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A PC-program for heat transfer in three dimensions.

Manual with brief theory and examples.
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1. Introduction

1.1 How to avoid reading this manual

For a quick start read Chapter 4 (Overview of input), and follow one or two of the first examples given in
Chapter 6. It is not necessary to read chapter 2 and 3 (mathematical description and numerical formulation)
to use the program.

1.2 Overview

HEAT3 is a PC-program for three-dimensional transient and steady-state heat conduction. The heat equation
is solved with explicit forward finite differences. The successive over-relaxation technique is used in the
steady-state case.

The program can be used for analyses of thermal bridges, heat transfer through corners of a window, heat
loss from a house to the ground, to mention a few applications. One important restriction is that the problem
has to be described in a parallelepipedical mesh, i.e. all boundary surfaces are parallel to one of the Cartesian
coordinate planes.

For a reasonably complicated case, 10-15 minutes work is sufficient for an experienced user to describe the
geometry, the numerical mesh, and the boundary conditions. The steady-state problem shown on the front
cover (7600 numerical cells) took 6 seconds to solve on a Pentium/233.

The input and output may be viewed graphically (geometry, numerical mesh, boundary conditions,
temperature field). The three-dimensional figure may be rotated in space, and details of particular interest
can be enlarged.

The output temperature field may be written in a special format and imported directly in Matlab (MathWorks
Inc., 1992). This program has powerful options concerning plots in two and three dimensions.

HEAT3 offers high calculation speed and allows for memory allocation for large three-dimensional
problems. Up to one million nodes may be used.

1.3 HEAT3 compared to HEAT2

There are many similarities between HEAT2 (Blomberg, 1997), HEAT2R (Blomberg, 1994) and HEAT3.
These two programs are based on the same numerical method, they automatically calculate the maximum
stable time-step, and they use the successive over-relaxation technique for the steady-state case, to mention a
few of the similarities. Both of them use an input mesh to describe the geometry, the numerical mesh, and the
boundary conditions.

1.4 Versions of HEAT3

There are two different versions of HEAT3 on the diskette, see Table 1.1. The maximum number of
computational cells depends on the amount of memory available. One million require about 34 MB RAM,
and 125000 cells can be addressed with 6 MB. Versions for other memory configurations are available upon
request.

When using the larger version with one million cells, try to close other programs (especially those that
require much memory).



Version Maximum cells Required memory | Recommended
memory in PC
HEAT3-50 50-50-50=125000 6 MB 16 MB
HEAT3-C 100-100-100=1000000 34 MB 48 MB

Table 1.1: Versions of HEATS3.

1.5 Installation and requirements

Before using the installation diskette, it is recommended to make a backup copy. The following steps
describe the installation process in detail:

1. Start Windows 95 or NT.

2. Insert the installation diskette.

3. Run "A: Setup".

4. Follow the instructions on the screen.

5. Read README.TXT (if present) for update information.
The following files are used:

¢ HEAT3-50.EXE and HEAT3-C.EXE are the main programs.

* Files with extension DAT are input data files.

« Files with extension OPT are files with settings for each input data file.

* Files with extension FUN are files with function values.

¢ Files with extension IJK contain the temperature field.

A PC with 16 MB RAM running Windows 95 or Windows NT is required, see Table 1.1. Note that the
temperature pictures will look better if you use at least 16-bit colors (“High Color").

1.6 Technical support

News are regularly updated on the WWW at http://www.blocon.se. Questions and comments may be sent by
email to info@blocon.se or by fax to +46 46 136264.

1.7 Benchmarks

It might be of interest to compare the numeric performance for different computers. Table 1.2 shows the
calculation speed relative a Pentium 120 using HEAT3. The Pentium Pro 200 is surprisingly fast. The
Pentium 233 MMX is here surprisingly slow relative to a Pentium 120. The results depend of course also on
motherboard performance, cache memory, etc.

Processor Speed relative a Pentium 120 MHz
Pentium 120 1.0
Pentium 233 MMX 1.4
Pentium Pro 200 3.4
Pentium Il 333 3.8

Table 1.2: Numerical performance for four different computers using HEAT3.



2. Mathematical description

2.1 Governing differential equations

The governing partial differential heat conduction equation in three dimensions for the temperature T(x,y,z,t)
is

J [, dr J [, ar J0,odr
dxg/\dx @*‘WE)\WE dzB\ H+I(x y,z,t)—C— (2.1)

Here 1, (W/mgd), is the rate of internal heat generation. The thermal conductivity is denoted by A, (W/(m-K)).
The volumetric heat capacity is denoted by C, (J/(m3-K)), which is the density p, (kg/m?), times the specific
heat capacity ¢,, (J/(kg:K)), i.e. C=p [¢,. The internal heat generation is often zero. In the steady-state

case, the right-hand side of Eq. (2.1) is zero.

2.2 Boundary conditions

There are two main types of boundary conditions which can be applied to the boundary surfaces (b.s.). The
first type gives a prescribed temperature of the surrounding region, Tps(t), and a given surface resistance R,
(m2-K/W):

oT
Tb.s.(t) _T|surf = R m_A)_

an °C) (2.2)

surf

Here, dT /on , is the derivative in the normal direction. The second type gives a prescribed heat flow into the
region:

=f(t)  (Wim?) (2.3)

bs

0
(-Nor

Figure 2.1 shows an internal boundary separating two different materials of thermal conductivities A, and
A,. The temperature is of course continuous at the boundary. The normal to the boundary is denoted by f.

There is a continuity of the heat flow across the boundary. The condition of continuous heat flow
perpendicular to the boundary is

T
o"'nl

oT

=A— (2.4)
20n2




Figure 2.1: The normal N at an internal boundary.

There may be a contact resistance Rjys, (m2K/W), between two regions, see Fig. 2.2. In this case, the
temperature is different on the two sides of the contact resistance. The condition for continuous heat flow at
this internal insulation is

oT

20n

T, =T}, oT
=t =\ 2.
R )\ldn 25

2 ins 1

// >\1/ Ao
//T|1 :I“T‘|2

Rins

=)

Figure 2.2: Case involving internal insulation.
2.3 Initial conditions

The initial temperature distribution at the start time t=ty, is denoted by T(X,y,z,tsar). In the steady-state case,
the initial temperatures are irrelevant to the solution.
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3. Numerical formulation

3.1 Introduction

In the numerical formulation, the partial differential equation is replaced by a discrete approximation. The
temperature field is approximated by values at discrete points. This gives a computational mesh. The field is
considered at consecutive time-steps with a time increment At. Only Cartesian meshes are used in this
formulation. The increments in the x-, y-, and z-directions are denoted by Ax;, Ay;, and Az, respectively. The
smaller these increments are, the better is the agreement with the "true” temperature distribution.

3.2 Thermal conductances

Figure 3.1 shows a cell (i,j,k) with the side lengths Ax;, Ay;, and Azy. There are six adjacent cells. The figure
shows also the cell (i,j,k+1) located directly above. The heat flow Qjjx+12, (W), from cell (i,j,k) to cell
(i,j,k+1) is given by the thermal conductance multiplied by the temperature difference between these two
cells:

Qijikr12=Kijr12(Tiji Tijkr) (W) (3.1)

where Kij 12, (W/K), is the conductance between the two cells (i,j,k) and (i,j,k+1). The other five heat flows
pertaining to cell (i,j,k) are calculated in the same way.

a a
- -
/ /
/ | s |
e
| 1T k1 |
| e |
| | | |
\ \ \ .
\ |] R ’
\ | .- \
ﬁ. A\Zk
H
VAT
//)
L ]
//
/7 Ayj
T AX[ T

Figure 3.1: Computational cells (i,j,k) and (i,j,k+1).
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Kjjk+1/2 %
Kiv1/2,)k
Tit,jk ANAN Torn ANAA Tict )k
Kij-1/2.k
Thj—1k
Tijk—1

Figure 3.2: Thermal conductances connected to cell (i,j,k).

Fig. 3.2 shows the six thermal conductances to cell (i,j,k). The conductance Kijy.12, (W/K), between the two
cells (i,j,k) and (i,j,k+1) is calculated as, (Claesson et al, 1994):

AXx; [Ay .
Ki k2 = J
’ Az, (2R 54 ) + D2y (204 1) + Ry i

(W/K)  (3.2)

Here Aijx, (W/(m-K)), is the thermal conductivity in cell (i,j,k). The conductance refers to the total heat flow
through the area Ax;-Ay;. The first term in the denominator is the thermal resistance in the z-direction for half
of the cell (i,j,k), the second term being the resistance for half of the cell (i,j,k+1). The third term Rijk+1s,
(mzK/W), is an optional additional thermal resistance at the interface between the two cells (i,j,k) and
(i,j,k+1).

Equation (3.2) is valid for all internal cells (an internal cell has at least one cell on each side). For boundary
cells, the equation is modified in the following way. Consider cell (1,j,k) that lies at a boundary. The
conductance which couples the temperature Ty with a boundary temperature is

K _ ij |]xzk
1/2,j.k Ax, /(2 D\Ljyk) + Rllz,j,k

(W/K) (3.3)

Here, Ripjk, (M2K/W), is the boundary surface resistance.

3.3 Heat flows

An energy balance is made for each cell. The total heat flow to cell (i,j,k) from the six adjacent cells is put in
the variable H;j, (W),

Hijikm  Kizji (TisjeTiji) HKiswzjc (Tissje-Tiji)+ (W) (3.4)
Kijvzk (TijukTijw) Hijerz e (TijeoeTije)+
Kijkvz (TijkaTij) HKijerrzs (Tijier=Tijk)

12



Changes in the energy of a cell due to heat sources/sinks I, (W/m3), are directly made by adding or
subtracting the values to the variable Hijx as lijAxi-Ay;Az. This method simplifies the calculation
procedures as well as further modifications that may be needed.

Another advantage of the introduction of H;; is that less data need to be allocated in the computer memory.
The arrays that are needed are normally eight:

Tijk Cijx Kirzjk Kijrrzk Kijeerz  Qirazjk Qijrrzk Qijkrwz

Introducing the H;;-variable gives instead six three-dimensional arrays:

Tijk Cijx Kisizjk Kijrizx Kijrez  Hijk

Note that only three of the products (conductance multiplied by temperature difference in Eq. (3.4) have to
be calculated at each time-step. This may save almost half the computer time compared with a direct use of
Eqg. (3.4). The following procedure which is used for all internal cells (i,j,k) illustrates this. Three local
variables, Qx, Qy, and Q; are introduced in order to decrease the number of arithmetic operations. The heat
flows from the three cells "upstream” (i+1,j,k), (i,j+1,k), and (i,j,k+1) to cell (i,j,k) are put in the variables

Q= Kirazjk (Tivjk-Tijk)
Qy= Kijsvzk (Tijr1k-Tijk)
Q= Ki,j,k+1/2'(Ti,j,k+1'Ti,j,k)

The change in heat for the cells "upstream” is directly made as

Hnew, i+1,j,k=Hi+1,j,k'Qx
Hnew, i,j+1,k=Hi,j+1,k'Qx
Hneuw, i,j,k+1=Hi,j,k+l'Qx

At the same time-step, the energy is increased in cell (i,j,k) as

Huew, i x=Hijx+Qx+Q,+Q;

3.4 New temperatures

The net heat flow during a time-step At results in an increase or a decrease in temperature. The temperature
at the new time-step becomes

13



At
|:lHi,j,k
OV YA\ GAVA

T =Tt (3.5)
3.5 Choice of time-step

The stable time-step At for cell (i,j,k) is determined using the following stability criterion:
Ci A% Ay Az,

Ki—llz,j,k + Ki+1/2,j,k + Ki,j—l/z,k + Ki,j+1/2,k + Ki,j,k—l/z + Ki,j,k+l/2

At <

(3.6)

This criterion must be satisfied for all cells (i,j,k). The smallest stable time-step obtained is used for all cells
to guarantee stability. The analysis leading to this criterion is not given here. The reader is referred to
(Eftring, 1990).

3.6 Iterative calculation

Equation (3.5) gives the new temperature based on the change in energy during the time-step At. This
calculation is made for all cells. The updated temperatures give the new heat flow to the cell according to Eqg.
(3.4), which in turn changes the temperatures again, and so on.

3.7 Steady-state case

Transient problems are solved with the above method of explicit forward differences. This means that the old
temperatures are used to calculate the heat flows. The new temperatures T,”kav are calculated by Eq. (3.5).

The successive over-relaxation method is used in the steady-state case, see (Hirsch, 1992). Here, the
temperatures are calculated in the same way as with explicit forward difference, but new temperatures are
used in the formulas as they arise. The temperatures are calculated using an over-relaxation factor w that lies
in the range 1.0-2.0. An optimized  may give calculation times between 1/70th and 1/10th of that required
for a calculation not using over-relaxation («w=1.0), see Section 5.2.2. The optimized w typically lies in the
range 1.8-2. In HEAT2 (and HEAT2R, and HEAT?3) this factor is initially set to 1.95. Equation (3.5) is
modified to

At Lo

T =T+
e e XY Az,

[H; (3.7)

The heat capacities of the cells do not matter in the steady-state solution. The stable time-step for each cell
determines the time-scale for temperature changes within the cell. It is better if all cells have the same stable
time-step, which means the thermal response time for each cell is the same. Accordingly, the heat capacities
Cij« are chosen to give the same time-step for all cells. The heat capacities are determined by putting At
equal to the right-hand side in (3.6). The chosen capacities are then

Ci i = At DKi—1/2,j,k + Ki+l/2,j,k + Ki,j—1/2,k + Ki,j+1/2,k + Ki,j,k—1/2 + Ki,j,k+l/2 (39)
g Ax, By Az,

Actually, the choice of At does not matter since it cancels in Eq. (3.7).
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4. Overview of input

4.1 Input mesh

An input mesh facilitates the description of the geometry, the numerical mesh, and the boundary conditions.
Consider Fig. 4.1. The x-axis is divided into a number of segments I. These are enumerated =1, 2,..., lyax.
The length of segment | is denoted AX;. In the same way, divisions are made in the y- and z-directions, J=1,
2,..., Juax, K=1, 2,..., Kuax, respectively. The figure shows one parallelepiped of the input mesh with the side
lengths AX;, AY;, and AZ.

