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Thermal Modeling of Buildings

« This lecture deals with the model of a space heating
system of a building by means of a passive solar
system.

« The system Is designed after a solar experimental
building constructed in Tucson near the airport.

« The model is quite sophisticated. It models not only
the physics of radiation through glassed windows,

but also the weather patterns of Tucson.
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Passive Solar Space Heating |

Southside view with (dismantled)
sunspace.

[Northside view.]

/

The house is constructed from Adobe brick.
The photographs are rather recent. By the
time they were taken, the house was no longer
being used and had fallen a bit in disarray.
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Passive Solar Space Heating I

« The experimental solar
building Is shown here
from three sides.

 Solar radiation through
the walls, the windows,
and the ceiling Is to be
modeled.

« Losses are also being
modeled, including the
losses through the slab.
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Room #3 Room #2
Bedroom Bedroom
TR
} i
1
Room #1
Living room

Room #4
Sun space
| o

H 17 -3*

Passive Solar Space Heating |11

The house has four rooms to
be modeled: a living room,
two bed rooms, and a sun
space.

It 1s assumed that
temperature  within  each
room Is constant, which
makes It possible to model
each room as a single O-
junction.

... This is clearly an
experimental house, as there
IS neither a bathroom nor a
Kitchen.

the
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The Bond Graph of a Room

Windows

Exterior Walls

EXWALL n INTWAL _cutcon
EXWALL, INTWALL cut con

‘[ Interior Walls
| —
Floor

Al m—
FRAME |— Tamb

« Every room is modeled in approximately the same fashion.
The model shows the heat capacity of the room as well as

the Iinteractions with the environment.
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The Floor

House Environment

environment.

e It Is Important,

o —AHEF— o0 —HEF—0o| « The floor is modeled like a room.

/ It has its own heat capacity (the slab
under the house consists of gravel).

\ = » It exchanges heat with the house.
,/ « It also exchanges heat with the

not to represent the exchange with the
environment as a loss, since during the summer, heat is also
entering the building through the slab.
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The Windows |

Conduction

™

Tamb

SHG

Radiation

« Heat transport across the windows occurs partly by means
of heat conduction, and partly by means of radiation.

October 25, 2012 © PI’Of. Dr. Frangois E. CeIIier Start Presentation <:||:>




ETH

Cidgendssische Technische Hochsthule Tdrich
Swiss Federal institute of Technology Zurich

IMathematical PMobeling of Phy3ical ©ydtems

The Windows 11

Available solar
radiation

Glass panel

Absorbed
radiation

-

MNANAN-

Inflow of absorbed
radiation by means of heat
conduction and convection

Reflected
radiation

EANANAAN

e |

Outflow of absorbed

Transmitted

radiation by means of heat
conduction and convection

radiation

Modeling the radiation
accurately is not easy,
since several different
phenomena  must  be
considered, and since the
radiation i1s furthermore a
function of the day of the
year and the time of the
day.

sHcF——— o
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The Doors

SUN I—/

0

p— 0 —IrRAMEF— 0

KN

« The doors are modeled similarly to the windows, yet there
IS no glass, and there exists an additional heat conduction
through the wood of the door.
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The Walls

¢ —NciwwkH— g YC1D ! 1C10 Y0 %C1D A0 fcivH— o
[ [ )
mC
- 0 —INTWALL— 0
A" | N N N \ .
Tamb— 0 ey o0 AC1D 1 0 11 {c10 \ 0 \C1v 0
sum—/{
mC
- EXWALLl‘—‘SO

Each wall is described by
three heat conduction
elements.

At the two surfaces, there
are additional convection
elements modeling the
transport of heat in the
boundary layer.

e The exterior walls consider in addition the influence of solar radiation.

e |n this program, the heat conduction elements C1D contain on the right side a
capacitor, whereas the convection elements C1V do not contain any capacity.
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The Dymola Model |

= House - BondLih.Exan1p|_§_%f.:_5_:f"" e.Hot _1Of x|

4 File Edit Simulation Blot  Anim Commands - Windaw - Hel . =]
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|

Packages ILI

model 1S shown to

BedRoom1

-l ™ TTT the left.
&[] Biosphere -
M 3 At least, the picture

|

shown Is the top-

E||B ondLib.Examples.SolaHow...
BedR oom1_1
BedRoom2_1

o level icon window
of the model.

