisture transport eq.(11) for the driving potentials relative humidity ¢
and temperature 7' [2]. The chosen potentials are continuous field functions at the inter-
face of two layers of materials having different moisture storage properties (sorption and
retention), therefore they are continuous field functions throughout the solution domain.
Consequently, all terms in eq.(11) have to be mathematically transformed using relative
humidity ¢ and temperature 7" as primitive driving potentials.

Let us consider first the transient term on the right hand side of the eq.(11), when the
following expressions may be written

oW dW ¢ dp
A g R 12
ot dp Ot f ot’ (12)

where 6 = dW/dyp is the slope of the sorption isotherm W = W (p). The vapour pressure
gradient can be transformed as

—

= - = dps = =
Vp, =V (ps(T)p) = ¢Vps + psV = o VT +p:Ve. (13)

Using Kelvin eq.(8) the suction pressure gradient in liquid conduction term can be treated
as follows

= apsuc = apsuc — Rpl = T =
suc T7 = T =——|1 T — . 14
VPouel T ) = =5V 4 =5 =V = =3~ [In(@) VT + 2V (14)
Finally, substituting eqs.(12)-(14) into eq.(11) gives
Iy & = 5 > = -
0=V <D¢V<p) LV (DTVT) V(D) (15)

where the primitive variable in eq.(15) is the relative humidity ¢ while the second and third
term on the right side act as nonhomogeneous nonlinear source terms due to temperature
gradient and gravity force. Notice that due to the second term the eq.(15) is coupled to
the heat energy transport equation. The transport coefficients D, and Dy are given as:

RPl T

Dcp = 6pps + Dlm; and DT = 6p§0

dps Rp
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If a moisture content W is used as a flow driving potential, using relations
W =Wi(p) and VIV = %Vga =0V, (17)

the eq.(15) can be rewritten as follows

ow = - - - =
S =V (DY) + V- (DiVT) =V (Dipg)  and  D=D,j0.  (18)
2.2 Heat energy transport equation

The heat energy balance equation considers accumulation within the control volume,
energy flux (sensitive and latent) in and out of the control volume and heat source/sink
term [1, 2, 3], as follows

or - > =
(Cpmpm‘i‘cplw)a = —qu _V'QSens _v'Qlat+Iu (19)

where the specific capacities ¢, and ¢, per mass refer to the dry porous material and
to liquid water, respectively. The heat capacity of the air/water vapour mixture in the
pores is neglected. The sensible heat energy flux ¢, can be given by Fourier model

q_jsens = _)\eff(W)ﬁT, (20)
while for the latent heat flux ¢j,; one writes the following expression
gzat - [he + T(va - Cpl)] jv - _hlat(spﬁpva (21)

where the quantities Ay, he, ¢y and ¢, denote specific latent enthalpy, specific latent
enthalpy of evaporation or condensation, specific heat of water vapour and specific heat
of liquid water, respectively. Substituting heat flux eq.(20) and (21) into conservation
eq.(19) results in the governing heat energy transport equation

oT - - - 5
Ceffa =V ()\effVT) + V- (hlatéprv) + 1, (22)

where coefficients c.p¢ and Acss are the effective specific heat per unit volume and effective
thermal conductivity, respectively.

3 Boundary-domain integral equations

3.1 Integral representation of heat energy kinetics

Let us first consider the nonlinearity in unsteady energy transport eq.(22) caused by
nonlinear transport properties, e.g. specific heat per volume c.ryr = c.rr(W,T) and heat
conductivity Aesr = Aesr(W,T) [6, 9]. They can be partitioned into a constant and a

5
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variable part, e.g. c.rf = ¢, +cand Aesp = A, + X, enabling to partition the eq.(22) into
a linear and nonlinear part in the following manner

or 0T 1 la (~8T 8py)) 0T []

GRS A &
ot~ “on,00, < |0z, T fady “a

— 2
ij (9:15]- ( 3)

with a, = A\,/c,. The integral representation of the nonlinear energy diffusion equation
can now be derived considering the linear parabolic diffusion differential operator [6]

0T or

4 ph= 24
a"axjaxj ot + 0, (24)

L[T]+b=

with the corresponding integral equation written for a time step At =tp — tp_q

tp tp
c(&T (& tr)+ ao// Tq*dtdl’ = ao/ / qu*dtdl’
I'Jtp_q IJtp 1

tp
n / / bu*dtdQ + / T pytl_,dQ, (25)
QJtp_q Q

where ¢ = 0T'/On = ¢jn; and u* is the parabolic diffusion fundamental solution [8].
The domain integral of the pseudo-body forces includes the effects nonlinear transport
properties, latent heat and the heat source term, namely

