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ABSTRACT
  In this report, recently developed computer pro-
gram named TB3D/FDM(Thermal Bridge Computa-
tion by 2- or 3-Dimensional Finite Difference
Method) is introduced. This program enables steady
state heat transfer analysis of building exterior walls
including thermal bridges. TB3D/FDM has a tool
forming input data set for 3-D computations from
DXF file, and employs TRAC3D (Thermal Radiation
and Air-Convection in 3-Dimensional Air Cavity)
computing thermal resistance of 3-D air cavities.
Application process of TB3D/FDM is described, and
calculation examples of temperature distribution and
condensation risk judgment are shown.

INTRODUCTION
  Along with the advancement of energy conserva-
tion requirement, thermal insulation of buildings
becomes more and more important. In Japan Guide-
lines of the energy conservation and methods of cal-
culation for the building1), the overall thermal trans-
mittance was introduced to numerically assess
building thermal performance, and the effect of 2-
dimensional heat flow must be taken into account to
calculate the overall thermal transmittance of exterior
walls including thermal bridges.
  However, it is impossible for 2-dimensional cal-
culation to properly evaluate the heat transfer at the
parts where 3-dimensional thermal bridges exist,
such as steel members of a balcony penetrating in-
sulation materials inside an exterior wall. In these
cases, it is necessary to evaluate 3-dimensional heat
flow. Especially, in order to prevent wall internal
condensation.
  In the meantime, the performance of personal
computers is remarkably improved. This enables
designers to use various simulation programs during
their design process. Engineers who design insulated
windows or doors are requested thermal analysis
before mass production stage. Thus, computer pro-
grams of 2 and 3-dimensional thermal transfer analy-
sis have been required by these designers and engi-
neers.
  The authors have already developed thermal
bridge calculation program named TB1(Thermal
Bridge Computation Program Version 1)2,3)  which

can compute 2-dimensional overall thermal trans-
mittance. TB1 is available from Institute for Building
Energy Conservation (IBEC) of Japan. Recently, the
authors have developed thermal transfer simulation
programs TB2D/BEM (Thermal Bridge Computation
by Boundary Element Method) and TB2D/FDM,
TB3D/FDM (Thermal Bridge Computation by 2- or
3-Dimensional Finite Difference Method)4,5,6). Cur-
rently, the trial editions of these programs are com-
pleted.
  In this report, examples of thermal behavior analy-
sis by TB3D/FDM are introduced. The analyzed
subjects are thermal bridges in a typical steel framed
house. The modeling process and calculation results
are illustrated.

OUTLINE OF TB3D/FDM
  TB3D/FDM is a 3-dimensional thermal transfer
calculation program on the basis of the finite differ-
ence method under steady-state condition. Advan-
tages of TB3D/FDM is the 3-dimensional heat trans-
fer analysis can simulate for a thermal bridges which
constructed with a very thin and slender materi-
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Fig.1. Flow of the computation process.
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(1)XZ-Section with Solid Blocking (2)YZ-Section (3) XZ-Section without Solid Blocking

Fig.3. Details of a joint part of a roof and an exterior wall on steel framed house.
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(1)XZ-Section (2)YZ-Section

Fig.2. Details of a joint part of a balcony and an exterior wall on steel framed house.

als(such as steel or aluminum) or air spaces of vari-
ous shape and thickness. In this program, an air cav-
ity in a building component is treated as a solid mate-
rial which has the same thermal resistance with that
of the air cavity. A computer program named
TRAC3D (Thermal Radiation and Air-Convection in
3-Dimensional Air Cavity) is used for the calculation
of thermal resistance of air cavities. It was confirmed
that the calculations by TB3D/FDM satisfied the
allowable error of temperature and heat flow of

ISO/DIS 102117) models.
  