TabularFunctions1

| Modeling I y® Simulation I Y
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The Dymola Model 11

B Filz Edit gimulation PII:P. t Commands  ind

o He

24 «  Shown on the left side

JJE-EIQé[PHJﬂDovAI 5

Packages I;I
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BedR ool
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SunSpace

[ E Biozphere j

[+ D MaodelicaSpice
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Components ’
BB ondLib. Examples. SolarH ou...

BedFIoom'I_'I
[ BedRoom2_1
IS nSpacel
-L ngFoom]
[ T abularFunctions1

uuuuuuuu

fheim-treeREEl= | s the corresponding
top-level diagram win-
dow.

 Each of the four rooms
IS a separate model.

e The four models are
overlaid to each other.

 The bond graph con-
nectors are graphically
A connected, connecting

neighboring rooms to
| B modeing | 32 Simulstion IA eaCh Other_
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The Living Room
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The Interior Wall
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The Exterior Wall
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@ Ele Edt 5‘““"3“0”95“ ARBEHCN AN W ﬂe‘DJ - parameter FReal sfar{unit="rad") = pi*sfa/180 "Orientation of surface";
l=d Qél*\ﬂj"ﬂ O A .ﬂ'uﬁlﬁ'mﬁ' ¢ .@ --ESDH[GESS parameter Real tiltriunit="rad"| = pi*tilt/180 "Tilt of surface";
x
--DDilECtGlaS&ﬁ.... outbput RBeal h "Height":
@ . output Real dec "Declination";
{Treiver --DlefuseEIass... cutput Beal incl;
{m}aicendiioring aga output Real incZ;
EE * ’ ‘ output Real inec3;
Solar adiati .
FsolaRadaion x| cutput Beal Time (unit="h");
ﬁsularﬁlm tput Beal ETime
) o ;
{ Ioirecilasss.. Companents |
A 0 =
DD'"“SEG"“S = E|BondLib.Examples SolarHaou. . )
: tion
RE[C[n alt e
—lu -. Time = Clockl.vy:
4 Sphe B Clocki ETime = u[6];
Companents ETIme ; i . i . .
B ondLib.Examples. S olaHou. h = (pi/1l2)*{Time - 1Z + ETime/c0 + {(lsm — lon) 15);
Tngon dec = (pirslS0)*23.45%=in(2*%pi* {284 + TimeszZ4) 365}
incl = sinddec)*sini{latr)*cosi{tiltr) - sin{dec)*cos{latr)*sinitiltr)~*
Clock1 cos({=sfar);
AN incz = cosi{dec)*cos(latr)*cos(tiltr)*cos{h) + cosidec)*sinilatr)*=sinl
tiltr)*cosisfar) *cosih);
stattTime=0 inc? = cosi{dec)*sinitiltr)*sini{sfar)*sinlh);
inc = incl + incE + inc3;
alt = cosi(latri*cos(dec)*coszih) + zini{latr)*zini{deac);
ernd SolarPosition;
|Line: 1‘ Mndeling I "y Simulation I
i
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(ol

= The Solar Radiation

| @aicondiioning
Fsoposiion
gfinad : : 5 [a]
i scatiss / SolarRadiation - BondLib.Examples.SolarHs f = =l El
[ Joiectsisa -
‘El‘:““i“i"’I_l E File Edit  Simulation Plot  Apimation Commands  Window  Help _|5|i|
e & L3
S — —» =EHQE W NI.VAIJv3' H - |-« mgHBEmx |
[Componens |
=B ondLib Examples Solar.. |
W B
St / N \\\ block SolarPadiation "Sclar radiation'
allin / Fack, a constant Real pi=Modelica.Constants.pi;
it ackages
s / \ - parameter Real se=13E83;
gor - "DTFMET parameter Real tilt{unit="deg") "Tilt of surface";
%EETD"”" ---@Airﬂonditioning parameter Real tiltriunit="rad") = pi*tilt/120 "Tilt of surface";
- =) B paramster Real ro=0.33;
ﬁl --SolarPDSllan parameter Real cr=1 "Direct light gain factor";:

--Eg;SolarFladiation parameter Real cf=1 "Diffuse light gain factor";

parameter Feal absor "Abhsorption coefficient";

SolarRadiation - BondLib.Examples.Solar L =lol "ﬁsnlarﬁlass parameter Modelica STunits. Area area "Area of exposed surface";
@ 5l Edt Smulation Plot Aniation Commands Window Help =18 [ JDirectBlassh.. paraneter Real OH;
”i"*nQ@Ik?“‘ﬂmovA.ivgvjljjﬁIZvM%v‘ » 2@ EE[: -] --DD'ff Gl parameter Leal W;