A ENA op.\ OT 1 17[ap; _OT
b= laxj (Aqﬂ +hl“t5paxj) “or ”} - {axj “or ”} ’ (26)

therefore the following integral representation can be obtained

tp tp 1 tp
c(&)T (& tr) —i—ao// Tq*dtdF:ao// qu*dtdF+—// bjn;u*dtdl’
IJitp_y I'Jitp Co Jr Jtp_4
1 tr 1 tr or
——// qu;dtdQ+—// (—5—+I) u*dtdQ—l—/TF_lu}_ldQ. (27)
CoJaJip Co JaJip ot 0

For the solution of eq.(27), the boundary I and domain §2 are discretized into a series
of boundary elements and series of internal cells, respectively. Furthermore, functions
and their derivatives are assumed to vary within each element or cell and each time step
according to the space {®} or {¢} and time {¥} interpolation functions such that

T(S,t) = {2} {UHTY,.  a(S.t)={2}{¥}{q},.
bi(S,t) = {2} {UHb . bi(st) ={e} {UHb;}y, et (28)

where index n refers to the number of nodes within each element or cell, and the index
m refers to the degree of variation of the function {W}.

6
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3.1.1 Linear time interpolation

Assuming linear variation of all functions within the individual time increment 7 =
tF — tpfl, ie. m= 1, 2 and
tp —1 t—tp_
a and \IJQ = Fol
T T
the analytical expressions for the time integrals can be derived, i.e. for the plane geometry

v, =

(29)

tp 1
ur = ao/ Uy u*dt = — [exp(—xp_1) — xp_1F1(xp_1)],
oy 47
tr 1
Uy, = ao/ Wou*dt = i [Ey(xp_1) —exp(—xp_1) + xp_1Ey(xp_1)],
trp—1

O = a, /tF Uy dt = [2:(€) — xi(s)]ni(s>E1($F_1), (30)

. 8ma,T

Q= a / %q*dt:[“””i@‘x"(‘s”"i(s)[ ! exp(—an—El(xFl)].

oy &ma,T Tp_q

where E; is the exponential integral function and zp_; = r?/4a,7; the eq. (27) can be
rewritten as follows

9+ Y I e{@}T@;dr] (), = Z Z [ /| (@} Udr | al

S5 [forna] (2 - S5 [[oraal () o

" :1 Ugc{d)}T“F 1d9} (T},

In the discretized eq.(31) there are the following boundary and domain integrals, which
are the functions of geometry, time step and material properties

— /F {&Y'Qrdr, g° = {®}'U? dT, i = /F {®}'U n;dr,

Te
) — T * T
desm / {6 Q50 / (6) T d (32)

yielding the following discretized form of eq.(31)

S LT = Z Z{g}T{q}” " Z Z{cJ}T { }

miczc;{d Yo {—}; + ;{b}T{T}’f. (33)
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If the above statement is now applied, using the collocation method, to all boundary and
domain nodes, and applying the notation, e.g. [H] = [¢(¢)] + [H] and [E;] = [C}] — [Dy],
yielding a nonlinear system of equations

(HAT)a + (HW{T): = (Glalaba + (Gl {ah + BL{ Yot [BL {2 )i+ [BUTh. (30)
3.2 Integral representation of moisture kinetics

The integral representation of the moisture parabolic diffusion transport eq.(18) can be
derived in a manner as it was obtained for the parabolic diffusion heat energy transport
equation, e.g. using linear diffusion differential operator with D = D, + D, therefore

eq.(18) may be reformulated as
*W oW
LIW]+b=D, - b=0, 35
W]+ Or;0x; Ot N (35)

with the following integral representation

tp
(€)W (€, tr) + D, / Wq*dtdr = D, / / W s drar
tr_1 tr_1

// bu*dtdQ—i—/WzF 1y dSY. (36)
tr—1

The domain integral incorporates two terms, e.g. the first one describes the mass flux
due to nonlinear transport diffusivity while the second one describes mass flux due to

temperature gradient
0 ow or 0b;
b= D—+Dp— | = 37
81‘j ( al'] + T@xj) c%vj’ ( )

yielding the following integral representation

tp tp
c(E)W (£,tp) + D, W¢*dtdl = D, / / qu*dtdl
I'Jip 1

I'Jip 1

tp tp
+// bjnju*dtdF—// jqjdtdQ—i—/WF (W dS. (38)
TJtp_q QJtp_q

3.2.1 Linear time interpolation

Assuming linear variation of all field functions within the individual time increment,
the eq. (38) is written as follows

> (i, = Z Z{g}fn{q}%

WE

() Wa (€) +
+mzz{}m{g—}m— 2 Z win{z) +Z{b}T{W}1. (39)

8
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Based on the development of the final discretized eq.(34) for the energy transport, on may
state the following discretized representation of the moisture transport

(AW} + LV = (Gh{ak + G dah +HEL b + B h + BV (40

4 Numerical algorithm

To decrease storage and CPU time requirements of the single domain BEM we employ
the macro element approach [5, 7]. The idea is to use a collocation scheme for integral
equation for each domain cell separately and require that the field functions and their
normal derivatives must obey some restriction conditions over the domain cell bound-
aries. Since every domain cell is neighbour only to a few cells we end up with a sparse
system of equations. In a nutshell, we are using single domain BEM on every domain
cell separately and connect them via compatibility and equilibrium conditions. The heat
energy transport equation and moisture transport equation represent coupled nonlinear
system of equations which can only be solved iteratively.