Figure 4.1: A parallelepiped in the input mesh.

The input mesh may represent any parallelepipedical geometrical structure. The structure is built by
parallelepipeds defined by six input mesh coordinates, three for the lower inner corner (LI,LJ,LK), and three
for the upper outer corner (Ul,UJ,UK). Figure 4.2 shows the simplest geometry possible with one
parallelepiped. There is one mesh segment in each direction. The coordinates for the parallelepiped are LI1=0,
LJ=0, LK=0, Ul=1, UJ=1, and UK=1. From now on, these are written in a more compact way as
(0,0,0,1,1,2).
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b L.J=0 UJ=1
AY
UK:] L / 1//
/ /
AZ, // //
7 /
LK=0°* """ =V
(0,0,0) } 11,0
\
} LI=0
XY=

Figure 4.2: One parallelepiped.

Figure 4.3 shows a region consisting of two parallelepipeds. The larger parallelepiped has the coordinates
(0,0,0,3,1,1), and the smaller (1,1,0,2,2,1).

1 / / /

Figure 4.3: Two adjacent parallelepipeds.

As pointed out before, any parallelepipedical structure may be defined by a list of parallelepipeds (from now
on also called boxes). Each box may have its own properties regarding thermal conductivity, heat capacity,
and even initial temperature.

A box may partly overlap an earlier defined box. In that case, the properties of the new box will prevail.
Consider Fig. 4.4 with one box overlapping another of different material. The first box has the coordinates
(0,0,0,3,1,1), and the second (1,0,0,2,2,1).
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Figure 4.4: One box overlapping another box.

There is also an option for defining "empty’ boxes (space that is not included in the computational volume).
In some cases it may be an efficient way to reduce input data. Consider Fig. 4.5 that shows a corner. A
typical application would be to calculate the extra heat loss due to the three-dimensional heat flow in the
corner, or to estimate the lowest surface temperature. This problem may be described using three boxes with
coordinates (0,0,0,2,2,1), (0,0,0,2,1,2), and (0,0,0,1,2,2), respectively. It is also possible to use one box
defining a material (0,0,0,2,2,) that is cut out by one empty box (1,1,1,2,2,2).

Z
| J=0 1 2
7 7
Ve /
[o ) S /
/
/7 /
/ / /
/7 /
/7 /
Vava /
[ ——+44— /
k=0 ~——+1— / =y
|
I
i
=0

Figure 4.5: This corner may be defined by three boxes, or by one box and one empty box.

4.2 Surfaces defining boundary conditions

Boundary conditions are given in the following way. First, the types of the boundary bonditions are specified
in a list. This could for example be the following three types; zero heat flow (adiabatic), temperature on a
warm side, and temperature on a cold side. Secondly, surfaces that ’lie’ against a boundary of the
computational area are defined by six input mesh coordinates. One of the three lower coordinates of the
surface will always be the same as one of the three upper ones. Each surface is then coupled to one of the
boundary condition types in the list. As an example, the top surface of the larger box in Fig. 4.3 has the
coordinates (0,0,1,3,1,1). The top surface of the smaller box has the coordinates (1,1,1,2,2,1). Here
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LK=UK=1. If the boundary condition is the same on both boxes, it is sufficient to use one surface
(0,0,1,3,2,1), see Fig. 4.6.

Figure 4.6: Boundary conditions are defined with surfaces, which may extend outside the
surfaces of the computational volume.

If any boundary of the computational area is not overlapped by a specified surface, the boundary condition
will automatically be the first defined type. As an example consider the cube in figure 4.2. Suppose that the
temperature on the upper surface of the cube is 1 °C, and on the lower side 0 °C, and that the four other
surfaces are adiabatic (zero heat flow). This is done by defining the following three types: Q=0, T=1, and
T=0. It is sufficient to define two surfaces, one at the upper side (0,0,1,1,1,1) with the second boundary
condition type (T=1), and one at the lower side (0,0,0,1,1,0) with the third boundary condition type (T=0).
Since no surfaces for the other four sides have been defined, the boundary condition will be automatically
coupled to the first type (in this case Q=0).

A surface plane may cut through the computational volume without affecting it. Consider as an example Fig.
4.3, where a vertical plane between the large and the small box could be defined as (0,1,0,3,1,1). This would
induce the same boundary condition on the two boundary areas of the large box (0,1,0,1,1,1) and
(2,1,0,3,1,1). If a surface overlaps, partly or completely, previously defined surfaces, the boundary condition
for the last mentioned surface applies.

We now introduce sets of surfaces. For each of the set (with one or more surfaces), the total heat flow and
the minimum and maximum surface temperatures will be presented. Note that if two surfaces in the same set
overlap each other, the heat flow will be added twice for the common area (which will influence the
presented heat flow for the set).

4.3 Numerical mesh

The number of numerical cells is specified for each segment. As an example, consider segment | with Ny,
numerical cells in the x-direction. The cells are normally placed in an equidistant mesh. The length of the
numerical cells in the segment is AXi/Ny,. In the same way the lengths in the y- and z-directions are AY,/Ny,
and AZx/N,x. In general, capital letters refer to the input mesh (i.e. AX,, AY;, AZx), while small letters refer to
the numerical mesh (i.e. Ax;, Ay;, Azy). There must be at least one numerical cell in each input mesh segment.

Figure 4.7 shows the cube with two cells in each of the three directions, i.e. Ny1=2, N, ;=2, and N,;=2.
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Figure 4.7: The cube with two numerical cells in each direction.

Expansive meshes may be used for concentrating the cells towards areas with large temperature gradients,
see the front cover figure where the cells are smaller around the corner. An expansion coefficient € is given
for every segment 1,J,K. The lengths of the successive computational cells in each segment will be increasing
or decreasing by this factor. For example, if the length in a segment with three cells is 21 m, the length of
each computational cell is 7 m by default. This corresponds to an expansion coefficient of 1. A coefficient
€=2.0 generates the lengths 3, 6 and 12 m (increasing sizes). With €=0.5, a mesh with the cell lengths 12, 6
and 3 m is obtained (decreasing sizes).

Be aware that an expansive mesh may lead to small computational cells causing the time-step to be very
short. A badly chosen computational mesh can increase the computational time dramatically, especially for
transient analyses. Do not use extreme expansion coefficients with a large number of cells that would cause
very small cells in a segment. ”"Normal” values are in most cases those between 0.8-1.2. There are two ways
to check the computational mesh. The first way is to look at the mesh graphically. The second way is to look
at the cell sizes in the log text.

4.4 Internal resistances

Internal resistances are defined by planes that cut through the computational volume with a resistance R,
(m2-K/W), between the cells that are divided by the plane, see Eq. (3.2). If a plane overlaps a surface
defining a boundary condition of a given temperature with a surface resistance, see Section 4.2, then the total
resistance will include both resistances. Consider as an example Fig. 4.3. We may define a plane as
(0,1,0,3,1,1) with a resistance R. In this case, the surface resistance on the boundary areas (0,1,0,1,1,1) and
(2,1,0,3,1,1) will be increased by the given value R.
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5. Working with HEAT3

5.1 Editing data

5.1.1 The editor

The editor contains the input data file, see Fig. 5.1. The input is validated every time the editor is changed
(unless item Edit/Validate on change is disabled). Upon an error, the row that contains the error will be
marked and a short notice will be displayed on the bottom row.

A graphic window (showing materials, mesh, temperatures, and/or boundary conditions) is updated
whenever the input is changed (unless item Edit/Update graphics on change is disabled).

Wi HEAT3 - CEN.DAT

File Edit Search Graphice Solve Output Options  Info

f: “WERSION 3.00 (internal info) ﬂ
% Optimal relaxation coeff is 1.85 for this case

4 x-dir

42608 number of cells

1111.5 expansion coeff. 1.5 for last segment

0.1 .05 .15 1 lengths

S y-dir 7 HEAT3 2680 polygons drawn -Materials I8 [=]
842606 File Details BCs Temperatures Tools Setfings

.81111.5

.6 .1 .05 .15 1 £ il
4 z-dir

84218 1

.8 111.5

1 .15 .05 .95

8 Bozes

¥ box coordinates, conductivity, capacity, ini iz
010 424 1.0E6 0.

010 154 1 1.0E6 0.

120 434 0.04 1.0E6 0.

120 254 0.04 1.0E6 0. 07
230 444 0.7 1.0E6 0.

230 354 0.7 1.0E6 0.

201 452 2.5 1.0E6 0.

342 453 1.0 1.0E6 0.

235
o ty b
no empty hozes . ¥

4 four BC types

0 0.0 Smallwin  Redraw Bestore Showtools | Solid Temn| BC| tdesh

1 20.0 0.2

115.0 0.2

1 0.0 0.05

12 BC planes

340 441 2 -
4 *
Checkan | | Validation OK

Figure 5.1: Input is made in an editor. A graphic window shows materials, mesh, temperatures,
and boundary conditions.

A new problem may be given from scratch (item File/New) using a empty editor. The help line at the bottom
indicates what variables are expected on each row. Comments may be written after the data or after the
characters '%' or ;.

A new problem may also be defined using a template for a simple “cube” problem (item File/New with
template). A third way is to open and edit an existing file that describes a similar problem. Save the input
with a new file name (File/Save as). The five data files that were last open will be shown at the end of the
file menu.

Standard editing options are available, such as cut, copy, paste, select all, find, and replace. The undo and
redo commands make it possible to regret or remake several hundred changes made in the editor. The font
may be changed in Options/Font. Backup files (*.BAK) will be created (unless item Options/Create backup
file is disabled).
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5.1.2 Inserting mesh coordinates

Suppose that we wish to add a box somewhere in an already defined problem. New mesh coordinates must
(probably) be defined. It is likely that many of the already defined boxes, boundary conditions, resistances
and heat sources, and so on, have to be redefined using the new coordinates.

Input mesh coordinates may be inserted automatically (Edit/Insert mesh coordinate, see Fig. 5.2). All the
data in the editor will be updated for the boxes, surfaces, etc. The new coordinate will be inserted in the
middle of the old segment, which will be divided into two new segments (each with half the length of the old
one). The number of cells in each of the two new segments will be the number of cells in the old one divided
by two. If the number of cells in the old segment is odd, the number will be one even and one odd, e.g. seven
cells will split into 3 and 4 cells. When a coordinate is inserted, the only thing the user probably has to
change is the lengths and maybe the number of cells for the new segments and the expansion coefficients.

Insert mesh point

Inser direction:
" w-direction
 w-direction
& z-direction

Insernt befare mesh point I 1

|4 |»

& Undo inser‘tl

fLQIDse |

Figure 5.2: Menu for inserting mesh coordinates.

Consider Fig. 5.3. The top figure has one segment in each direction. The middle figure shows the coordinates
when insertion is made in the x-direction before mesh point 1. The first four rows in the input data are
changed from

1 segment in the x-direction
10 number of numerical cells
1 expansion coefficient

1 length of segment

to

2 segment in the x-direction
55 number of numerical cells
11 expansion coefficient

0.50.5 length of segment

Two coordinates have now been inserted in all three directions before mesh point 1, see bottom figure. The
first four rows are now:

3 segment in the x-direction
235 number of numerical cells
111 expansion coefficient

0.250.250.5 length of segment

The bottom figure shows an added second box with coordinates (1,1,1,2,2,2).
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i HEAT3 CUBE.DAT HNx=10 Ny=10 Nz=10
File Details BCs Temperatures Tools Settings

z
1

Smallwin  Redraw Bestore Showtools Solid Temg| BC | Meshl

it HEAT3 CUBE.DAT Nx=10 Ny=10 Nz=10
File Details BCs Temperatures Tools Settings

=z

Smallwin  Redraw Restore Showtools Solid Temgl EIC| Meshl

fif HEAT3 CUBE.DAT HNx=10 Ny=10 Nz=10
File Details BCs Temperatures Tools Settings

z

Smallwin  Redraw Bestore Showtools Solid Temg| BC | Meshl

Figure 5.3: Mesh coordinates inserted.
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Changing the lengths in each direction from

0.250.250.5 length of segment
to

0.330.330.33 length of segment

will center the small cube into the large one, see Fig. 5.4.

i HEAT3 CUBE.DAT HNx=10 Ny=10 Nz=10
File Details BCs Temperatures Tools Settings

Smallwin  Redraw Bestore Showtools Solid Temg| BC | Meshl

Figure 5.4: Inserting mesh coordinates and changing lengths.

5.2 Solving the problem

5.2.1 Steady-state stop criteria

There are three ways to give a stop criterion for a steady-state simulation, see Fig. 5.5. The first way
considers flows. The sum of all heat flows (positive and negative) entering the boundary surfaces Q, divided
by the sum of the absolute values of all these heat flows, must be less than a given value F, see Eq. (5.1).

This value is recommended in the European Standards to be 0.001 (CEN, 1995).

Options for steady-state calculation

—Stop criterion

& Flow: I 0.0100 (24
" Temperatures: I 0.0100 (e
¢ Mumber of iterations: 100000

—Ower-relaxation coefficient———————————

Omega (1.0-2.0): I 1.9500
 Apply |

Figure 5.5: Menu for steady-state stop criterion.
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zE |Q | <F (5.1)

The second possibility concerns temperatures. The calculation is interrupted when the relative difference of
the cell temperature of two succeeding iterations, valid for the whole computational area, is less than this
value R, see Eq. (5.2).

1_Ti,j,k

new
Ti,j,k

<R (5.2)

Smaller values of R and F give in general smaller numerical errors, but longer computational run-time.
Consider as an example the example cen.dat using 7600 cells, see Section 7.5. Table 5.1 shows the sum of
the heat flows through the surfaces on the interior and the exterior sides, the required number of iterations,
and the calculation time in seconds on a Pentium/233 for different values of F (relaxation coeff. is 1.85) The
accurate choice of F depends on the problem. For practical cases a larger value may be sufficient. For
numerical case studies a smaller value should be preferred.