— = RSN output Eeal altl "Limited altitude walue";
£l
—B ogo | | | | output Peal sour
Packages 56 ‘ * ‘ output Eeal idn;
--DTF\Iter ) e = oucput Leal dir "Direct light':
--@Airﬁonditiomng Inc C = output Peal dif "Diffuse light';
..SU\aIFosmUn 4’/ .Dmpnn?nts B cutput Real Time{unit="h"};
= ElBondLib.E wamples. Solar... output Real BTime;
H3%¢ SolarR adiation Uhtaz=10
i P [+ M alt cutput Real CTime;
@ .oar lass TR [ Ml Temp =
--DD?rech\assA... N — L2 . equation
--DleFuseGIass...J B4 altLim Time = Clockl.y;
— £ Leir L _
B E|e/»|w] Y Pl L2 Ldi Brime = uldls
—x Absorption — y CLdi CTime = ulf];
A i @_4/_|> #P altl = altlim.y;
Fomponenls = “@_JP—’ +D1 sou = sc*{l + 0.033%cos(2*pi*|(Time/Z4) /36500
E[BandLib.E samples. 5ol _ e uhdzc=1ET HAT idn = soufexp(BTime/altl);
‘i‘; in [+ &bsarption dir = idn*inc*{area - OH*W*{alt/sqro{l - alt*alt)l);
[]Gdif dif = idn*area* (CTime* (1l + cosi(tiltr) ) 2 + (CTime + alt)*ro*(l - co={
alt ] Gir tilcr)h /2 s
= L Clacki q i = dir;
5/ \EE/\E = i alSign Ldir.u = dir;
y " B Clockd Ldif.u = dif;
o o — [+ W inc &
— L #.: % Giliney HEu j end SolarRadiation;
5 x5 K
5 a3
&A Line: 1| Modellng | " Simulation I 2
e ; Z

et [panian ]
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Window -

Window - BondLib.Examples.SolarHouse. Window -[ = ||:I|i|

File Edit

Simulation Elek  Animation: Commands  Window  Help _|5’|5|

zEQE N/ OOCARL-2-1 Z- %~ ¢+ =2BHEE " -
=

Packages

[«]

e &

-+ «Roof ﬁc__.'
e N %‘g B

mzf1
-ExDoar B L’ \* -
- L IntDhoar
. = Temperature De |< =
* I * I o3 | mzel

c1v
Bl

Ity all SolarPositiont SolarGlazs

Components

EI|E ondLib. Examples. SolarH ou...

E —h@%mSeﬁ

E‘IV‘I
mSe1
m5f1
JDp2_1
B2
B‘I
B3
B4

De'l
B
B1J0pd_1

[ W

i &ctiveOnePart - Bondli..
Temperatural

SolarF‘Dsitiom C1V1

SolarGlass
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Translation and Simulation Logs

=101 ]

lar unknowns and 15853 scalar equations.
STATISTICS

Original todel
Mumber of components; 2071
Warables: 16042
Congtants: 51 (51 scalars)
Parameters: 1793 (1787 scalars)
Unkrovnz 147198 (15853 scalars]
Differentiated variables: B4 scalars
Equations: 11574
Hantrivial : 7026

Tranglated Model
Constants: 3660 scalars
Free parameters: 908 scalars
Parameter depending: 761 scalars
Inputs: O
Outputs: 16 zcalars
Continuous time stg

Agzumed default initial conditions: 54

LogD efaultinitialConditions=true; gives more information
Mumber of mixed real/dizcrete systems of equations: 0
Sizes of inear systems of equations: {1

Sizes after manipulation of the linear spstemns: {}

Sizes of nonlinear systems of equations: | }

Sizes after manipulation of the nonlingar systems: {}
Mumber of rumerical Jacobians 0

Finished
/ experiment StopTime=8600
Finizhed

Messages - Dymola I s ||:|| Xl
Swntax Error I Transzlation I Drialog Error Simulation I
Log—file of program . dymosim -

(generataed: Tlhoa 0ot ZE5 14: 52Z: 27 ZOO07)

dAymo=im =started

L .. "dsim_ tut" loading i(dymosim dngat file)

.- - "Solar tables mat" loading (tables for interpolation)
oo o "Howuse mat" creating (Ssdmualatiomn resalt £iled

Integracion started at T = 0 using integracion method DASSL
(DAE multi—step solwer (dasslsdasslrt of Petz=mold modified by Dymnasim) )

The following =2rror was detected atc time: 401 &538S31S57ZS1E5

Error: Sirngalar inconsistent scalar system for LivingPooml SWhirnl ClWl_ BRStkh]l_ £1
Solwer will atctempt To handle this problem.

