BUIIDINGIAND
ENUIRONMENT

PERGAMON Building and Environment 38 (2003) 319-327

www.elsevier.com/locate/buildenv
Modeling and solving building physics problems
with FemLab
A.W.M. van Schijndel *
Faculty of Building and Architecture, Eindhoven University of Technology, Netherlands
Received 11 September 2001; received in revised form 5 March 2002; accepted 7 March 2002
Abstract

The commercially available software package FemLab is evaluated as solver for building physics problems based on partial differential
equations (PDEs). The software is designed to simulate systems of coupled PDEs which may be 1D, 2D or 3D, non-linear and time
dependent. An important feature of FemLab is that the user can focus on the model (PDE coefficients on the domain and boundary) and
does not have to spend much time on solving and visualization. In this paper, 4 cases are considered. First, in order to illustrate how
FemLab works, an example including the complete code for solving as well as the results are given for a simple 2D steady-state heat
transfer problem. In the next 2 cases, the reliability is tested for two very different building physics problems: A 2D dynamic airflow
problem, modeled using Navier—Stokes and buoyancy equations, and a 1D dynamic non-linear moisture transport in a porous material.
These simulation results are validated and show a good agreement with measurements. In the last case, FemLab’s capability of simulating
3D problems is shown by a dynamic combined heat and moisture transport problem. This example is a 3D extension of a given 2D problem
from IEA Annex 24 (Final Report—Task 1). For all models the crucial part of the codes (geometry, PDEs and boundary specifications)
are given. The FemLab software is written in the MatLab environment (The Mathworks, Inc. MatLab manual, Version 5.3, 1998) and
therefore it is possible to use the visualization tools, toolboxes and all other programs written in MatLab. The evaluation illustrates the
powerful and flexible nature of FemLab for solving scientific and engineering building physics problems. © 2002 Elsevier Science Ltd.
All rights reserved.

Keywords: FemLab; Modeling; PDE; Building physics

1. Introduction can simulate any system of coupled PDEs. Practical

physics/engineering problems in the area of heat transfer,

Many scientific problems in building physics can be de-
scribed by PDEs. There are a lot of software programs
available in which one specific PDE is solved. They are de-
veloped in order to get the simulation results in a short time
and most often a lot of effort has been put into the simplic-
ity of input of data, e.g. geometrical data. A disadvantage is
that they often are not very flexible when the user wants to
change or combine models. Another drawback is that they
most often act as black boxes. Another category of com-
mercially available software like FemLab [1] is developed
specifically for solving PDEs where the user in principle
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electromagnetism, structural mechanics and fluid dynamics
can be solved with the software. The practical problems
solved in this paper are: a 2D thermal bridge problem, a 1D
moisture transport problem, a 2D airflow problem and a 3D
combined heat and moisture transport problem. One of the
main advantages of FemLab is that the user can focus on
the model (PDE coefficients on the domain and the domain
boundary) and does not have to spend much time on solv-
ing and visualization. The scientist can concentrate on the
physics behind the models and the engineer can calculate
details for designing purposes using validated models.
Section 2 shows some features of FemLab and how it
works by a simple 2D steady state heat transfer problem.
In Section 3 the quality of the numerical solvers is tested
by solving two very different building physics problems: A
2D dynamic airflow problem and a 1D dynamic non-linear
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Nomenclature

A,B constants

D diffusivity (m?/s)

Drg moisture diffusivity (m?/s), dependent on
temperature/moisture content

Dr temperature diffusivity (m?/s), dependent on
moisture content

Dy, moisture diffusivity (m?/s), dependent on
moisture content

Gr Grasshof number (dimensionless)

he heat transfer coefficient (W/m? K)

K heat conductivity (W/m K)

n outward unit normal (dimensionless)

p pressure (Pa)

Pr Prandl number (dimensionless)

Re Reynolds number (dimensionless)

t time (s)

T temperature ("C), ((dimensionless) when
scaled)

u solution of the PDE(s), e.g. temperature, mois-
ture content, etc.

u,v velocity (scaled) (dimensionless)

w moisture content (kg/m?)