F Heat flow (W) Heat flow (W) Iterations | CPU-time (5)
(interior side) (exterior side)

10" |57.87 60.29 27 2

10° [59.66 59.74 40 3

10° [59.60 59.67 50 4

10" [59.60 59.60 71 5

10° [59.60 59.60 80 6

Table 5.1: Results for some choices of criterion F.

It is normally sufficient to put F to values between 10° and 10°°. The default value is 10“. In some cases, the
criteria R and F can be ’accidentally’ fulfilled during the convergence of the numerical solution. This is
avoided in HEAT3 by letting the criterion be valid at 10 different time-steps before the simulation stops.

The criterion F is calculated for all defined sets, see Section 4.2. This means that all surfaces with a nonzero
heat flow must be defined when this criteria is used, and also that each surface belongs to one (and one only)
set. The effect from optional heat sources will also be accounted for when F is calculated.

The third way is simply to give a maximum number of iterations.

5.2.2 Successive over-relaxation used for the steady-state calculations

Different numerical techniques can be used to decrease the CPU-time in the steady-state case. One example
is the successive over-relaxation method (Hirsch, 1992), see Section 3.7.

Consider the five examples in Chapter 7. The calculation time on a Pentium/233 as a function of the
relaxation coefficient w is shown in Table 5.2. The number of computational cells is indicated. The stop
criterion F=107, see Section 5.2.1, is used.
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CPU-time (s)

w Steell.dat |Steel2.dat |Cen.dat Slab.dat Cav.dat
N=11616 N=28560 N=7600 |[N=25221 |N=15968

1.00 |[393 913 69 3300 435

1.80 |45 6

1.85 |33 6

190 |21 102 8 195 48

195 |10 79 14 106 36

196 |7

197 |6 69

198 |8 45 30

199 (11 61 54 70 28

2.00 |51 53 28

Table 5.2: CPU-time in seconds as a function of the over-relaxation coefficient.

The minimum CPU-time is underlined in the table. As shown, the method of over-relaxation is very efficient.
An optimal w here gives calculation times between 1/73 and 1/12 of that required for a calculation not using
over-relaxation (w=1.0). The optimal w lies typically in the range 1.8-2. The default value in HEAT3 is
w=1.95. In relation to the optimal value for the examples in Table 5.2, the default value gives no more than

about twice the CPU-time for the examples in Table 5.2.

5.2.3 Simulation time for transient calculation

Simulation stop time is given in Solve/Options for transient, see Fig. 5.6. The start time, denoted by current

time, may be arbitrarily chosen.

A special format for time input may be used (instead of using seconds). A sequence of pairs with a number

Options for transient calculation

—aimulation stop time

As time string: I Ty

In seconds: I 31536000.000000

—Current time

Ag time string: I s

In seconds: I p.oooooo

" Apply |

Fi

gure 5.6: Menu for simulation time.

and one of the following letters is given:

w3 Taoax

year (365 days, 31536000 seconds)

month (year/12, 30.417 days, 2628000 seconds)
day (86400 seconds)
hour (3600 seconds)
minute (60 seconds)
second (can be omitted)
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Please note that m is minute and g is month. Here are some examples:

1lyldh 1 year and 14 hours

1493d15 1 year, 2 months, 3 days and 15 seconds (same as 1y2¢3d15)
86400 1 day

1h2d Not valid. The expression must be in descending order, see below.
2d1h This string is OK, meaning 2 days and 1 hour

5.2.4 Functions

The boundary temperatures may be constant in time, or time-dependent using a sinusoidal, a step-wise
constant, or a step-wise linear function. These are defined as:

N
. f(t)=f, 41, @inW% t,>0 (sinusoidal)
p

0t<t
Dflt1 <t<t,

o f(t)=f,t, st<t, (step-wise constant)
O

O
Hf,t, <t

Of, [, t<t

t-t,)
Df+(f—f)§—( L~ ot <t<t
0’ 2~ h t,-1) 1 2
. f(t)Z% +(f, - 1)) %L_tZ) t,<t<t (step-wise linear)
Dz 3~ b t,—t,) 2 3

O

O
of. t <t
=

The function is chosen in item Solve/Function, see Fig. 5.7. Give f,, f,, t,, and tp for the sinusoidal
function. The phase and period time may be given in seconds or using a time-string, see section 5.2.3.

27



—Fu

e constant -
" Step-wise linear |

—=inusoidal function
Tit=f1 +f2*sin[2*FP(t-40) o]

fl (average) [ 10000
f2 (amplitude) [~ 10000
0 (phase) 0.0000 o Os
tp (period) 3600.0000 Th

Figure 5.7: Functions are given in item Solve/Function.

The step-wise constant and step-wise linear values are given in an editor, see Fig. 5.8. Each row should
contain the time (in seconds or using a time-string) and the function value. Comments may be written after
the data on each row or after a ‘%’, see Fig. 5.8 right.

The data will be validated if the Validate menu item is pressed (or when a simulation is started). The right
figure shows an error on the third row, see message at the bottom. The function values for the data given in
the left figure are shown in Figs 5.12 and 5.13. The maximum number or values is constrained by the 16 MB
of text that the editor can hold. Using e.g. 16 characters per row would give a maximum number of one
million function values.

@7 Function steps - EX.FUN 7 Function steps - EX.FUN
File “alidate File ‘validate
2h 2 2h 2
4h 6 %4h 6
Sh -4 U1h -4
6h 4 6h b
KN 2 | 2
‘ Yalidation OK. Number of steps=4 i ‘ Error: Time should be greater than previous step time 4

Figure 5.8: Data for function steps are given in an editor. The input is validated and a marker
will be shown if there is an error.

The function values may be generated in other programs and pasted into the function editor. Fig 5.9 shows
the function In(x) created in Excel for a few values that have been pasted into the function editor in HEAT3.

The data for the function steps may be saved (*.FUN) and later be used in other problems.

During the simulation, the function value will be shown, see Fig. 5.14 (right).
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iz Funciion steps -EXFUN IS
“E Arkiv Redigera Wisa Infoga Format Werktyg Dats Fonster Hijalp ;Iili” File ‘“alidate
B14 - = | 1 o
AT e Tre o e e |, 0.693147181

; ; 0,693142 3 1.098612289

3 3 1098612 4 1.386294361

4 4 1,386294 55 4.007333185

5 55 4007333 66 4.189654742

6 66 4,189655 — T 4343805422

; ;g ji‘gig? 88 4.477336814

g 09 ;1.59512 99 4.59511985

10 1] 4 70953 11 4. 709530201

11 -

[4] 4] » [ p]}Sheets |« | ﬂJJ Ll—l : —’I
Klar | ] | | NUM | | I 7 |Val|dat||:|n 0K, Mumber of steps=10 7

Figure 5.9: Arbitrary function step values may be pasted from other programs. Here is the

function In(x) created in Microsoft Excel for a few values that have been pasted into the
function editor in HEATS3.

5.2.4.1 Example 1 - sinusoidal function with a time period of one year

Figure 5.10 shows a sinusoidal function with the average value 8 °C, the amplitude 15 °C, the time phase
three months (-3q), and the time period one year (ly). With this time phase (-3q or +9q), the coolest
temperature (-7 °C) will occur after 0, 12, ..., 12n (0 < n < o) months, i.e. on the 1:st of January every

year. The warmest temperature (23 °C) will occur after 6, 18, ..., months, i.e. on the 1:st of July every year.

Temperature [°C]

[

time [months]

(0 =0+ 150020

Figure 5.10: Sinusoidal function with f,=8, f,=15, t;=3q, and t,=1y.

! Using time phase —4q instead will give min and max at Feb 1 and Aug 1, respectively.
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5.2.4.2 Example 2 - sinusoidal function with a time period of one day

Figure 5.11 shows a sinusoidal function with the average value 8 °C, the amplitude 15 °C, the time phase six
hours (-6h), and the time period one day (1d). With this time phase (-6h or +18h), the coolest temperature (-7
°C) will occur every day at midnight, and the warmest temperature (23 °C) will occur at noon.

Temperature [°

2 4 6 8 10 12 14 16 18

time [h]

F(t)=8 +15 Einwg

Figure 5.11: Sinusoidal function with f,=8, f,=15, t,=6h, and t,=1d.

5.2.4.3 Example 3 - step-wise constant function

Figure 5.12 shows a step-wise constant function with four steps using the data as given to the right. Note that
the value of the function is zero before the first defined step. If t;=0, instead of t;=2h, the first value f; will
be used from start. Also note that the function value for the last step will sustain after this point of time.

20 22

fi=2°C
f,=6°C
f3=-4°C
f,=4°C

)

°f t,=2h
“ t,=4h
2t t,= 5h
of t,= 6h
—6: I I I I

0 2 4 6 8 10

t (hours)

Figure 5.12: Step-wise constant function for the four steps given to the right.
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5.2.4.4 Example 4 - step-wise linear function

Figure 5.13 shows the step-wise linear function for the four steps. Note that the function value is zero for t=0
(may be changed by giving a function value for t;=0). The function value for the last step will be sustained.

8_T(OC)

of

A4 t=2h f,=2°C
' t,=4h f,=6°C
2k

; tt=5h f;=-4°C
0

[ t4=6h f4=4°C
.25

4f

6 L L L L L L L L L L L L L L L L L L L

0 2 4 6 8 10

t (hours)

Figure 5.13: Step-wise linear function for the four steps given to the right.

5.2.5 Simulation window

An information window is shown during the simulation. Figure 5.14, shows the steady-state and the transient
cases, respectively. Information is shown about stop criterion, iteration, errors, heat flows through the given
sets, maximum and minimum node temperatures, and number of cells. The relaxation coefficient may be
changed. There are short-cuts to Show sets (see section 5.3.1), Stop criterion (see sections 5.2.1 and 5.2.3),
Screen update (see section 5.2.6). If a function is used, the current function value will be shown with a short-
cut (see section 5.2.4).

The “Turbo” button enables more CPU-time to the actual iteration (solving) process. The performance of
other processes (so-called threads), such as moving or rotating the graphics, (or even working with other
programs simultaneously), may then be slow. A disabled “Turbo” will provide more CPU-time to other
processes, but will on the other hand increase computational time for the problem.

fi7 Transient calculation

e [ Show sets rsmtpj{;emn 0.3447%| _ Show sets
[teration I_Turo [terations and current time I_Turo
r 18 ‘ MN=7800 925 t=1dBh11m55s ‘ MN=2440
Errar rMode termp.— | Ermar rhode termp.—
{ Q: 10.285% F 100% | Max=17.687°C { Q. 88.033% qu% Max=17 574°C
T: 7.1324% 10% bin= 0°C T: 0.4467% 1% Min= 0.8969°C
e —Relaxation—— e Funct. svalue |—
Abs. heat flow = 127.81 W = Abs. heat flow = 13092 W :
{ Netheatflow = 12528 W [ 18500 EI { Netheat flow = 115.25 W T=18636
; B ; P
=top calculation | Smupg;gmn =top calculation | Smupg;gmn

Figure 5.14: Windows shown during steady-state and the transient simulations.
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5.2.6 Screen update

Data shown during the calculation are updated as defined in item Solve/Screen update, see Fig. 5.15. The
update may be an interval depending on a number of iteration, or on the CPU-time. The default value for the
screen update is set to every 5:th second.

fi7 Screen update [ x|

" iterations between update: I 10
& CPUHime interval in seconds: I &

Figure 5.15: Data shown during the calculation are updated as defined here.

5.2.7 Output file options

During the simulation heat flows may be written to an output file, see item Solve/Output file options and Fig.
5.16.

@7 Output file options

lterations between update: 100

—hen simulation stars...
& Always rewrite file

 Append output to existing file

Cutput file=CEN.QOUT

Change outputfile |

Figure 5.16: Output file options.

5.2.8 Reset

There are three options for resetting a calculation, see Solve/Reset. The first one simply sets the iteration
number and the current simulation time to zero. The second one initializes the temperature field. The third
one does both.

5.3 Output data

5.3.1 Flows and temperatures for sets

Item Output/View sets gives the heat flows for all sets, see Fig. 5.17. If “Details” is checked, the position for
the maximum and minimum temperature will also be indicated.
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fi7 Flows and temperatures for sets

Set O (W) O (Wim®)l  Tmin Trmax

1 15.536 15.536 11.208

2 13.364 13.364 11.319

3 16.909 16.909 11.96

4 13.792 4.7559 11.004

5 -59.601 -8.4421 0.0038
Abhsolute heat flow through sets = 1268.91 W
et heat flow through sets = -0.0001 W

| |

Figure 5.17: Flows and temperatures for the sets.

5.3.2 Temperature and heat flows at a given point

The temperature and heat flows may be shown for a given point (x,y,z), see item Output/temp at point, and
Fig. 5.18. The data are updated during the simulation, see Section 5.2.6, Screen update.

il Temp at point B3
~Coordinates

%= 0.eO0O
W= 1.2000
z= 1.0000
—Results
T=1612 *C

Chx =-7.5314 W/m®
Oy =-15.321 W/m®
Oz =18.857 W/m®

Figure 5.18: Temperature and heat flows shown for a given point.

5.3.3 Output files with temperature planes

A temperature field for any plane with the normal in the x-, y-, or z-direction may be written to a file, see
item Output/Write temp plane and Fig 5.19. Three files will be produced with the extensions filename.x,
filename.y, and filename.z. The .z file contains the temperature of each cell (a matrix with m-n values). The
files .x and .y hold the x- and y-positions of the cells counted from the origin (each has an array with m and n
values, respectively).

The plane is defined by giving the normal direction of the plane and the distance D from the origin. Table 5.3
shows the data in the files .x .y and .z. Consider the last case with the z-direction. This means that the
temperatures of the x,y-plane at the points (x;;) at the distance z=D from the origin are written to filename.z.
The distances for each cell in the x-direction from the origin (X;..Xnx) are written to filename.x. The distances
in the y-direction (yi..yny) are written to filename.y.

