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Thermal Modeling of Buildings I

« This is the second lecture concerning itself with the thermal
modeling of buildings.

« This second example deals with the thermodynamic budget
of Biosphere 2, a research project located 50 km north of
Tucson.

« Since Biosphere 2 contains plant life, it is important, not
only to consider the temperature inside the Biosphere 2
building, but also its humidity.

« The entire enclosure is treated like a single room with a
single air temperature. The effects of air conditioning are
neglected.

« The model considers the weather patterns at the location.
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Biosphere 2: Original Goals

» Biosphere 2 had been designed as a closed ecological
system.

« The original aim was to investigate, whether it is possible
to build a system that is materially closed, i.e., that
exchanges only energy with the environment, but no mass.

« Such systems would be useful e.g. for extended space
flights.

» Biosphere 2 contains a number of different biomes that
communicate with each other.

« The model only considers a single biome. This biome,
however, has the size of the entire structure.

 Air flow and air conditioning are being ignored.
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Biosphere 2: Revised Goals

Later, Biosphere 2 was operated in a flow-through mode,
l.e., the structure was no longer materially closed.

Experiments included the analysis of the effects of varying
levels of CO, on plant grows for the purpose of simulating
the effects of the changing composition of the Earth
atmosphere on sustainability.

Unfortunately, research at Biosphere 2 came to an almost
still-stand around 2003 due to lack of funding.

In 2007, management of Biosphere 2 was transferred to the
University of Arizona. Hopefully, the change In
management shall result in a revival of Biosphere 2 as an
exciting experimental research facility for life sciences.
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Biosphere 2: Construction |
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Biosphere 2 was built as
a frame construction
from a mesh of metal
bars.

The metal bars are filled
with glass panels that
are well insulated.

During its closed
operation, Biosphere 2
was  slightly  over-
pressurized to prevent
outside air from entering
the structure. The air
loss per unit volume was
about 10% of that of the
space shuttle!
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Biosphere 2: Construction I

The pyramidal structure
hosts the jungle biome.

The less tall structure to the
left contains the pond, the
marshes, the savannah, and
at the Ilowest level, the
desert.

Though not visible on the
photograph, there exists yet
one more biome: the
agricultural biome.

October 25, 2012

© Prof. Dr. Francgois E. Cellier

Start Presentation <:||:>




ETH IMathematical PMobeling of Phy3ical ©ydtems

Cidgendssische Technische Hochsthule Tdrich
Swiss Federal institute of Technology Zurich

Blosphere 2: Constructlon 111

« The two “lungs” are responsible
for pressure equilibration within
Biosphere 2.

« Each lung contains a heavy
concrete ceiling that is flexibly
suspended and insulated with a
rubber membrane.

« |f the temperature within
Biosphere 2 rises, the inside
pressure rises as well.

e Consequently, the ceiling rises until the inside and outside pressure values are
again identical. The weight of the ceiling is responsible for providing a slight
over-pressurization of Biosphere 2.
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DN B NG ™ Y. e W - The (salt water) pond
A AR " T of Biosphere 2 hosts

a fairly complex

maritime ecosystem.

* Visible behind the
pond are the marsh
lands planted with
mangroves. Artificial
waves are being
generated to keep the
mangroves healthy.

« Above the cliffs to
the right, there is the
high savannah.
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Blosphere 2. Blomes |
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This is the savannah.

Each biome uses its
own soil composition
sometimes imported,
such as in the case of
the rain forest.

Biosphere 2 has
1800 sensors to
monitor the behavior
of  the system.
Measurement values
are  recorded on
average once every
15 Minutes.
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Biosphere 2: Blomes 11

The agricultural biome
can be subdivided into
three separate units.

The second lung is on
the left in the
background.
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Living In Biosphere 2

« The Biosphere 2 library 1is
located at the top level of a high
tower with a spiral staircase.

e The view from the library windows '
over the Sonora desert is spectacular.
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The Rain Maker

e From the commando
unit, It is possible to
control the climate of
each biome individually.

« For example, it s
possible to program rain
over the savannah to
take place at 3 p.m.
during 10 minutes.
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« The climate control unit (located below ground) is
highly impressive. Biosphere 2 is one of the most

complex engineering systems ever Dbuilt by
mankind.
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Beside  from  the
temperature, also the
humidity needs to be
controlled.