X, 0,z positions (m)

Lagrange multiplier

domain

boundary of domain

moisture content (m? water/m?> solid material)
heat flux (W/m?)

PDE coefficients

a,c,dq, f,F,9,G, h,q,r,R, 0, B,y, I

Subscripts

0 initial value at t =0
i internal

[§ external

concr concrete

insul insulation

max maximum

moisture transport in a porous material. The solutions are
compared with measurements. There are not many software
packages available which are capable of simulating 3D dy-
namic combined heat and moisture transport problems. In
Section 4 it is shown how this can be done using FemLab.

2. How FemLab works

FemLab [1] is a toolbox written in MatLab [2]. It solves
systems of coupled PDEs (up to 32 independent variables).
The specified PDEs may be non-linear and time dependent
and act on a 1D, 2D or 3D geometry. The PDEs and bound-
ary values can be represented by two forms. The coefficient
form is as follows:

da%7V~(cVu+ocufy)+ﬁVu+au:f in Q (la)
n-(cVu+ou—7y)+qu=9g— 1 on 0Q (1b)
hu=r on 02 (lc¢)

The first equation (la) is satisfied inside the domain Q
and second (1b) (generalized Neumann boundary) and
third (1¢) (Dirichlet boundary) equations are both satisfied

on the boundary of the domain 0Q. n is the outward
unit normal and is calculated internally. A is an unknown
vector-valued function called the Lagrange multiplier.
This multiplier is also calculated internally and will only
be used in the case of mixed boundary conditions. The
coefficients d,, ¢, o, 8, y, a, f, g, q and r are scalars,
vectors, matrices or tensors. Their components can be func-
tions of the space, time and the solution u. For a stationary
system in coefficient form d, = 0. Often ¢ is called the
diffusion coefficient, oo and f§ are convection coefficients,
a is the absorption coefficient and y and [ are source
terms.

The second form of the PDEs and boundary conditions is
the general form:

ou

daa—&—VJ“:F in Q, (2a)
—n-I'=G+1 on 0Q, (2b)
R=0 on 0Q. (2¢)

The coefficients I' and F' can be functions of the space,
time, the solution u and its gradient. The components of
G and R can be functions of the space, time, and the
solution u.
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external bl
concrete b2
insulation b3
b4
b7
b5 internal
b6
Fig. 1. The geometry of the 2D thermal bridge example.
Table 1

Boundary specifications of the 2D thermal bridge problem, where 7T is the
temperature on the boundary and 7; and 7., respectively are the internal
and external temperatures

Given the geometry data, an initial finite element mesh
is automatically generated by triangulation of the domain.
The mesh is used for discretisation of the PDE problem and
can be modified to improve accuracy. The geometry, PDEs
and boundary conditions are defined by a set of fields sim-
ilar to the structure in the language C. A graphical user
interface is used to simplify the input of these data. For
solving purposes FemLab contains specific solvers (like
static, dynamic, linear, non-linear solvers) for specific PDE
problems.

Example. FemLab code and results of a 2D stationary ther-
mal bridge.

A 2D stationary thermal bridge problem is used as an
example of how FemLab works. In Fig. 1 the geometry of
the 2D thermal bridge problem is shown. In Table 1 the
lengths and boundary conditions of each boundary segment
are given. The PDE model for the inside of the domain is
given by

V- (KVT)=0, (3)

where K is the heat conductivity and 7 is the temperature.
Using the coefficient form (la) and the model (3), it fol-
lows that u equals 7" and the coefficients of (1a) are all zero
(a=d,=f =0=p=7y=0) except ¢. The ¢ coeflicient
equals the heat conductivities at the sub-domains concrete
(Kconer) and insulation (Kiygy ). The boundary values are
heat fluxes and so the Neumann condition is applied. For
example, boundary condition bl: ¢ = he(T. — T) is rep-
resented by taking ¢ = he,, g = he T, in Eq. (1b). Note