Plane with normal in | Data in file .x | Data in file .y |Data in file .z
x-dir Y1..Yny 3.2y, T(D,y,2)
y-dir 71..2n; X1..XNx T(x,D,2)
z-dir X1+ XNy Yi..Yny T(x,y,D)

Table 5.3: Data in the created files with extension .x, .y, and .z.
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A second order interpolation of the temperatures in the three directions is used. As an option during the
simulation, the value D may automatically be rounded to cut a plane leveled at the center of the vertically
closest numerical cell. In this case, the temperatures in the nearest cells will be written without any
interpolation.

iif Temperature plane E3 (B 737 HEAT3 CEN.DAT Nx=20 Ny=26 Nz=22

File Detalls BC:s Temperatures Tools Seftings

& Interpolation

&

 Closest cell

\
J

& Plane with normal in x-direction =

" Plane with normal in y-direction

|
" Flane with normal in z-direction ol
(-
_""‘-g/
INg=
[
H""\-\-\_

Cutatxe | 0200000
# Update graphics | e

77 e tiies (X Y 2 M /f

3

11

//

AV
AY,

\

o Wiiritefiles (X ¥ 2 x ¥
&l Smallwin  Redraw Eestore Show tools SDIidl Templ EiCl Meshl

Figure 5.19: Temperature field for any plane may be written to a file. The plane (leveled at
x=0.2) is indicated in the right figure.

As an option (write files (X .Y .Z .M)), a Matlab script file may be written to file filename.m. The script
(given below) will load the temperature field and the coordinates, and draw a mesh plot, see Fig. 5.20.

figure

load Filename.z;
z=Filename;
load Filename.x;
x=Filename;
load Filename.y;
y=Filename;
mesh(x,y,z)

The axes in Fig 5.20 are labeled in Matlab using the following command:

xlabel('y (m)")
ylabel('z (m)")
zlabel('T (°C)")

If the plane contains cells that are not part of the computational area, the word "NAN’ will be written to
filename.z instead of a temperature T;j, The word 'NAN’ is recognized by Matlab as a ’not available
number’, and no grid points will be drawn in the picture.

Appendix B shows a few examples of Matlab graphic functions.
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z(m) y(m)

Figure 5.20: Surface plot of a temperature plane.

5.3.4 Output files for Matlab 3D figures

Before version 3.0 of HEAT3, Matlab was needed to produce pictures in 3D. Matlab is now more or less
obsolete since HEAT3 manages most of this itself. However, some users may still want to use Matlab (there
are e.g. optional isothermal plots, imaging routines such as shading, light sources, etc). Figure 5.21 shows the

options.

fi7 Matlab 3D E

& Interpolated temperatures
 Mon-interpolated temperatures
 Thermal conductivities

¥ Show computational cells

—Box real coordinates

Lower Upper
o 0.0000 1.3000
o 0.0000 1.9000
7 0.0000 21500

@ UpnlEteiaranptines |
< witetie | f Close |

Figure 5.21: Menu for Matlab 3D figures.
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HEAT3 generates a Matlab script file ("m-file’) containing all commands and data to draw e.g. surface
temperatures (see e.g. the front cover). It is also possible to view thermal conductivities (indicated in colors
or in gray-scale). The figures may be treated according to Matlab instructions such as changing the point of
view, the color map, zoom, two- or three-dimensional perspective, etc.

The surface temperature within the cells may be interpolated as an option to generate smoother figures.
Computational cells may also be displayed. The whole problem, or just a part of it, may be chosen. The latter
allows a box to be cut out (showing the internal temperatures). The box is defined by its lower and upper real
coordinates, respectively. Note that the volume will be extended to include whole numerical cells that are
divided by the borders of the box.

Note that Matlab version 4.0 is required. Versions between 4.2 and 5.1 (ver 5.1 was the present version when
this was written) is able to display a color bar.

The "'m-files’ can be large (sometimes more than 1 MB). If you temporarily do not use the files it may be a
good idea to compress them with e.g. WinZip (often to 5-10 % of the original size).

5.4 Graphics

5.4.1 Introduction

The “graphic window”, see Fig 5.22, shows surface temperatures in 3D. The picture may be rotated, moved,
or zoomed (the mathematical routines for this are taken from (Foley et. Al., 1984)). Visualized data may be
temperatures, materials, numerical mesh, or boundary conditions.

The graphic window will be updated when new input data are given, see section 5.1. The temperatures may
be updated during the simulation (item Temperatures/Update figure on solve). Colors and fonts may be
changed in item Settings.

7 HEAT3 2680 polygons drawn -Temperatures

Eile Detals BCs Temperatures Tools Settings

Fotate kowe Zoarm e

x| 4 s KALE W.E
W »
7 3 : I I 3 I - : I I 3 I xE LAY

* 7 0.4 ¥
Smallwin  Redraw Bestore Hide tools SDIileemp EICl Meshl

Figure 5.22: The graphic window.
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5.4.2 Basic commands

The picture may be rotated, moved, or zoomed using the top tool-bar, the mouse, or directly from the
keyboard, see Fig. 5.23 for mouse and keyboard commands.

f\7 Mouse and keyboard commands

Mouse commands AI

Mowe figure: click right mouse button and drag

Ratate y-axis : click left mouse button and mowve leftfright
Rotate x-axis : Shift + click left mouse button and mowve leftfright
Rotate z-axis : Chrl + click left mouse button and mowve leftfright
Zoominfout : click left mouse button and mowve down/up

Keyboard commands

“show xy.Z-plane

show y.z-plane
show x, z-plane

show xy-plane

‘black fwhite background
maximize figure

M oLe 2 M — O

i

rrowes  mowve figure

crotate y-axis (Shift+yy rotates other way)
crotate x-axis (Shift+Q rotates other way)
crotate z-axis (Shift+E rotates other way)
:zoarm in (Shift+Z zooms ouf)

srestare all values

:change font

. change background color

:change axis color

:change numerical mesh colar

: show/hide input mesh

» show/hide bhoxes

s show/hide numerical mesh

. show/hide boundary condition types

: showthide boundary condition values
cshowfhide temperature plane

o show/hide internal heat source

FHL oS T T ARX DO DMNMO S

Figure 5.23: Shortcuts for basic commands.

The list in Fig. 5.23 is displayed by item Tools/Help shortcuts.

5.4.3 Menu item Details

Figure 5.24 shows the menu item Details with its option. As an example, input mesh coordinates are marked
in the picture.
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7 HEAT3 CEN.DAT HNx=20 Ny=26 Nz=22

File EeEIEUEN ECs Temperatures Tools Settings

Solid (hidden sufaces) z
DatiEnsfanscale |4
v Boxes P il
v Empty boxes B ”‘\
¥ Heat sources L |
v

Input mesh coord. |

Showtemp plane ¥

i

Show matlab box

Cut-out box options

-
W

Show rotation center T

4

i

SR
P
=

W

1

ST
X F
Smallwin  Redraw Bestore Showtools Sulidl Temgl ElCl kesh |

Figure 5.24: Input mesh coordinates are marked in this picture.

5.4.4 Viewing thermal conductivities and heat capacities

Click “Solid” on the bottom tool bar (or check item Details/Solid) to view thermal conductivities, see Figure
5.25, left. The color and the scale gives the thermal conductivity.

Clicking the scale area to the right (or Details/Options for Scale) brings up the window shown in Fig 5.26.
Figure 5.25, right, shows the box colors as given in the input data editor.

i@ HEAT3 2680 polygons drawn -Materials M7 HEAT3 2680 polygons drawn -Materials [_[o[x]
File  Details BC:s Temperatures Tools  Seftings File Details BC:s Temperatures Tools Settings
z Lambda z Boxes

)
]
=

m
o
=
%)

m
o
=
L

Lo e e -
o
:
g
i

Box 8

X X

te

Smallwin Redraw Restore Showtools | Solid Temp | BC| Mesh Smallwin Redraw Restore Shnwmuls'Sohd Temp | BC | Mesh

Figure 5.25: Thermal conductivities (left) and boxes (right).
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¢ Lambda

" Heat capacity

W Show scale

Figure 5.26: Click the scale bar (or Details/Options for Scale) for options.

5.4.5 Viewing boundary conditions

Figure 5.27 shows the menu item BC:s with its option. The picture and the scale indicate the specified
boundary conditions.

® HEAT3 2680 polygons drawn -BC:s
File Details Temperatures  Tools  Settings
¥ BC (hidden surfaces) B'e
Surface
Sets =0
BCtypes J
BCtypeswvalues G
T=20
RE=02
T=15
|:RI]2
T=0
RE=005
=4 ¥
Smallwin Fedraw Bestore Showtools Sl:ulidl Temgl BEZ _kiesh |

Figure 5.27: Boundary conditions.

Figure 5.28 shows the surface numbers (item BC:s/Surface) in 3D and 2D. In the same way, defined sets, and
boundary condition values may be drawn.
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i HEAT3 CEN.DAT Nx=20 Ny=26 Nz=22 i# HEAT3 CEN.DAT Nx=20 Ny=26 Nz=22

File Details BCs Temperatures Toals Settings File Details BCs Temperaturas Tools Seftings

\
\/

,; \

= \

’9:1‘2 /; ] 8\\\

sl 5 el 8 4
[~

%‘:3’
L \\: 2 7
/ =
e |
v P z g x
Smallwin  Redraw Restore Showtools SDIidITEmul EC| M&I Smallwin  Redraw Bestore Showtools SDI\dITele BC | Mesh

Figure 5.28: Surface numbers (item BC:s/Surface) in 3D and 2D.

5.4.6 Viewing temperatures

Fig 5.29 shows the Temperatures menu. The picture shows the temperatures in gray-scale from above (2D).
Click the scale bar (or Temperatures/options for scale) for options, see Fig. 5.30.
ofx]

¥ Temp (hidden surfaces) Temp [*C]

7 HEAT3 2680 polygons drawn -Temperatures

File Detalls BCs EEERElETl Tools  Setlings

Cptions far scale | 17E48

[ 168954
¥ |pdate figure on solve - 16062
[ 1517

14278
13386
12493
11401
- 10,709
. 9EIT
T Eas

5.0329
7.140%

I 6.24%6
B 53565
B 44644
B ;57
B 2202
B

B 02050
B 00032

Qa4

= X

Smallwin Fedraw BEestore Showtools SDIileemp EIC| Meah|

Figure 5.29: Temperatures in gray-scale (2D).
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07 Temperatures E

—Scale
bin: n.0o3g
bl e 17,8462

Range current temp. |

Maxnumbars:l el

¥ Show scale

—Colors
Lightness: 50
Saturation: 100
Murn colors: ¢4

¥ Gray-scale

Figure 5.30: Options for temperature scale.

The minimum and maximum temperatures for the scale may be given here. Option Range current temp.
sets the scale to the maximum range accounting for all surfaces within the drawing window.

The number of bars in the scale may be changed. The temperature may be shown in colors or in gray-scale.
The colors are calculated according to the hue-lightness-saturation model used by Tektronix and based on the
Ostwald color system, see Fig. 5.31. Hue is the angle around the double hexcone. Saturation is measured
radially from the vertical axis, from 0 on the axis to 1 on the surface. Lightness is O for black (at the lower tip
of the double hexcone) and 1 for white (at the upper tip).

The hue variable is defined in HEAT3 from magenta to blue using a certain number of colors (Num colors).

Figure 5.31: The hue-lightness-saturation color model.
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The numerical mesh (without temperatures) may be viewed by putting the lightness to 1, see Fig. 5.32.

i HEAT3 2680 polygons drawn -Temperatures
File Defails BCs Temperaues Tools Sefings

X

=

o = b oW & L e a9 e @

¥

pal
/5
>
-

Smallwin_Redraw FestoreShowtools Solid Temp BC | Mesh |

Figure 5.32: Numerical mesh (without colors) when lightness is set to 100 %.

A certain temperature interval may be disabled by clicking the temperature scale. Fig 5.33 shows two
disabled temperatures, T=18 and T=11 °C. This means that the surfaces with temperatures between 10.5-11.5
and 17.5-18.5 will not be drawn (the temperature step is 1 in this case). A click with the left mouse button on
the scale will enable/disable one interval. A click with the right mouse button will enable/disable all

intervals.

i HEAT3 2575 polygons drawn -Temperatures
File Details BCs Temperatues Tools Ssfings

=
e o R o= om BB
% 2 L & 5 8 B 8B 3
=
|
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= ow o Lo oa e @

L L L L L L L L Ll i A I -

yel
®
&=
B2

Smallwin_Redraw _Festore Showtools Solid Temp _BC | Mesh |

Figure 5.33: Temperature intervals may be hidden by pressing the scale color.

The picture is updated (unless Temperatures/Update figure on solve is disabled) during the simulation at

time interval given in Solve/Screen update.
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5.4.7 Removing boxes in the picture

The defined boxes may be coded by a color (an integer 0-10) in the input editor. A box with color 0 will be
invisible in the graphic window (even though it is accounted for in the calculations). Figure 5.34, left, shows
the boxes with their defined colors. Here, two boxes defining the floor are invisible (color 0). The right
picture shows the temperature field. Note that we see the internal temperatures at the interfaces to the
invisible boxes.

iz HEAT3 2592 polygons drawn -Temperatures

i HEAT3 2592 polygons drawn -Materials
File Details BCs Temperatures Tools Setings File Details BCs Temperatures Tools Setings

[ Tenp P
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Boxs =] | |
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I —|
e | B
B | l 18309
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| ] |
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Smellwin_Redraw_Bestore Showtools[Solid Temp| BC| Mesh | Smallwin_Redrew_PBestoreShowtools Solid[Ternp BC | Mesh |

Figure 5.34: Boxes may be graphically discarded (the floor is invisible here).

5.4.8 Cut-out areas

Sub-volumes (boxes) may be cut out by defining a box in item Details/Cut-out box option, see Fig. 5.35, left.
All surfaces that is inside the box will be drawn. Figure 5.35, right, shows the temperatures.

Cut‘D ut b ox File Detals BCs Temperatres Tools Setings
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' Box |

: 14215
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W n.0000 1.0000 [
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: B

I Show Cut-out bax =j:ff

: : B

| &2 Update graphics B

lDPﬂG

= - : UL ]I — B
M1 Close | " T aasy

Smallwin_Pedraw _Bestore_Showtools Solid[ Temp _BC | Mesh |

Figure 5.35: A part of the problem may be viewed by defining a box.