The following =Srror was detected at time: S33.838773=Z2753zZz52
Error: Sirngalar inconsistent scalar system for SunSpacel  EWMin ClW1_PBPEtkhl_ £1 =
Solwer will attcempt to harndle this problem.

The followirng =error was detected at timei 100Z _ 000321727343
°

[
Solwer will attempt t—o harndle this problem.

The following =srror was detected at tCime: FEZ2_332ET7301z54]1
Error: Singular inconsistent scalar system for LivingPRooml.  SWinl. ClWl_ ERSchl_ £1
Solwer will attempt to handle this problem._

Integration terminated successfully at T = =SS00
WARMIMNG: Yo hawe many state ewe = et be duae To chatterirgg.
fationSctup " Megbug Events darirng sSimalatiorn
33=
==k

Enakble logging of ewent irnm Sim
CPU—time for integratiorn
CPU—time for omne GRID interwvwal

seconds

milli—sfcoconds

Mumbhe=er of result point=s z -
MNumber of GRID Ppointc=s z S01
Mumbhaer of f=uacce=s=fuall steps - EO07=d
HNumbher of Foewaluations : Za031=7
Muamber of He—ewaluations g 114000
Mumber of Jacobian—ewvaluastions: 252310
Muamb = o f fmodsl) time swents - o
Mumber of () time ewvents HE
MManmber of =State ewvent = g s5=7
Mumber of =tep etwrent = - o
Minimuam integratiorn stepsize z 1. 03e—00s
Maxximuam integration stepsize - 1.81
Maximam integratiomn order B
Calling terminal sectiomn
- "d=efinal _txt" creatirng (firnal =tatces)

-

-
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Simulation Results |

I e -4
~1 Ambient
“1 temperature
=1l =]
i Living room
] temperature
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Simulation Results 11

=0
G_mwwin
300
2304
2004
1504
1004 o o
: Radiation through East-exposed wall
o =Iolx
S0 — 2 _ewvall
1 G000
100 5000
150 T : T T T T T
4050 4060 4070 4080 4090 4000
- - o 3000 <
Radiation through North-exposed window _
20004
1000 4
0
-1000 -
-2000 ! ! : : T r T T T T T
3860 3870 3580
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Simulation Results 111

300

Temperature in sunspace
B =

04

T T T T T T T T T T T
3925 3930 3975

704

Temperature in bedroom #1

504

[deqt]

50 A

40 4

304

20

T T T T T T T T
3940 3960 3950 4000 4020
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Passive Solar Space Heating |11

« The simulation results of three different programs were
compared. These programs had been coded in Dymola,
Calpas 3, and DOE 2.

 Calpas 3 and DOE 2 are commercial simulation
programs specialized for space heating.

» Calpas 3 Is a fairly simple Program. It computes rapidly
and Is easy to use, as It offers only few parameters.
However, the results aren’t very precise.

« DOE 2 is a much more accurate and rather expensive
program. It computes slowly and is not easy to use, as it
offers many parameters, for which the user must supply
values.
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Simulation Results 1V

SOLAR RADIATION THROUGH A NORTH EXPOSED WINDOW
300. v v v - - —r v - v v -
— DYMOLA I
250-F | e caleass .’ s
_____ . SOLAR RADIATION THROUGH A EAST EXPOSED WINDOW
4000. v r v v v + - - v — -
200. F
3500.
150. F
s 3000.
<
% 100.
2500.
SO.L 2000.
0.00 1L.500. t
1000.
-50. e e
0. 2. 4, 8. 8. 10. 12. 14, 16. 18. 20. 22.
JUNE, 1 e
00008 F—=
-500. x
0. 2.
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Simulation Results V

308.

INSIDE -ROOM1- TEMPERATURES

-

307
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3620.

3630. 3640. 3650. 3660. 3670. 3680. 369
JUNE, 1 = JUNE.3

339

INS'I DE -SUNSPACE- TEMPERATURES
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325. +

320.

315. |

310.

305. |

300.

295, |

2
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90. . : . . - -
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Passive Solar Space Heating 1V

 Dymola computes about as accurately as DOE 2.
However, the time needed to complete a simulation run is
shorter by about a factor of 50 in comparison with DOE 2.

 Dymola 1s much more flexible, as the program is not
specialized for space heating simulations.

« The model assumptions, on which the simulation results
are based, are clearly visible in the case of Dymola. This
IS not the case for either of the other two programs.
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