OUTLINE OF CALCULATUION PRO-
CEDURE
   Flow chart for 3-dimensional heat transfer analy-
sis using TB3D/FDM is shown in Fig.1. The  proc-
ess is divided into 3 parts; finite difference data
forming process (pre-process), calculation process,
and results visualization process (post-process).
   Usually, it requires much time and labor to make
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input data for 3-dimensional finite difference com-
puter program. So, TB3D/FDM has a tool to make
this process easier. The tool makes 3-dimensional
finite difference data from DXF file. To make use of
this tool, it is necessary that the 2-dimensional CAD
data for a subject wall must be drawn beforehand and
transformed into DXF file.
  The physical properties of building materials are
registered in the material data file in the tool. The
thermal resistance of air cavities calculated by
TRAC3D are also registered in the file. At every
cross section, the material of each component is se-
lected from the material file. This work is repeated
on each axis direction of X,Y,Z.
  VRML browser is used for the confirmation of the
shape and assigned materials in the 3-dimensional

model. It enables to observe the stereoscopic image
of the 3-dimensional model from various directions.
After the confirmation of the model, the 3-
dimensional grid values for finite difference calcula-
tion is automatically computed and finally the 3-
dimensional model is constructed.
  When the calculation process terminated, tem-
perature distribution is visualized using 3-
dimensional visualization software on the market.

AN EXAMPLE OF PRE-PROCESSING
 (1) Finite difference input data forming
  Cross sections of a joint of a steel framed balcony
and an external wall is shown in Fig.2. Since the
steel floor joist penetrates external wall studs at the
joint, thermal bridge influence is supposed to be very

Fig.5. Display screen of 3-dimensinal modeling tool software attached to TB3D/FDM.

(1)XY-Section                 (2)YZ-Section                   (3)XZ-Section

Fig.4. CAD Figures(transparent cross sections) of a joint part of a balcony and the external wall.

     (Length of the member subjects are shortened.)

Imaginary material for giving

the adiabatic boundary
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large. Therefore, it is necessary to numerically evalu-
ate the reduction of the effect of thermal insulation
and the risk of condensation. The procedure of 3-
dimensional modeling for this part is explained as
follows.
   At first, three CAD figures viewed from each
direction parallel to the 3-axis (X,Y,Z-axis) are
drawn. Boundary lines between different materials
are drawn using 2-dimensional CAD. The imaginary
materials are added at interior and exterior surfaces
according to the boundary conditions. In this drawing
procedure, all boundary lines between different mate-
rials which appear on the same direction are super-
imposed in the same CAD figure. Therefore, the

cross section drawn like this is named a "transparent
cross section". It must be noted that this is not a par-
ticular cross-section, but includes all of the boundary
lines which appears all of the cross sections from the
direction. Then, each figure is stored as DXF file.
Three of the CAD figures (transparent cross sections)
of the joint of balcony and wall are shown in Fig.4.
   Next, the stored DXF file is read from 3-
dimensional modeling tool attached to TB3D/FDM.
This tool can select particular cross section from the
transparent cross section and visualize it on the dis-
play. Looking at the display, users can select thermal
property from the material table and assign it to each
part of the cross section. Fig.5 is the display screen

Fig.7. Display screen under confirming the 3-D

     model by VRML browser.
Fig.6. Display screen under confirming a cross sec-

tion of a balcony and an external wall.

Fig.8. Display screen under executing TRAC3D (to compute thermal

     resistance of air cavity) attached to TB3D/FDM.
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illustrating the joint model. When material assigning
procedure is finished, it is recommended to check the
model from each direction (See Fig.6).
  Finally, input data file for 3-dimensional calcula-
tion by TB3D/FDM and VRML file are automati-
cally composed by the tool. Using VRML browser,
the detail of the model can be 3-dimensionally recon-
firmed (See Fig.7).

(2) Thermal resistance of air cavities
  Air cavities with various shapes are contained in
external walls, sashes and entrance doors. Thermal
behaviors of these cavities give considerable effects
on thermal insulation performance.
  TB3D/FDM employs TRAC3D8) to compute
thermal resistance of these air cavities. This tool
replaces an air cavity by a solid material having
equivalent thermal resistance to that of the air cavity.
This replacement enables TB3D/FDM to compute
temperature distribution of the walls and sashes as a
simple thermal conduction problem.
  The display screen executing TRAC3D is shown
in Fig.8. According to the integrated formulas on the
Nusselt numbers of sealed air cavity, TRAC3D cal-
culates convective heat transfer coefficient under

various condition, i.e., the shape and tilt angle of the
air cavity, temperature difference of the surfaces,
internal gas in the air cavity. TRAC3D also evaluates
radiation exchange in 3-dimensional space to calcu-
late radiative heat transfer coefficient. Then,
TRAC3D calculates the equivalent thermal conduc-
tivity of sealed air cavity combining the convective
and radiative heat transfer coefficients.