5 Numerical example - moisture uptake in a semi-infinite region

The benchmark test example, shown in fig.(1), deals with a L = 6.0m or L = 18.0m
long and H = 2.0m width single homogeneous material in equlibrium with a constant
surrounding environment [3]. The material is perfectly air tight. At a certain moment
the temperature and the relative humidity undergoes a step change.

y[m] T, %_,
H = on on
Ty = 30°C Ty = 20°C 9L =0
P =0.95 0o =0.5 % _
on —
x[m]
] Do
0 9 =0 £=0 L=6;L=18

Figure 1: A semi-infinite homogeneous structure: geometry, boundary and initial conditions

One non-uniform non-symmetric mesh of M = 400 x 2 macro elements is used, with
the ratio R, = 10 between the largest and the smallest boundary element. Convergence
criterion was selected as € = 1077, The time-dependent analysis was performed by running
the simulation from the initial state with a time step value of At = 1.0. The objective
is to calculate the moisture and temperature distribution after t = 7,30 and 365 days.
The short solution domain, e.g. L = 6.0m, is used to simulate time dependent behaviour
for 7 and 30 days, while the long solution domain, e.g. L = 18.0m is applied for the 365
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days simulation. The initial hygrothermal conditions of the structure are temperature
T, = 20°C and relative humidity ¢, = 0.50. After the step change the left surface of
the structure is exposed to pg = 0.95 relative humidity and temperature Ts = 30°C,
respectively, while on the right surface the normal derivatives of the corresponding field
functions are prescribed to be zero. Therefore, the following boundary conditions of the
first kind can be prescribed on the left boundary at z = 0

Ws=W(ps) and Ty =Ts on z=0and 0<y<H fort >0, (41)

and on all other boundaries the zero boundary conditions of the second kind are prescribed

oW or
%_0 and %—0 for ¢t >0, (42)

while the initial conditions are

W = Wy(p,) and T =T, in Q at ¢t=0,
ow ow, or o1,

= d — = ' at t=0. 43
on o M am T M . (43)
The sorption isotherm is given by an expression [3]
146
W(p) = (44)

[1 + (—8.0-1078R,Tp, ln(@))1.6]0.375'

The vapour diffusivity /permeability ¢, and liquid water diffusivity/conductivity D; trans-
port coefficients are given by the expressions [3]

_ w
M, 26.1-107° 1- W

" RT 200 0.503(1 — £45)2+0.497

(45)

Dy = exp (—39.2619 + 0.0704(W — 73) — 1.7420 - 10~ (W — 73)°
—2.7952 - 107 %(W — 73)* — 1.1566 - 107" (W — 73)* 4+ 2.5969 - 10"*(W — 73)°) . (46)

Effective thermal conductivity and specific heat per volume for dry material, respectively,
are given by the relations [3]

15.8
1000

The numerical simulation results are shown in fig.(2) and fig.(3) for the moisture and
temperature distributions, respectively, for a time increment /At = 1.0 day for the moisture
and temperature distributions in 7 , 30 and 365 days. The numerical results obtained are
in excellent agreement with a bench mark results given with the limit values [3] which are
marked with o, [J, V in the figures.

Aeff =15+ W and ComPm = Cm = 1.824 - 10, (47)

10
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140
130k
120¢ t = 365 days
110 F
100 F

50 F R < v
r ] [u]
40 F / o 6] E] O o O
30 B . . 1 . . . 1 . . . 1 . . . 1 . . . 1
0 0.02 0.04 0.06 0.08 0.1
t =17 days x[m]

Figure 2: The moisture distribution at 7, 30 and 365 days: mesh M = 400 x 2; time step At = 1.0 day;
0,0, v - limits of validity for numerical results [3]

6 Conclusions

The boundary element method has been formulated and implemented to solve two-
dimensional time dependent coupled nonlinear heat and moisture transfer through porous
solid. Quadratic basis functions to approximate field functions and constant interpolation
for fluxes are used, while linear variations of all functions over each individual time step
is considered. The test bench mark example is highly nonlinear coupled moisture and
heat transport, numerical solution of which is severe due to very different time and length
scales caused by the difference of several order in the magnitude of heat and mass diffusion
coefficients. The linear variation of functions over time step model proved to be very
accurate and stabile numerical model.
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