Boundary Boundary Boundary segment Boundary
segment type length (m) condition (W/m?)
bl External 1.0 @=hci(Te — T)
b2 Adiabatic 0.2 =0
b3 Adiabatic 0.1 =0
b4 Internal 0.8 @=hc(T; —T)
b5 Internal 0.7 @=hc/(T; — T)
b6 Adiabatic 0.2 =0
b7 Adiabatic 1.0 =0
YCONSTANTS
hi =7.7; %eat transfer coefficient internal
he=25; Yheat transfer coefficient external
Ti =20; %ir tenperature internal
Te=-10; %ir tenperature external
Kconcr =1; %heat conduction concrete
Ki nsul =0. 03; %eat conduction insulation

f em geon=CONCR+| NSUL;
fem di me1;

fem equ. c={ Kconcr
fem bnd. g={he*Te 0
fem bnd. g={ he 0 0 hi hi
fem nesh=neshinit(fen);

femsol =fenmin(fen);

Ki nsul }s

YOUTPUT MESH, SOLUTI ON
nmeshpl ot (fem
g=posteval (fem'u');

YGEOMETRY: pol y2( XDATA, YDATA)
OONCR=pol y2([0 0 1 1°0.2 0.2],[0 1 1 0.8 0.8 0]);
I NSUL=pol y2([0.2 0.2 1 1],[0.7 0.8 0.8 0.7]);

%CCEFFI Cl ENTS OF THE PDE/ Boundary probl em

0 hi*Ti hi*Ti 0 0}; %femcoefficient g

0 0}; %femcoefficient q

postplot(fem'tridata',q, tribar',' on") % pl ot sol ution

2D pol ygon

%oncrete

% nsul ati on

% em geonetry
%ne conponent

% fem coefficient c

%intialize mesh
% sol ve, steady problem

% pl ot mesh
% post processing data

Fig. 2. The complete FemLab code for solving the 2D thermal bridge problem.
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Fig. 3. The mesh of the 2D thermal bridge problem.
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Fig. 4. The solution (temperature distribution) of the 2D thermal bridge problem.
that the term n- cVu in (1b) represents the heat flow into the in this example. Fig. 2 shows the complete FemLab code.
domain and is calculated internally and the term 4 in (1b) The default values of all PDE and boundary coefficients

is zero because mixed boundary conditions are not applied are 0. Also some comments (%) are included for better
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%z V-(D(@)-V0d) on0<x<0.024,
0=027 on x=0,

6—0 =0 on x=0.024

X

323

fem geonwsol i d1([ 0 0.024]);
Dw=[" (3. 2e-9)*exp(29*u)'];
fem di me1;

fem equ. c={Dw};

fem equ. da={1};

fem bnd. h={1 0};

fem bnd. r={0.27 0};

% 1D geonetry

%diffusivity fired clay brick,type |
% one conponent

%c equals diffusivity

% da equals 1

% boundary val ue

% boundary val ue

Fig. 5. The PDE and boundary conditions (upper) and the corresponding part of the FemLab code (lower) of the 1D moisture transport problem.
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Fig. 6. Measured and simulated moisture content profiles versus lambda of the 1D moisture transport problem. Left-hand side: measured moisture

contents, right-hand side: simulated moisture contents.

understanding of the code. The initial mesh is presented in
Fig. 3, and the solution in Fig. 4. This example shows the
transparency, easy-to-use and flexibility of PDE models in
FemLab.

3. Testcases for reliability

In [1] examples are already present which show the ac-
curacy and reliability of FemLab. However, there are no
validations for typical building physics problems. Specific
for validating building physics simulations in FemLab,
this section deals with two (very different) time dependent
non-linear problems. Each problem is solved and compared
with measured data.