5.4.9 Saving images

The images may be saved to a bitmap format (File/save image as bitmap) or cut to the windows clipboard
(File/Cut image to clipboard).

43



5.4.10 Maximizing scales

It is possible to ’maximize’ the area (item Tools/maximize). This means that the scale in each of the three
directions will be adjusted to the maximum length in its own direction. As a result, the picture will be
stretched in one or two directions. In some cases, this will make it easier to see details without having to
enlarge areas, see Fig 5.36 (the example is given in Section 7.4). If no ’maximizing’ is chosen, the scale will
be adjusted to the largest length of the three directions, see Fig. 5.37. In this case, the scale will be the same
in all directions.

7 HEAT3 3664 polygons drawn -Materials
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Figure 5.36: The scale in each of the three directions is adjusted to the maximum length in its own direction
(’maximized area’).

Mf HEAT3 STEEL2.DAT Nx=42 Ny=34 Nz=20

File Details BC:s Temperatures Tools Settings

z

X

Smallwin  Redraw Restore Showtools SDIidl Templ EICl Meshl

Figure 5.37: The scale is in the normal case adjusted to the largest length of the three directions. The scale
will be the same in all directions.
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5.5 The options file

Every time the input data file (*.DAT) is saved, an option file will also be saved with the same filename but
with the extension (*.OPT). The option file contains most of the desktop settings in HEAT3. Figure 5.38
shows the options file for the corner problem corner.opt, see item Options/Show options file.

If an input data file is read and the options file is missing, a message will appear and a new will be created
with default values for the desktop.

fi# Current options (CORNER.OPT)  [HEIE3

FVERSION=3.DD

SRELAXMATION=1.97

~STOPCRIT _TYPE=1 (1=0 2=T 3=ITER)
~STOPCRIT_FLOW=1E-5
~aTOPCRIT_TEMP=0.0001
~STOPCRIT_ITER=100000
~2TOPCRIT_TIME=31536000 <=r ly
~SCREENUPDATE CPUCHOSEN=1
~SCREENUPDATE_ETEP=5
~SCREENUPDATE CPUTIMESTEP=5
~0UTPUT_STEP=100
~OUTPUT_WRITETOFILE=1
~OUTPUT_REWREITE=1
~OUTPUT_FILENAME=CORNER . OUTT
~FUNCTION _TYPE=2

SFUNCTION _FILEWAME=
SFUNCTION_f1=1

SFUNCTION fZ2=1

SFUNCTION_t0=0 <=» Os
~FUNCTION tp=3600 <=» 1lh
4] | i

Figure 5.38: Settings for the desktop that is saved to an option file (*.OPT) for each input data
file (*.DAT), in this case corner.opt.

5.6 Saving temperature field to file

It is possible to stop a simulation (steady-state or transient) and quit HEAT3, and later revert the simulation
from where it was interrupted. To do this, save the temperatures to disk, item File/Write temperature field,
for the problem before quitting HEAT3. The default extension for the binary file is (*.1JK). When restarting
HEAT3 later, open the temperature file and continue the simulation. The IJK-file does not contain input data,
only the temperature field, and the point of time when the simulation was interrupted.

Note that the description of the computational volume must be the same for the current input data when the
temperature file was written, i.e. the first 12 rows in the input data files, and the coordinates describing the
parallelepipeds should be the same. Boundary conditions and materials (thermal conductivities and heat
capacities) of the given parallelepipeds may however be changed.

If there is a temperature file (*.1JK) with the same name when an input data file is loaded (*.DAT), a
guestion will appear whether to load the temperature file or not.

5.7 Saving conductances, capacities, and temperatures to file

Conductances and capacities for each cell may be written to file (Output/Write Cond & Cap & T). The
format is shown below. The first three rows show the maximum number of computational nodes in each
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direction. The fourth row shows the total number of computational cells N. The fifth row shows a headline.
The next N rows show the indices i,j,k for the cell, the heat capacity (J/K), and the thermal conductances
(WIK) for cell i,j,k, see Fig. 3.2. Only cells part of the computational volume are listed. Note that six
conductances are written for each cell. This means that the same conductance is written twice for internal
cells.

10 =Nx

10 =Ny

10 =Nz

1000 =Number of computational cells

ijk C(i,j,k) K(i-1/2,j,k) K(i+1/2,j,k) K(i,j-1/2,k) K(i,j+1/2,K) K(i,j,k-1/2) K(i,j,k+1/2) T(i,j,K)
11110000.20.10.20.10.20.10.0002

11210000.20.10.20.10.10.10.0007

11310000.20.10.20.10.10.10.0014

1010910000.10.20.10.2 0.1 0.1 0.0857
101010 10000.10.20.10.20.10.20.3331
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6. Format for input data

6.1 Input data file

The input data file is an ordinary text file. Table 6.1 shows the descriptions and restrictions of the variables.

Variables Description Restriction
Ivaxs Imaxs Kmax Number of segments in each direction. 1-40
Nyt Ny, N2k Number of computational cells in segments. >0
&1, &y E2K Expansion factor in segments. 0.5-2.0
AX, AY; AZy Length of segments. >0
LI LJLK Ul UJUK Lower and upper input mesh coordinates. 0-40
A Thermal conductivity (W/(m-K)). >0
C Volumetric heat capacity (J/(m3K)). >0
Tinit Initial temperature (°C).
Np Number of boxes defining material. 1-100
Ne Number of boxes defining empty space. 0-20
Npe Number of boundary condition types. 1-20
N. Number of surfaces for which to specify boundary conditions.  1-50
All other surfaces will have the first defined boundary
condition
N, Number of internal resistance planes. 0-10
Naets Number of sets. 1-20
Ngurt Number of surfaces per set. 1-20
Nh Number of heat sources. 0-40

Table 6.1: Description and restrictions of variables. Next page shows the format.

The format of the input data file is shown below. In general, each description is given on a separate row.
Empty rows are allowed. Comments may be added on each row after the data. Real values are denoted by
Reall and Real2, and integers by 1.
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Ivax Number of segments in x-direction.

Ny 1, Ny 2,..., N imax Number of cells for each segment.

€1y Ex21er ExIMAX Expansion coefficient for each segment.
AXq, DXs,..., DXimax Length for each segment.

Jmax Number of segments in y-direction.

Ny.1, Ny2,..., Ny max Number of cells for each segment.

€1, €211 EyIMAX Expansion coefficient for each segment.
AYq, AYo,..., DAY jmax Length for each segment.

Kmax Number of segments in z-direction.

Nz1, Nz2,...o Nzkmax Number of cells for each segment.

€21y €221y E2KMAX Expansion coefficient for each segment.
NZ1, NZ,,..., DN xmax Length for each segment.

N Number of boxes defining a material.

p
LILJLKUIUJUKA C T, I Coordinates, thermal properties, initial temperature,
and optional integer | for color

LI LJLKUIUJUKA C Tigie I ... and for last box N,.

Ne Number of boxes defining empty space.

LI LJ LK Ul UJ UK Coordinates for first box,

LI LJLKUIUJ UK ... and coordinates for last box N..

Npe Number of boundary conditions.

| Reall (Real2) I=0 for Q=Reall (W/m2).

I=1 for T=Reall (°C) and R=Real2, (m2-K/W),

| Reall (Real2) ... and for last boundary condition number N..
N, Number of surfaces that do not have the first BC
LILJLKUIUJUK I Coordinates and boundary condition number I (1..Ny),
LILJLKUIUJUKII ... and for last surface plane N,.

N, Number of internal resistance surfaces.

LI LJ LK Ul UJ UK Reall Coordinates and resistance Reall, (m2-K/W),

LI LJ LK Ul UJ UK Reall ... and for last plane N;.

Nsets Number of sets.

Neurt 11 o+ Insurf Surfaces in each set. The surface 11 .. lyg,s refers to
the surfaces given for boundary conditions (1 to Ny),
Neurt 11 .+ Insurf . .. and for last set Nes.

Ny, Number of internal heat sources.

LI LJ LK Ul UJ UK Reall Coordinates and effect Reall, (W),

LI LJ LK Ul UJ UK Reall ... and for last heat source N.
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6.2 Example 1

This is an input data example for the cube in Figure 4.2, see cube.dat. In this example, the cube has the
temperature T=1 on the upper side, and T=0 on the other five sides, see figure below to the right. The thermal
conductivity is 1.0, and the side lengths are 1. We especially want to know the heat flow through the upper
side, and through the bottom side. In this case there are six surfaces defining the boundary conditions. There
are three sets for which the heat flows will be presented. If there are multiple surfaces in a set, such as the
third one, the calculated heat flow for the set will involve all the surfaces. Note that the stop criterion for heat
flows F, see Section 5.2.1, is calculated for the sets. This means that all surfaces with a nonzero heat flow
must be defined when this criterion is used, and also that each surface belongs to one (and one only) set.
Figure 6.1 shows the mesh and the surface temperatures.

1 one segment in the x-direction
10 number of numerical cells

1 expansion coefficient T-1
1 length of segment

1 one segment in the y-direction
10 number of numerical cells

1 number of expansion coefficient
1 length of segment -

1 one segment in the z-direction
10 numerical cells

1 expansion coefficient

1 length of segment

1 one box
% box coordinates, conductivity, capacity, initial temp, optional color in graphics
000111 1.0 10E6 0.0 1

0 no empty boxes

2 two BC type numbers

10.00.0 BC number 1, '1' means temperature, temperature 0, surface resistance 0
11.00.0 BC number 2, '1' means temperature, temperature 1, surface resistance 0
6 six surfaces

0011112 coordinates and BC number 2 (temperature is 1) for surface 1
0001101 coordinates and BC number 1 (temperature is 0) for surface 2

0000111

0001011

1001111

0101111

0 no internal resistance planes

3 number of sets to present flows for

11 set 1, 1 surface (surface 1 at the top, the one with coord. 0,0,0,1,1,1)

12 set 2, 1 surface (surface 2 at the bottom, the one with coord. 0,0,0,1,1,0)
43456 set 3, 4 surfaces (surfaces 3-6)

0 no heat sources
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6.3 Example 2

Assume that the cube in the previous example has the temperature T=1 on the upper side, T=0 on the bottom
side, and that the four other sides now are adiabatic (zero heat flow), see figure to the right. The heat flow is
1 W through the cube (one-dimensional case). In this case, only two surfaces need to be defined. The other
four will automatically be assigned the first boundary condition (zero heat flow).

Note that the initial temperatures and the heat capacities are irrelevant to the solution in the steady-state case.
The CPU-time may be somewhat decreased if the initial temperatures are close to the final temperatures (in
this case we guess 0.5 °C). Figure 6.2 shows the mesh and the surface temperatures.

1 one segment in the x-direction
10 number of numerical cells

1 expansion coefficient T=1
1 length of segment

1 one segment in the y-direction
10 number of numerical cells

1 number of expansion coefficient
1 length of segment

v
<

1 one segment in the z-direction \T* 0
10 numerical cells ¥ -
1 expansion coefficient

1 length of segment

1 one box
% box coordinates, conductivity, capacity, initial temp, optional color in graphics
000111 1.0 1E6 0.5 1

0 no empty boxes

3 three BC type numbers

00.0 BC number 1, '0' means heat flow, Q=0

10.00.0 BC number 2, '1' means temperature, temperature 0, surface resistance 0
11.00.0 BC number 3, '1' means temperature, temperature 1, surface resistance 0
2 two surfaces

0011113 coordinates and BC number 3 (temperature is 1) for surface 1
000110 2 coordinates and BC number 2 (temperature is ) for surface 2

0 no internal resistance planes

2 number of sets to present flows for

11 set 1, one surface (surface 1, the one with coord. 0,0,0,1,1,1)
12 set 2, one surface (surface 2, the one with coord. 0,0,0,1,1,0)

no heat sources
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fif HEAT3 600 polygons drawn -Temperatures
File Details BC:s Temperatures Tools Settings

- | Temp 'C)

SGNY

Smallwin  Fedraw Restore Showtools SDIileemp ElCl Meshl

Figure 6.1: Surface temperatures for example 1.

fif HEAT3 600 polygons drawn -Temperatures
File Detalls BC:s Temperatures Tools Settings

Temp [°C]
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Smallwin  Redraw Bestore Showtools SDIileemp EICl Meshl

Figure 6.2: Surface temperatures for example 2.
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6.4 Example 3

An input data file for the boxes in Figure 4.3 is shown below (2boxes.dat). The boxes have the temperature
T=1 on the upper sides, and T=0 on the bottom sides. The eight other sides are adiabatic (zero heat flow).
There is a thermal resistance of 0.2 m>K/W in the y-direction (which in this case have no effect since heat
flow occurs only in the z-direction for this 1-D problem). Figure 6.3 shows the mesh and the surface
temperatures.

3 three segments in the x-direction

555 number of numerical cells (e.g. 5 in each segment)

111 expansion coefficients (here we use an equidistant mesh)
010101 length of segments (which gives computational cells with dx=0.02)
2 two segments in the y-direction

55 number of numerical cells (e.g. 5 in each segment)

11 expansion coefficients (here we use an equidistant mesh)

0101 length of segments (which gives computational cells with dy=0.02)
1 one segment in the z-direction

10 number of numerical cells

1.1 expansion coefficient (the cell sizes will increase in z-direction)
0.1 length of segment

2 two boxes

% box coordinates, conductivity, capacity, initial temp, optional color in graphics
000311 1.0 1.0E6 0.0 1

110221 1.0 1.0E6 0.0 2

0 no empty boxes

3 three BC type numbers

00.0 BC number 1, '0' means flow, the heat flow is zero (adiabatic)

10.00.0 BC number 2, '1' means temperature, temperature 0, surface resistance 0
11.00.0 BC number 3, '1' means temperature, temperature 1, surface resistance 0
2 two surfaces, all other boundaries will be adiabatic

0013213 BCnumber 3 (temperature is 1) for surface 1 (upper sides)
000 320 2  BC number 2 (temperature is 0) for surface 2 (lower sides)

1 one internal resistance plane
010 3110.2 contact resistance between the small and large box will be 0.2

2 number of sets to present flows for

11 set 1, 1 surface (surface 1, the one with coord. 0,0,1,3,2,1)
12 set 2, 1 surface (surface 2, the one with coord. 0,0,0,3,2,0)
0 no heat sources
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6.5 Example 4

Here is an input data file for the corner shown in Fig. 4.5 (corner.dat). The temperature T is 20 °C on the
three internal sides, and T=0 °C on the external sides. The other sides are adiabatic. The internal and external
surface resistances are 0.13 m2K/W and 0.04 m>K/W, respectively. Figure 6.4 shows the mesh and the
surface temperatures.