CALCULATION RESULTS
(1) A joint part of a balcony and an exterior wall

Temperature distribution calculation for a joint
part shown in Fig.2 was carried out using
TB3D/FDM. Steady state temperatures at all of the
grid points were obtained. Temperature distribution
of the steel surface is shown in Fig.9. Room tem-
perature is set at 20degree., while outside air tem-
perature is 0degree or -10degree. An image process-
ing software on the market was used for these visu-
alizations.

Fig.9(1) and (2) show the effect of thermal insula-
tion of the floor joist. The thickness of thermal insu-
lation (represented by to in Fig.2) is 20mm in these
two cases. Fig.9(2) shows temperature distribution

Fig.9. Temperature distribution example of a joint part of a balcony and an external wall�

(1)Cantilever floor joist without foaming ure-
thane (outdoor 0degree).

(2)Cantilever floor joist with foaming urethane
 (outdoor 0degree).

1F Room

Outdoor

Cantilever
Floor Joist

Foaming Urethane
(Not visible)

2F Bottom Track

1F Top Track

Joist Track

(3)Cantilever floor joist with foaming urethane (out-
side 20mm insulation, outdoor -10degree).

(4)Cantilever floor joist with foaming urethane
foaming (outside 60mm insulation, outdoor
0degree).

2F Room
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corresponding to the part in Fig.2, while Fig.9(1)
corresponding to the case when foaming urethane is
attached on the outside surface of the cantilever floor
joist in Fig.2(2). We can see temperatures on the
inside steel surface of Fig9(1) are higher than those
of Fig.9(2). This shows foaming urethane prevents
heat loss from the outside surface of the floor joist.
The effect of thickness of thermal insulation  (rep-
resented by to in Fig.2)was examined in Fig.9(3) and
(4). The thickness is 20mm for Fig.9(3), while 60mm
for Fig.9(4). We can see steel surface temperatures of
Fig.9(4) are higher than those of Fig.9(3).

(2) A Joint part of a roof and an exterior wall
Fig.10 shows the temperature distribution of a

roof-external wall joint part. Details of this part are
shown in Fig.3. In Fig.10, temperature scales are set
from 9 to 11degree in order to read minute tempera-
ture change around 10degree.

Fig.10(1) shows temperature distribution when
there is no wooden top plate, while in Fig.10(2), as
shown in Fig.3(1), wooden top plate is inserted be-
tween solid blocking and top track for thermal
breaking. We can see surface temperatures of wall
stud and top track are higher in Fig.10(2) than in

Fig.10(1).
Fig.10(3) and Fig.10(4) shows temperature dis-

tribution when outside air temperatures are set at -
5degree and -10degree, respectively. In these two
cases, wooden top plate are inserted as in Fig.10(2).
These two figures show surface temperatures of the
wall stud and top track becomes lower than those in
Fig.10(2). Surface temperatures of wall stud and top
track in Fig.10(4) is similar to those in Fig.10(1).

Therefore, it would be predicted that the counter-
measure of adding wooden top plate is insufficient
for colder regions to prevent risk of winter conden-
sation .
  

CONCLUSIONS
(1) Three-dimensional finite difference computer

program named TB3D/FDM was developed.

(2)TB3D/FDM calculates 3-dimensional temperature

distribution for doors, windows and complicated

thermal bridges of exterior skins of buildings.

(3) Pre-processing tool is attached to TB3D/FDM

that can assist users to make 3-dimensional input

data.

(1)Without top plate(outdoor 0degree). (2)With top plate(outdoor 0degree).

(3)With top plate(outdoor -5degree). (4)With top plate(outdoor -10 de-
gree).

Fig.10. Temperature distribution example of a joint of a roof and an external wall with

or without wooden top plate (Thickness of a external wall insulation are all 30mm).

Roof

Attic

Room

Outdoor

Top Track

Solid Blocking

Stud

Wooden Top Plate
inserted(Not visible)
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(4) In TB3D/FDM, air cavities are replaced by solid

materials with the same thermal resistance as those

of the air cavities. The tool for this replacement

named TRAC3D was also developed.

(5) TB3D/FDM can assess various thermal insulation

specifications.

(6) TB3D/FDM can predict risk of condensation.
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