3.1. 1D moisture transport in a porous material

The water absorption in an initially dry brick cylinder
(length 24 mm) is studied. All sides except the bottom are
sealed. This side is submerged in water at + = 0s. The

IN
1.0m —Pp»
ouT 0.5m
1.0m >

0.5m

»

>

«< » X

2.5m

The boundary conditions are:

At the left, right, top and bottom walls:
u=0, v=0, T=0.

At the inlet:

u=1, v=0, T=1.

At the outlet :

Neuman conditions for u,v and T

Fig. 7. The geometry and boundary conditions for the 2D-airflow
problem.
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U-momentum equation
u__ o) _ow) _dp 1
ot 0X dy 0ox Re
V-momentum equation
o AW _ow) by ey, O 1
ot 0X dy oy Re Re
Continuty equation
au  ov
4=
ox oy
Energy equation
6_T=_o(uT) _0(vT) + 1 veT
ot O0X oy RePr
%/ar i abl es: ul=u; u2=v; u3=p; u4=T
% ulx = dul/dx, etc.
et a=1/ Re; bet a=G/ (Re*Re) ; al pha=1/ (Re*Pr); %araneters
fem di mr4;
fem equ.da={{1; 1; 0; 1}};
femequ. F={{' - (ul. *ulx+u2. *uly+u3x)';...
"~ (ul. *u2x+u2. *u2y+u3y) +beta*u4' ;...
"~ (ulx+u2y) ;...
"-(ul. *udx+u2.*udy)'}};
femequ. ga={{{' -eta*ulx'; '-eta*uly'};...
{'-eta*u2x'; '-eta*u2y'};...
0;...
{'-al pha*udx'; '-al phatudy'}}};
fembnd.r={ {'-ul"; '-u2'; 0; '0O-ud'} ...
{"-ul"; '"-u2'; 0; "0-ud'} ...
{"1-ul"; '-u2'; 0; '"1-ud4'} ...
{"-ul"; "-u2"; 0; "0-u4'} ...
{"-u1l; '-u2'; 0; '0-ud'} ...
{'-ul"; "-u2"; 0; '0-u4'} ...
{0; 0; '"-u3; 0} ...
{*-ul"; '"-u2'; 0; '0-u4'} };
fenm=femdi ff(fen); % cal cul ate di vergence gamma on donain

Fig. 8. The PDE model and the corresponding FemLab code for the 2D-airflow problem.

PDE and boundary conditions for this problem are shown
in Fig. 5 (upper part). The corresponding FemLab code for
defining the geometry, PDE and boundaries is shown in
the lower part of Fig. 5. The coefficient form (1) is used.
The results of measured water absorption of several brick
materials based on [3] are shown in Fig. 6, left-hand side.
The moisture profiles are shown versus lambda (lambda
is defined by the position divided by the square root of
the time). For each material the diffusivity as a function
of the moisture content is given [3] and used to simulate
the corresponding profiles. The simulation results in Fig. 6,
right-hand side, show a good agreement with the measured

profiles.

3.2. 2D airflow in a room

This example from [4] deals with the velocity and tem-
perature distribution in a room heated by a warm air stream.

In Fig. 7 the geometry and boundary conditions are pre-
sented. The problem is modeled by 2D incompressible
flow using the Boussinesq approximation with constant
properties for the Reynolds and Grasshof numbers. The
general form (2) is used for this type of non-linear prob-
lem. In Fig. 8, the PDE model, the corresponding PDE
coefficients of (2a) and the corresponding part of the code
are given. In [4] the problem is solved and validated with
measurements for several combinations of Re and Gr. In
Fig. 9 these results are presented. The left-hand side shows
the results obtained by [4] and the right side show the
corresponding FemLab results. The results are in good
agreement.