2 two segments in the x-direction

510 number of numerical cells

112 expansion (cell sizes will be smaller towards the corner)
0110 length of segment

2 two segments in the y-direction

510 number of numerical cells

112 expansion (cell sizes will be smaller towards the corner)
011 length of segments

2 two segments in the z-direction

510 number of numerical cells

112 expansion (cell sizes will be smaller towards the corner)
011 length of segments

1

% box coordinates, conductivity, capacity, initial temp, optional color in graphics
000222 1.7 1.0E6 0.0 1

1 one empty box

111222

3 three BC type numbers

00.0 BC number 1, '0' means flow, the heat flow is zero (adiabatic)
10.00.04 BC number 2, '1' means temperature, temperature 0, surface resistance 0.04
120.00.13 BC number 3, '1' means temperature, temperature 20, surface resistance 0.13
6 six surfaces, all other boundaries will be adiabatic
000202 2 BCnumber 2 (temperature is 0) for surface 1 (outer side)
000022 2  BC number 2 (temperature is 0) for surface 2

000220 2  BC number 2 (temperature is 0) for surface 3

111212 3 BCnumber 3 (temperature is 20) for surface 4 (inner side)
111122 3 BCnumber 3 (temperature is 20) for surface 5

1112213 BCnumber 3 (temperature is 20) for surface 6

0 no internal resistance

2 number of sets to present flows for

3123

3456

0 no heat sources
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fif HEAT3 700 polygons drawn -Temperatures
File Details BC:s Temperatures Tools Settings

Smallwin  Fedraw Restore Showtools SDIileemp ElCl Meshl

Figure 6.3: Surface temperatures for example 3.

fif HEAT3 1350 polygons drawn -Temperatures
File Detalls BC:s Temperatures Tools Settings

Smallwin  Redraw Bestore Showtools SDIileemp EICl Meshl

Figure 6.4: Surface temperatures for example 4.
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6.6 The info log

The info log (item Output/View info log) contains information of input data and generated numerical mesh
for the considered problem. It is automatically created when a simulation is started. It may be a good idea to
look at the log whenever an expansive mesh is used to see how small the computational cells are. Consider
the corner problem, see section 6.5. The sizes for the numerical cells using the expansion coefficient 1.2 are
shown below. There is a smooth increase of the sizes for the numerical cells with indices 6 to 15. In this
case, the cells are concentrated to the volume where the temperature gradients are largest, i.e. the corner
itself.

Successive over-relaxation coefficient=1.97
Input file=C\HEAT3\CORNER.DAT Output file=CORNER.OQUT
Smallest cell width : dx[1]=0.02 dy[1]=0.02 dz[1]=0.02
Preparing mesh and conductances...
Box DX DY DZ Lambda Vol.cap Temp
1 1.1 1.1 1.1 1.7 1E6 0
——————— Computational cells -------

m  dx[m] dy[m] dz[m]
1 0.02 0.02 0.02
2 0.02 0.02 0.02
3 0.02 0.02 0.02
4 0.02 0.02 0.02
5 0.02 0.02 0.02
6 0.0385 0.0385  0.0385
7 0.0462 0.0462  0.0462
8 0.0555 0.0555  0.0555
9 0.0666 0.0666  0.0666

10 0.0799 0.0799  0.0799
11 0.0959 0.0959  0.0959
12 0.115 0.115 0.115
13 0.138 0.138 0.138
14 0.1656 0.1656  0.1656
15 0.1988 0.1988  0.1988

Sum= 1.1 1.1 1.1
Seeking cells at internal corners...
Found=57 OK

Stable time-step=39.177 s. (i,j,k)=(2,2,2)

Number of computational cells=2375, Nx=15 Ny=15 Nz=15
Area for set 1=3.63 m?

Aarea for set 2=3 m?

Steady-state analysis started.
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7. More examples

7.1 Introduction to examples

7.1.1 Example 5, metal studs in a wall

This example presents a calculation for a wall with cross-laid steel studs. A few recipes how to choose an
appropriate mesh are given. Up to one million computational cells is used.

7.1.2 Example 6, slotted metal studs in a wall

An insulated wall can be supported by slotted steel studs. Calculation of the heat transmittance is a difficult
problem numerically due to the high ratio of thermal conductivity between the insulation and the steel.

7.1.3 Example 7, heat flow through a corner
This example of heat flow around a corner is a test reference case in the European Standards.

7.1.4 Example 8, slab on the ground
This example concerns the heat flow from a building to the ground.

7.1.5 Example 9, ground heat storage

Caverns can be used for heat storage. This is exemplified by the underground storage in Skarvik, Sweden
(Claesson et al, 1989). The caverns there, used earlier as oil depot, may be filled with water and then used as
a heat store. The heat loss from one such cavity is examined here.
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7.2 Example 5, metal studs in a wall, steell.dat

7.2.1 Introduction

Studs and crossbars of steel or aluminum are often used in walls. The thin metal parts create thermal bridges
since the thermal conductivity of the metal may be several thousand times higher than that of the insulation
material. This results in particular problems for numerical calculation of the heat flow processes involved. A
detailed report is given in (Blomberg, 1996).

Figure 7.1 shows a principle sketch of a wall with mineral wool and two cross-laid studs. The thermal
conductivity of the steel is about 1700 times greater than that of the insulation material. It is shown that
genuinely three-dimensional numerical calculations must be used in order to calculate a proper U-value. Up
to 1000000 nodal points are used.

012 345 678

0.64

0.64

300 VARYY /

13 145 ‘ 9

Figure 7.1: Principle sketch of an insulated wall with metal studs connecting two gypsum
boards. Input mesh coordinates are shown in the right figure (see also Figs 7.2 and 7.3).

The boundary conditions are as follows. The calculations are made for a unit temperature difference. The air
temperature is put to 1 °C on one side of the wall and 0 °C on the other side. The indoor and outdoor surface
resistances are 0.13 and 0.04 m2-K/W, respectively. Table 7.1 shows the thermal conductivity of the
materials.

The part of the wall that is cut out is considered as representative for the whole wall, even though there is no
perfect symmetry. The boundaries of the other four sides through the wall (the boundary areas in the x,z- and
y,z-planes in Fig. 7.1) are adiabatic.

Material Thermal cond.
(W/(m2K))
Insulation 0.036
Steel 60
Gypsum 0.22

Table 7.1: Thermal conductivities used in the calculations.
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A number of segments is specified for each direction in order to define the problem and generate the
computational mesh. For the considered wall there are four segments in the x-direction, four in the y-
direction, and eight in the z-direction, see Figs 7.2 and 7.3.

/= i} 1 % 3 i} 4 .
J=+ = 0
y
1
2 # %
3
+ 3
4
+ 4
0 12 3 4

Figure 7.2: Mesh segments and coordinates, and the computational mesh in the x,y-directions for
the case with 11616 numerical cells.

Kivlg 3 4W5 6 7w8V
J= z 0
Y
1
2 # %
3
+ 3
4
+ 4
012 345 678

Figure 7.3: Mesh segments and coordinates, and the computational mesh in the y,z-directions for
the case with 11616 numerical cells.
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7.2.2 Input file steell.dat

The input data file of the problem for the case with 11616 computational is shown below. Figure 7.4 shows
the calculated temperatures.

4 x-dir

8158

091111

0.1275 0.64e-3 44.36e-3 0.1275
4 y-dir

8158

091111

0.1275 0.64e-3 44.36e-3 0.1275
8 z-dir
31911513

0811111112
13e-3 0.64e-3 .14372 0.64e-3 0.64e-3 93.72e-3 0.64e-3 9e-3

9 boxes

% box coordinates, conductivity, capacity, initial temp, optional color in graphics
000448 0.036 1.0 05 0 mineral wool (“0” means that this box is invisible)
000441 0.22 1.0 0.5 2 gypsum

007448 0.22 1.0 0.5 2 gypsum

011432 60.0 1.0 0.5 3 steel flange
013434 60.0 1.0 05 3 steel flange
104345 60.0 1.0 05 3 steel flange
106347 60.0 10 05 3 steel flange
012423 60.0 1.0 05 4 steel web
105246 60.0 1.0 05 4 steel web

0 no empty box

3 BC:s

% type (O=heat flow, 1=temperature and surface resistance)

00.0

10.00.04

11.00.13

2 surfaces

% number of surfaces in each set, and the surfaces from list above
000440 3

008 448 2

0 no internal resistances

2 sets

11

12

0 no heat sources
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If a box overlaps earlier defined boxes, the properties of the new box will apply as pointed out before in
Section 4.1. This means that it is possible to define the problem using only six boxes as below (steellb.dat)
instead of nine:

6 boxes

% box coordinates, conductivity, capacity, initial temp, optional color in graphics
000448 0.22 1.0 0.5 2gypsum

001447 0.036 1.0 0.5 O mineral wool

011434 60.0 1.0 0.5 4 steel

104347 60.0 1.0 0.5 4 steel

022433 0.036 1.0 0.5 0 mineral wool

205346 0.036 1.0 0.5 0 mineral wool

7.3 Results

Figure 7.4 shows the calculated temperatures. The mineral wool is excluded by setting the color to zero for
the box, see the input data. Figure 7.5 shows the calculated heat flows through the defined sets.

fif HEAT3 3700 polygons drawn -Temperatures
File Details BC:s Temperatures Tools Settings

z

SCYY

Smallwin  Fedraw Restore Showtools SDIileemp ElCl Meshl

Figure 7.4: Calculated temperatures. The mineral wool is excluded by setting the color to zero
for the box.

i\7 Flows and temperatures for sets

Set O (W) O (Wir?) Tmin  Tmax D

1 0.0336 0.3733 0.87 0.9795
2 -0.0336 -0.3734 0.0058 0.0554
Ahsolute heat flow through sets = 0.0672 W
MNet heat flow through sets = 0 W LI

Figure 7.5: Calculated heat flows through the defined sets.
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The calculated heat flows through the wall section Q, (W), are shown in Table 7.1 (stop criterion F=1-10-3).
For an increasing number of cells, the solution converges to the stable flow 0.0342 W. The relative errors
compared to the last case with one million cells are given in the third column. The error for the case with
11616 cells is 2 %. The required run-time, labeled as CPU-time, is shown for a Pentium/233.

N Q (W) | Error (%) | CPU-time
128 | 0.0282 18
1215| 0.0322 6
2736 | 0.0329 4
11616 | 0.0336 2 7 sec.
193492 | 0.0341 0.3 3 min.
270400 | 0.0342 0 4 min.
1000000 | 0.0342 - 50 min.

Table 7.1: Results for seven different numerical meshes.

The U-value of the wall becomes 0.0342/(0.300-0.300)=0.38 W/(m2-K). The corresponding wall without
steel has the U-value 0.144 W/(m?-K). Thus, the wall with steel studs has about 2.6 (0.38/0.144) times larger
U-value than a wall without such studs. If the thickness of the steel is doubled from 0.64 mm to 1.28 mm, the
U-value becomes 0.513 W/(mz2-K), i.e. it increases 35%.

The thermal bridge effect may be reduced significantly by slotting the studs. This is exemplified in the next
section.
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7.4 Example 6, slotted metal studs, steel2.dat

7.4.1 Introduction

Figure 7.6 shows the structure of a wall in which insulation is contained between two gypsum boards of 13
mm thickness each. The distance between the metal studs is denoted by Ly. There is an extra heat loss caused
by the metal studs. Slitting the web of the studs perpendicular to the heat flow direction, as shown in Fig.
7.7, can reduce this heat loss. The thickness of the stud is denoted t.

150

137

LInsulation
Steel U-girder
Gypsum board

Figure 7.6: Principle sketch of a wall with studs between gypsum boards.

7.4.2 Data for the numerical calculation

The problem is not perfectly symmetric due to different flange lengths (40 and 46 mm, see Fig. 7.7).
However, this is neglected in the calculations, and the left flange length (46 mm) is used for both sides. The
Swedish standards normally prescribe that the sum of the inner and outer surface resistances is 0.17 m2-K/W
for U-value calculations. The inner and the outer surface resistances are put to half this value (0.085
m2-K/W) in the calculations to follow. The elevated part in the middle of the web is neglected, and the web is
modeled as being straight, as shown in Fig. 7.7 (left) by the dashed lines. Numerical tests show that this will
give a slightly overestimated value for the heat flow through the wall of 0.2 %. The slitting process causes
small elevated rims, as shown in Fig. 7.7. These rims are neglected in the calculations, and the effect of this
is discussed later.

+f 15

46 40

EUUUAUUUE L=

000 0 125125 0 10 10 10 ' 150

150

Figure 7.7: The slots (cross-section to the left) decreases the heat conduction.
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The calculations have been made for the shaded volume shown in Fig. 7.8. The height (perpendicular to the
plane in Fig. 7.6) is denoted by s. The temperature in the air is 0 °C on one side of the wall and 0.5°C at the
symmetry line in the middle of the wall. The thermal conductivity is 0.036 W/(m2-K) and 0.22 W/(m2K) for
the insulation and the gypsum, respectively.
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TT I } \_}
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|
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| v ey 7 |

.

Figure 7.8: The part of studs used in the simulations.

7.4.3 Numerical mesh

Figure 7.9 shows the projection of the numerical mesh on the (x,y)-plane and the (x,z)-plane in the case
involving 30000 cells. The thicker lines show the position of the steel stud. Figure 7.10 shows a part of the
mesh and the temperatures in gray-scale. The insulation has been removed in the figure.
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Figure 7.9: Projection of the numerical mesh on the (x,z)-plane and the (x,y)-plane in the case
involving about 30000 computational cells.
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it HEAT3 2822 polygons drawn -Temperatures
File Detalls BC:s Temperatures Tools Settings

Smallwin  Redraw Bestore Showtools SDIileemp EICl Meshl

Figure 7.10: Part of the mesh and the temperatures in gray-scale. The insulation has been
removed in the figure (only the steel and the gypsum board are shown here).
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7.4.4 Input file, steel2.dat

12

613424342427

111111111111

0.013 0.7e-3 14.3e-3 7.5e-3 3.0e-3 7.0e-3 3.0e-3 7.0e-3 3.0e-3 7.0e-3 3.0e-3 19.5e-3

5

1218112

0911111

0.277 0.7e-3 44.6e-3 0.7e-3 0.277

3

5105

111

11e-3 28e-3 11e-3

9 boxes
% box coordinates, conductivity, capacity, initial temp, optional color in graphics

0001253 0.036 1.0 0.25 0 insulation (0=this box is invisible)
000153 0.221.0 0.02gypsum

1101223  601.00.25 3 steel
130343 601.00.253 .
110 243 601.00.253 .

411 523 0.0361.00.25 4 slots (filled with insulation)
610 722 0.0361.00.254 .
811 923 0.0361.00.254 .
10101122 0.0361.00.254 .

0 empty boxes

3 BC:s

% type (O=heat flow, 1=temperature and surface resistance)
00.0

10.00.085

1050.0

2 BC surfaces
000 0532
1200 1253 3
0 int. resistances
2 sets

11

12

0 no heat sources
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7.4.5 Results

The calculated heat flows are shown in Table 7.2 for five different meshes. For an increasing number of
cells, the solution converges to the stable flow 0.00797 W. The relative errors compared to the last case with
one million cells are given in the fifth column. The error for the case with 29000 cells is 1.3 %. The required
run-time on a Pentium 233 MHz, labeled as CPU-time, is also shown. The over-relaxation coefficient is here
1.98. This is an optimal value, or close to the optimal value, for the five cases in Table 7.2 (stop criterion is

F=10%).

Cells Iterations CPU-tinme Q(W Error (%
180 203 Os| 0.00756 5.4
5400 584 5s| 0.00783 1.8
29000 791 37s| 0.00787 1.3
120000 1631 6m| 0.00793 0.5

1000000 5026 2h 7m| 0.00797 -

Table 7.2: Calculated heat flow for five different meshes.

Consider Fig. 7.11. The temperature field in the steel plane through the wall is shown for the reference case
with slots. The path for the heat flow is increased due to the slots. The figure is drawn in Matlab. The menu
item Output/Write temperature plane creates the necessary files (the plane cut is made at y=0.27735).
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Figure 7.11: Temperature field in the steel plane through the wall.
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7.5 Example 7, heat flow through a corner, cen.dat

7.5.1 Introduction

The next example is a test reference case in the European Standards, (CEN, 1995). Figure 7.12 shows the
problem from two different viewpoints. There are two walls that meet in a corner, and a floor element. Of
interest is the heat loss through the surfaces and the temperatures at the six points U to Z. Figure 7.13 shows
the input mesh in the x,y-plane and y,z-plane, respectively. The boundary conditions are labeled with Greek
letters a, 3, yand 9, see Table 7.3. The materials are labeled with numbers 1-5.

Figure 7.14 shows the projection of the numerical mesh on the x,y-plane and the x,z-plane involving 7600
cells as specified in the input data file.

zZ

— N\

\
\
A
y

Figure 7.12: Test reference case.

Label | Boundary condition

o} T=20°C, R=0.2 m2-K/W
T=15°C, R=0.2 m2K/W
T=0°C, R=0.05 mzK/W
Q=0 (adiabatic)

< [

Table 7.3: Boundary conditions, see Fig. 7.13.
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Figure 7.13: Horizontal and vertical sections of the problem. Input mesh coordinates and length
of input mesh segments are shown.
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Figure 7.14: Projection of the numerical mesh on the x,y-plane and the x,z-plane involving 7600
cells.

70



7.5.2 Input file, cen.dat

4 x-dir

4268 number of cells

11115 expansion coeff. 1.5 for last segment
01.05.151 lengths

5 y-dir

84266

811115

.6.1.05.151

4 z-dir

8428

81115

1.15.05 .95

8 Boxes

% box coordinates, conductivity, capacity, initial temp, optional color in graphics
010424 1 1.0E6 0.0 3
010154 1 1.0E6 0.0 3
120 434 0.04 1.0E6 0.0 2
120 254 0.04 1.0E6 0.0 2
230 444 0.7 1.0E6 0.0 1
230 354 0.7 1.0E6 0.0 1
201 452 2.5 1.0E6 0.0 4
342 453 1.0 1.0E6 0.0 5
0 no empty boxes

4 four BC types

00.0

120.00.2

115.00.2

10.00.05

12 BC planes

3404412

3403512

3414512

343 4443

3433543

343 4533

010414 4

000054 4

000404 4

200214 4

0014114

002412 4

0 no internal resistance

5 number of sets

11 (‘alpha’ surface)

12 (‘alpha’ surface)

13 (‘alpha’ surface)

3456 (all 'beta’ surfaces)

6 789101112 (all 'gamma’ surfaces)

0 no heat sources
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7.5.3 Results

Figures 7.15 and 7.16 show the heat flows using 7600 and 246000 numerical cells, respectively. Consider
figure 7.15. The first three sets show the heat flows for surfaces a. The total heat flow is 15.54+13.36+16.91
= 45.81 W. Set 4 shows the flow through all three 3-surfaces (13.79 W), and set 5 shows the flow through all

six y-surfaces (59.6 W).

f\7 Flows and temperatures for sets [_ (O] x|
Set O W 0 CWmE) Tmin Tmax [ Details

1 15.536 15.536 11.208 17.767 ;I
2 153.364 13.364 11.319 17.781

3 16.930% 16.909 11.96 17.846

4 13.792 4.7558 11.004 16.795

5 -59.601 -5.4421 0.0038 2.1759
Absolute heat flow through sets = 125.91 W
Met heat flow through sets = -0.0010 W j

Figure 7.15: Flows through defined sets, N=7600.

fi7 Flows and temperatures for sets

Set O (W) O [(W/rm?)  Tmin Tmax [ Details

1 15.6826 15.626 11.319 17.7%7 ﬂ
2 13.432 13.432 11.33 17.788

3 16.994 18,994 11.507 17.49

4 13.882 4.7871 11.094 16.841

3 -59.933 -8.4892 0.o00z2g  2.1935
Absolute heat flow through sets = 129.5 W
et heat flow through sets = 0.0011 W LI

Figure 7.16: Flows through defined sets, N=246000.

Table 7.4 shows the calculated heat flows as a function of number of computational nodes, and the values
listed in the CEN document for this test reference case. According to the CEN document, the difference
between the heat flows calculated by the method being validated, in this case HEAT3, and the listed values
should not differ with more than 2 % of the listed values. Consider the case with 7600 cells. The relative
error of the heat flows turns out to be 1-2 % (if the listed values from CEN are correct). If one compares the
results from HEAT3 with 7600 cells and 720900 cells, the error is less than 1 %. The calculation is shown
for a Pentium/233 (the relaxation coefficient is set to w=1.85, which is an optimal value).

Surfaces | N=7600 N=246000 N=720900 CEN
CPU=6 sec. CPU=8 min. CPU=44 min.

a 45.81 46.02 46.07 46.3

B 13.79 13.88 13.89 14.0

y -59.60 -59.93 59.96 60.3

Table 7.4: Calculated heat flows (W).
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Table 7.5 shows the surface temperatures obtained in HEAT3. According to the CEN document, the
difference between the temperatures calculated by the method being validated and the listed values should
not exceed 0.1 °C. Figure 7.17 shows temperatures and heat flows at point y (N=246000).

Point | (x,y,2) N=7600 | N=246000 |[N=720900 [CEN
U 13,0910 [13.0 13.0 12.9 12.9
\Y 03,09,10 |114 114 11.3 11.3
W 03,1910 [165 16.4 16.4 16.4
X 13,09,12 [125 12.6 12.6 12.6
Y 03,0912 |11.0 11.1 11.1 111
Z 03,19,12 [152 15.3 15.3 15.3

Table 7.5: Calculated surface temperatures (°C).

il Temp at point B3
~Coordinates

x= 0.3000
y= 0.9000
z= 1.2000]

—Results
T=11.07¢7 "C
Clx = -8.9022 W@
Cy =-17.613 W/m*
Clz =-4.9938 W/

Figure 7.17: Temperatures and heat flows at point y, see Fig. 7.12, N=246000.

The first 12 rows in the input file cen.dat are changed as below for the cases with 246000 cells (values to the
left) and with 720900 cells (values to the right). Note that only the number of cells and the expansion
coefficients have to be changed (marked in bold-face).

4 4
1051535 2010 25 45
111105 1111.05
1.05.151 1.05.151

5 5

15105 15 30 201510 20 35
851111.07 091111.06
6.1.05.151 6.1.05.151
4 4

2815527 3520 12 33
93111.07 9411106
1.15.05 .95 1.15.05 .95
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7.6 Example 8, slab on the ground, slab.

7.6.1 Introduction

dat

The following example concerns a slab on the ground, see Figure 7.18. The simplification as shown in Fig.
7.19 is a typical example how to deal with sloping boundaries. We are interested to know the heat flow from
the building to the ground during a year. A steady-state calculation is made with an indoor temperature of 20
°C, and an average annual outdoor temperature of 9.4 °C. Table 7.6 shows the material properties. The
internal and external surface resistances are 0.13 m2.K/W and 0.04 m2-K/W, respectively. A study dealing
with frost penetration under a building is presented in (Harderup et al, 1994).

- =

—
—
=

brick

—mineral wool

/ﬁwood

Figure 7.19: Simplified geometry for the calculations.
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Material Thermal conductivity
(W/(m-K))

Soil 2.2

Crushed aggregate 2.0

Brick 0.44 (0.60)

Wood 0.14

Concrete 1.7

Styropor 0.039

Mineral wool 0.036

Table 7.6: Thermal conductivities.

The resistance for the air gap in the wall is taken into account in such way that an effective thermal
conductivity 0.44 W/(m-K) for the brick is used. The size of the house, counted between the interior sides of
the walls, is 10-8 m2. Due to symmetry, only one quarter of the house is considered. Figure 7.20 shows the
input mesh coordinates and the mesh lengths. Due to symmetry the description in the x- and y-directions is
equal (except for the last segment 10 where the length in the y-direction is 3.42 m, see Fig. 7.20).

Each input parallelepiped in Fig. 7.20 has a number in a circle referring to a parallelepiped in the input data
file, see the next section. Two numbers together means that there are two boxes extending in the x- and y-
directions, respectively. Note that for overlapping boxes, the last mentioned prevails, see section 4.1.
Consider as an example box 1, 2, and 3. Box 1 (soil) has the coordinates (0,0,0,10,10,7). The overlapping
box 2 (crushed aggregate) has the coordinates (1,1,1,10,10,3). Box 3 (soil) (7,7,2,10,10,3) will overlap box 2,
etc. Box 6 and 7 have the coordinates (6,6,3,9,10,5) in the y-direction, and (6,6,3,10,9,5) in the x-direction
(note the symmetry). This provides a rather compact way to describe the geometry.

The input in a complicated case as this one is quite tricky, but it is fairly simple to graphically check that the
input is correct. Figure 7.22 shows the the numerical mesh near the house.

The calculations are made for an area extending 20 m outwards and 20 m downwards from the house. A rule
of thumb is to extend at least twice the width of the house, in this case about 20 meters. If 40 m (65426 cells)
would be used instead of 20 m (25221 cells), the results would differ with less than 0.1% for this particular
case.
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Figur 7.20: Input mesh coordinates and length of input mesh segments are shown. Each
parallelepiped has a number in a circle referring to a parallelepiped in the input data file.
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7.7 Input file, slab.dat

10 x-dir

115112121110
071111111112
200.5.07.07.2.1.23.10.154.42

10 y-dir
115112121110
071111111112
200.5.07.07.2.1.23.10 .15 3.42

11 z-dir

112211111118
681111111111.05
20.15.15.1.06 .1 .05 .05 .1 .05 .95

20

% box coordinates, conductivity, capacity, initial temp, optional color in graphics
% lambda C T color in graphics (see fig. 7.20)
00010107 2.2 194 1 soil circle 1
11110103 2.0 19.4 2 crushed aggregate circle 2
77210103 2.2 194 1 soil circle 3
22110102 2.2 194 1 soil circle 4
22310109 0.039 19.4 3 styropor circle 5
6639105 20 194 2 crushed aggregate circle 6
6631095 2.0 19.4 2 crushed aggregate circle 7
88410106 2.0 194 2 crushed aggregate circle 8
33810109 1.7 19.4 4 concrete circle 9
3367108 1.7 194 4 concrete circle 10
3361078 1.7 19.4 4 concrete circle 11
3345106 1.7 19.4 4 concrete circle 12
3341056 1.7 19.4 4 concrete circle 13
22941011 0.44 19.4 5 brick circle 14
22910411 0.44 19.4 5 brick circle 15
4410510110.03619.4 6 mineral wool circle 16
4410105110.03619.4 6 mineral wool circle 17
44951010 0.14 194 7 wood circle 18
44910510 0.14 19.4 7 wood circle 19
99310104 22 194 1 soil circle 20
0 empty box

3 three BC type numbers

00.0

19.4 0.04

120.00.13

7 seven surfaces, all other boundaries will be adiabatic
55910109 3 floor

55951011 3 wall interior side

55910511 3 wallinterior side

22721011 2 wall exterior side

22710211 2 wall exterior side

0072107 2ground surface

2071027 2ground surface

0 no internal resistance

4 number of sets for which to present flows
11 floor

223 internal sides of walls

245 external sides of walls

267 ground

0 no heat sources
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7.8 Results

Figure 7.21 shows the heat flow through the floor (set 1), through the walls (sets 2 and 3), to the ground (set
4), and the minimum and maximum surface temperatures. Using the criterion F=1-10"° instead of 1.107
would in this case give heat flows that differ by less than 1 %, but this calculation takes 25 seconds instead
of 49 seconds (Pentium/233). The heat flow to the ground from the house during one year becomes
61.1-4-24-365=2.1 MWHh. Note that the calculated heat flows represent one quarter of the house, so we
multiply by 4. Figure 7.22 shows the surface temperatures in gray-scale near the house. Figure 7.23 shows
the temperatures on the concrete surface shown from below. The soil and the crushed aggregate are invisible
here (color is zero for the boxes defined in the input). Figure 7.24 shows the temperatures on the soil surface.
Everything but the soil is invisible here (color is zero for the boxes defined in the input).

i\7 Flows and temperatures for sets

Set O 0 O (WmE)  Tmin Trmax

1 78.606 3.9303 15.501 19.695 ;I
2 17.445 1.9383 15.445 19.798
3 -34.977 -3.142 9.4053 9.9138
4 -61.072 -0.0987 9.4005 9.688
Ahsolute heat flow through sets = 192.1 W
MNet heat flow through sets = 0.0013 W

Figure 7.21: Calculated heat flows and surface temperatures, (N=25221).

it HEAT3 2829 polygons drawn -Temperatures
File Detalls BC:s Temperatures Tools Settings

Smallwin  Redraw Bestore Showtools SDIileemp EICl Meshl

Figure 7.22: Surface temperatures in gray-scale and the mesh around the house.
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ii7 HEAT3 1862 polygons drawn -Temperatures

File Details BC:s Temperatures Tools Settings
Temp [*C]

— b
[ R =R
Lh Lh Lh Lh Lh

[l
CVY

Smallwin  Redraw Bestore Showtools SDIileemp EICl Meshl

Figure 7.23: Temperatures on the concrete surface shown from below (gray-scale). The soil and
the crushed aggregate are invisible here (color is zero for the boxes defined in the input).

ii7 HEAT3 2506 polygons drawn -Temperatures [_ (O] x|

File Details BC:s Temperatures Tools Settings

Temp [*C]

13.352
13.153
12838
12761
125363
12366
12168
11.971
11.774
11.577

[0 11,379
B
[ 10985

B 10787
10,59

3

!