3.3. Discussion on reliability

The test cases in this section show that FemLab is very
reliable even for a highly non-linear problem such as
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Fig. 9. Dimensionless temperature contours comparison of the validated simulation results of [4] (left-hand side) with the FemLab results (right-hand

side) for the 2D-airflow problem.

convective airflow. Furthermore, for all the simulation
results presented in this paper, the default mesh genera-
tion and solver are used. So good results can be obtained
without a deep understanding of the gridding and solving
techniques. The simulation times (based on processor Pen-
tium 3,500 MHz) ranged from fast (order ~ seconds) for
linear problems such as the 2D thermal bridge example,
medium (order ~ minutes) for non-linear problems in the
coefficient form such as the 1D moisture transport example
to high (order ~ hours) for highly non-linear problems in
the general form such as the airflow problem.

4. 3D combined heat and moisture transport

In this section the challenging problem of simulating
combined heat and moisture transport for a 3D geometry is
presented. The problem is based on a 2D-problem [5] but is
now extended to a 3D problem. A brick specimen, initially
dry and two of the flanks sealed, is placed with its lower
surface about 1 cm under water. In Fig. 10, the geometry is
presented. The PDE model, boundary conditions and cor-
responding part of the code written in the coefficient form
(1), are shown in Fig. 11. In the PDE model 3 material
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Lime silica brick specimen
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50% RH
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20°C

Fig. 10. Geometry for the 3D combined heat and moisture transport.

%: v (Dw (W) yw + DF (T, w)VT)

{—T: V(DT (w)VT)

ot

w(t =0) = w0, T(t=0)=TO,

sealed sides : VT = yw =0

open sides : VT = A(T —Ti), Vw = B(w - wi)
bottom :w(z=0)=wmax ,T(z=0)=T0

femdi nF2;

femforne coefficient';

femequ.da={{1; 1}};

femequ.c={'DM(wW)' 'DF(T,w)' O 'DT(w)'};

fembnd.g={ {0 0} {B*wi A*Ti }{0 0}{0 0}{0 0}{0 0}};
fembnd.g={ {0 0} {B A  }{0 0}{0 0}{0 0}{0 0}};
fembnd. h={ {1 1} {0 0}{0 0}{0 0}{0 0}{0 0}};
fembnd. r={ {wmax T0} {0 0}{0 0}{0 0}{0 0}{0 0}};

Fig. 11. The PDE model and the corresponding FemLab code for the 3D
combined heat and moisture transport.

properties functions are defined: Dy(w), De(7,w) and
Dr(w). These functions are calculated using the material
properties presented in [5] and are shown in Fig. 12. The
results of the simulated moisture distribution initially and
after 5, 10 and 70 days are visualized by slices and planes
with equivalent moisture content, in Fig. 13. The extension
of 3D modeling with different materials is left over for future
research.

5. Conclusions

FemLab is evaluated as a solver for building physics
problems based on partial differential equations (PDEs).

x10

10° 2
18F g
16 —
1.4F g

12r b

10" ¢ 1
0.4 B

0.2 B

1010 L L o L L
0 100 200 0 100 200

moisture content [kg/m3] moisture content [kg/m3]

16

14}

12

10 1

DF

2
0 100 200 300
moisture content [kg/m3]

Fig. 12. The material properties for the PDE coefficients Dy (w), Dr(w)
and Dg(7,w) based on [5].

Typical building physics problems such as moisture trans-
port in a porous material, dynamic airflow and combined
heat and moisture transport are relatively easy to model. The
simulation results of the models used including 1D-3D
geometries show a good agreement with measurements.
The FemLab software is written in the MatLab environment
and therefore it is possible to make use of the visualisation
tools, toolboxes and all other programs written in MatLab.
The evaluation illustrates the powerful and flexible nature
of FemLab for solving scientific and engineering building
physics problems.
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Fig. 13. 3D moisture distribution profiles for 0 days (top), 5 days (middle)
and 70 days (bottom). Left-hand side shows vertical slices and right-hand

side shows iso surfaces.
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