N
LAY

0;"

bR
LYy
T

RN

A VR
NIRRT

Smallwin  Redraw Bestore Showtools SDIileemp EICl Meshl

Figure 7.24: Temperatures on the soil surface (gray-scale). Everything but the soil is invisible
here (color is zero for the boxes defined in the input). The maximum temperature in the soil is
13.4 °C (these surfaces are made invisible by disabling the interval on the scale to the right).
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7.9 Example 9, ground heat storage, cav.dat

7.9.1 Introduction

Rock caverns may be used for heat storage, here exemplified by the underground storage in Skarvik, Sweden.
A comprehensive analysis is presented in (Claesson et al, 1989). The caverns there, used earlier as oil depot,
may be filled with water and then used as a heat store. The heat loss from one such cavern is examined here.
A more detailed study of the problem is given in (Blomberg, 1996).

Consider Fig. 7.25 showing an underground cavern. The length, height and width of the cavern are L=180 m,
H=30 m, and B=18 m, respectively. The distance from the upper surface in the cavern to the ground surface
is 30 m. The thermal conductivity of the ground is 3.5 W/(m-K).

There are two symmetry planes, the x,z-plane, and the y,z-plane, see Fig. 7.18. The calculations are made for
one quarter of the entire area that extends 500 m outwards and 500 m downwards from the cavern. The
temperature on the surfaces in the cavern is put to 1 °C, and the temperature at the ground surface is put to 0
°C. The input data file in the next section gives a numerical mesh with 15968 cells. Figure 7.26 shows the
input mesh. Figure 7.27 shows the numerical mesh with 15968 cells (projected on the x,z-plane, x,y-plane,
and y,z-planes).

Figure 7.25: Underground cavern used for heat storage.
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Figure 7.26: Input mesh coordinates and lengths (m).

81

500



7.9.2 Input file, cav.dat

2 x-dir
220
0.51.15
9500

2 y-dir
6 20

0.7 1.15
90 500

3 z-dir
2044
09112
500 30 30

1 one box
% box coordinates, conductivity, capacity, initial temp, optional color in graphics
000223 35 2.19E6 0.0 1

1 one empty box (the cavern)
001112

3 three BC type numbers
00 (adiabatic)

11.00.0 (T=1, R=0)
10.00.0 (T=0, R=0)

5 five surfaces

101 112 2 plane with normal in x-direction in cavity
011 112 2 plane with normal in y-direction in cavity
001111 2 bottom of cavern

002 112 2 topof cavern

003 223 3 ground surface

0 no internal resistance planes
2 two sets
41234 all surfaces in the cavern

15 ground surface

0 no heat sources
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Mf HEAT3 CAV.DAT Nx=22 Ny=26 Nz=28

File Details BC:s Temperatures Tools Seftings

Smallwin  Redraw Restore Showtools SolileemQ| BC | Mesh

File Details BC:s Temperatures Tools Setftings

Smallwin  Redraw Restore Showtools Solidl Temgl BC | Mesh

Mf HEAT3 CAV.DAT Nx=22 Ny=26 Nz=28

File Details BC:s Temperatures Tools Seftings

z

x ¥

Smallwin  Redraw Restore Showtools SolileemQ| BC | Mesh

Figure 7.27: Numerical mesh with 15968 cells (mesh projected on the x,z-plane, x,y-plane, and
y,z-plane, respectively).
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7.9.3 Results

The heat flow from the cavern is 679-4=2716 W, see Fig. 7.28. Note that the calculated heat flows represent
one quarter of the cavern, so we multiply by 4. The calculation took 19 sec. on a Pentium/233. The error
compared to a calculation with 135000 cells (Q=2800) is 3 %. This calculation took about 13 min. Figure
7.29 shows the temperatures and meshes with N=15968 (above) and N=135250 (below).

i\7 Flows and temperatures for sets

Set O 0 O (WmE)  Tmin Trmax

1 B79.29 0.145 0.7866

2 -679.17 -0.00Z3 ]
Ahsolute heat flow through sets = 1368.1 W
MNet heat flow through sets = 0.1178 W _I
.

Figure 7.28: Heat flows for the two sets, N=15968.

fif HEAT3 985 polygons drawn -Temperatures
File Details BCs Temperatures Tools Settings

Smallwin  Redraw Bestore Showtools SthITemp BC | Meshl

W7 HEAT3 1672 polygons drawn -Temperatures [_ O] x|
File Details BC:s Temperatures Tools Seftings

0 00 0 0 S0 0

i -
AV, S N W O L}

Figure 7.29: Temperatures and mesh near the cavern with N=15968 (above) and N=135250
(below in gray-scale).
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8. A few tips

8.1 Introduction

There are different kinds of problems involved with the input and simulation of a problem. This chapter
gives a few tips that may come in handy.

8.2 Numerical aspects

8.2.1 Numerical mesh

The number of cells required to obtain satisfactory numerical accuracy depends on various parameters such
as geometry and materials. The following criterion how to choose a proper mesh is recommended as a
European standard (CEN, 1995). The sum of the absolute values of all the heat flows entering through the
boundaries is calculated twice, once for n cells and once for 2n cells. The relative difference between the
flows must be smaller than 2%. Further mesh division is required if the difference is larger.

8.2.2 Expansive meshes
Expansive meshes may be used to concentrate the cells towards areas with large temperature gradients.

Be aware that an expansive mesh may lead to small computational cells causing the time-step to be very
short. A badly chosen computational mesh can increase the computational time dramatically, especially for
transient analyses. Do not use extreme expansion coefficients with a large number of cells that would cause
very small cells in a segment. ”Normal” values are in most cases between 0.8-1.25.

8.2.3 Steady-state calculations

The following criterion for when to stop a calculation for steady-state is recommended as a European
standard (CEN, 1995). The sum of all heat flows (positive and negative) entering the boundaries, divided by
the sum of the absolute values of all these heat flows, must be less than 0.001.

8.2.4 Symmetric cases

Use symmetry whenever possible. A slab on the ground is one example when it often is sufficient to consider
a quarter of the problem.

8.2.5 Computational area for calculations of heat losses to the ground

The computational area for calculations of heat losses to the ground should involve a part of the ground. A
rule of thumb is to use an extension three times the width of the house for a two-dimensional calculation. It
should be sufficient to use an extension twice the width of the house for a three-dimensional calculation An
adiabatic condition is put on the vertical and horizontal boundaries at this distance. It may be noted that the
horizontal extension from the house is more important than the vertical one. More recipes for slab on the
ground calculations are given in (Hagentoft, 1988).

8.2.6 Transient calculations for heat losses to the ground

A transient calculation for heat losses to the ground from a house may require hours or even days to perform.
Using less numerical cells gives shorter calculation time but increases the numerical error. It may be a good
idea to make steady-state calculations (that probably requires only a few minutes) for different numerical
mesh to obtain the numerical errors. When solving for a transient case using a mesh with relative few cells,
one can assume the same numerical error as in the steady-state cases. As an example, if the calculated steady
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state heat loss for a chosen mesh is 5 % too small compared with a case with more cells, one can add this
error to the transient heat losses.

Another problem is the long time scale for the ground. The initial temperatures will be used when a transient
simulation is started. It will probably take 10-15 simulated years until the temperatures reaches semi steady-
state (the same temperature variation in the ground year after year). It may be a good idea to first make a
steady-state calculation using the mean annual outdoor air temperature, and then start the transient
simulation using the calculated temperatures. The process is described in the list below.

1.

Give the input data including the initial temperatures (the mean annual air temperature is a good choice).
Do not forget the heat capacities.

Perform a steady-state simulation using the mean annual air temperature as a boundary condition.
Change the boundary condition to e.g. a sinusoidal variation of the outdoor temperature.

Start the transient calculation. Let the problem be simulated for a few years before using the results (one
may check that the problem is semi steady-state by comparing results for different consequent years).

A sudden cold spell (or several) may now be simulated by changing the boundary condition for the
outdoor temperature (e.g. constant or step-wise constant values).

Interesting results may be e.g. maximum heat loss, coldest floor temperature, and estimation of the ground
frost depth.
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Appendix A. Thermal data

The values below are taken from Catalogue of Material Properties, International Energy Agency, report
Annex X1V, Volume 3. Average data is taken for density, specific heat capacity, and thermal conductivity.

The second group has thermal conductivities for window materials from CEN. Note that heat capacities are
not given here. The data may only be used in steady-state calculations.

The volumetric heat capacity is denoted by C, (J/(m3-K)), which is the density p, (kg/m?), times the specific
heat capacity C,, (J/(kg-K)), i.e. C=pI[C,.

IEA Report Annex X1V

Material C, (J/(m3-K))
Brick 1.49
Concrete 1.83
Concrete cellular .53
Concrete lightweight 1.83
Cork 21
Glass (Window) 2.3
Glass-wool .062
Gypsum board .88
Masonry .88
Mortar 1.21
Plywood 1.17
Polystyrene expanded .039
Polystyrene extruded .059
Rock-wool .094
Steel 3.7
Wood (Oak) 1.7
Woodwool cement .64

A, (W/(m-K))
45

2.7
.52
49
.042
1.0
.033
1

1
.53
125
.033
.024
.037
60
19
071

CEN (window materials, no capacities)

Material C
METALS

Aluminum alloy 1
Steel 1
Stainless steel 1
WOODS

Hardwood 1
Softwood 1
Plywood 1
Redwood/cedar 1

GLAZING MATERIALS
Float Glass
Plexiglass 1

-

FRAME MATERIALS

A

160
50
17

14
A5
A1
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Glass fibre resin 1 3
PVC/Vinyl (rigid) 1 17
Wood chip board 1 13
Porous wood fibre panel 1 .08
SPACER MATERIALS

Butyl rubber (solid) 1 24
Glass fibre resin 1 3
Polyester resin 1 3
Silica gel (desiccant) 1 13
Silicone Foam 1 12

THERMAL BREAK MATERIALS

Polyethylene (high dens) 1 .52
Polyvinyl 1 4
Polyurethane 1 3
Polyamide 1 3
Glass fibre 1 .23
Epoxy fibre 1 .23
Acrylic resin 1 2
PVC 1 17
FRP Nylon 1 .23

SOLID PLASTICS

Polycarbonate 1 .23
PTFE 1 24
Polyethylene 1 4
PVC 1 2
Polystyrene 1 A7
Acrylic resin 1 2
Epoxy resin 1 2
SEALANTS

Silicone 1 .35
Urethane (liquid) 1 3
Butyl (hot melt) 1 24
Polyisobutylene 1 24
Polysulphide 1 19
WEATHERSTRIPPING

Nylon 1 .25
Neoprene 1 .25
Vinyl (flexible) 1 12
Foam rubber 1 .06
Mohair 1 14
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Appendix B. Matlab examples

Here are some examples of the Matlab syntax. The following command that will change the view and label
the axes for a cut-out temperature plane.

view([-1 1 1])
xlabel("x (m)”)
ylabel(’y (m)’)
zlabel("'Temp ( C)?)

The following commands will change the view and label the axes for a 3-D figure.
view([-1 -1 1])
xlabel("x (m)”)

ylabel(’y (m)’)
zlabel(’z (m)’)

The following script generates a contour plot. The first row ’test’ (an ’m-file’ created by HEAT3) will
initialize the arrays z, x, and y, see Section 5.6. The second row gives a vector with temperatures where we
want isotherms to be drawn. The third row draws contours at the values specified in vector V, where ’c’ is a
handle to the figure (used in the last row). The fourth row sets the aspect ratio and the axis limits so the
image has square pixels. The fifth row allows manual zooming using the mouse. The sixth row turns the
zoom off. The two next rows label the axes. The last row places contour labels at the locations clicked on
with the mouse. Pressing the return key terminates labeling.

test
v=([12345678));
c=contour(X,y,z,V); 05}
axis(’image’);
zoom; 0.45f
zoom off;
xlabel(’y (m)’); 0.4
ylabel(’z (m)*);
clabel(c,’manual’); 0-35
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Figure B.8.1: Contour plot of a temperature field for a plane that cuts through the floor, see the
corner problem in Section 6.5.
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