To this end, the air
must be constantly

dehumidified.

The condensated water
flows to the lowest
point of the structure,
located in one of the
two lungs, where the
water IS being
collected in a small
lake; from there, it is
pumped back up to
where it is needed.
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Night-time View
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The Co

nceptual Model
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The Bond-Graph Model
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Evaporation

For evaporation, energy is
needed. This energy is
taken from the thermal
domain. In the process, so-
called latent heat is being
generated.

In the process of
condensation, the Ilatent
heat 1s converted back to
sensible heat.

The effects of evaporation
and condensation must not
be neglected in the
modeling of Biosphere 2.
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Conduction, Convection, Radiation
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 These elements have been modeled In the manner
presented earlier. Since climate control was not simulated,
the convection occurring Is not a forced convection, and
therefore, it can essentially be treated like a conduction.
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Evaporation and Condensation

 Both evaporation and condensation can be modeled either as
non-linear

non-linear

(modulated) resistors or

(modulated) transformers.

« Modeling them as transformers would seem a bit better,
Yet in the
model presented here, they were modeled as resistors.

« These phenomena were expressed Iin terms of equations
rather than in graphical terms, since this turned out to be

because they describe reversible phenomena.

easier.
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The Dymola Model |
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The Dymola Model 11
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The Dymola Model I

Biosphere - BondLib.Exramples.Biosphere.Biosphere - [Diagramn ¥ 10| =]
File Edit Simulation Plot  Animation Commands  wWindow  Help = | E'll
lzdQAS WRI~7rOOCF ARZS-D-0h, Z~-|ta-4 »=SHEBE =[0x -]
=]
Pack. -
ac ag;es — I_I e . nght Sky Radlat SOIar COﬂVegt2|OElnb.emTe
o weg mse mse
 Chdoow I—P @ b= mSe _EH D 3 = kﬁﬁ— mse +— |E| ‘—I
b Dbk
- Craoizt \_iolarlneuﬂ Caind Clags p— Solar Radlatlon . Clock J
Soll %% A r‘l msp I L 8”1 S
st Bicsphere | :I k=an % o—K=——0 — startTime=0
I:I D Fodelicaspice =
— = = \V
B | | P K i—l ) CwE S
E [ C\;F o S
Components - E WS [T T
= : . |1 oY [t =
EI|BDndle.EHamples.Blosp... dE= Pk Cm...
% J0pE_1 1| T &y 0 & QO ve o Ot oml I
£HJ0pE_2 St v -y i e
FHJOpE_3 Abgorptiont 2 T _— o
40053 b SV K = s Jo ey B Evaporation and
F1.J0pS_4 s .
10p2 1 1 A . Condensation
F.I0p2_2 ey
BT =
HE2
FmSel m=P3
MightSkpT empl msP e () - HLEY F’r‘ﬂ\ — mSPS 1 R
83 L e () SR RA
B R
= E4 [r= (—E
.-'-‘-.mbientTemp‘l %: %‘ 5 =" a:
FHmSe2
Tes scR 2 » T8
BIBE itm =2 = R43 Uz =2
C\-"e:-cﬂ E"-“'!'_
B7 L.
BEE
[+ Cthl
HIES = |

| Modeling I "y Sirnulakion I ﬁ

October 25, 2012 © Prof. Dr. Frangois E. Cellier Start Presentation <][>




ETH IMathematical PMobeling of Phy3ical ©ydtems

Cidgendssische Technische Hochsthule Tdrich
Swiss Federal institute of Technology Zurich

Convection

A zmw»\-anszwj_%i‘ I Rth = R * T I
el \ G5thl / e2
GSih

name S

= |Gn=6/T |
“cv| ~ T 1

-1 =0

IT:e1+e2 I

(2l GSth - BondLib. Thermal.GSth - [Modeli i e =10l x|
B Filz Edit Simulation Plot Animation Commands  Wwindow . Help N =1
|z @ Qé[k'?\uﬂ- oV AR o -HW [T h-¢ s mSHBE W

model GEth "The bondgraphic linear conductiwe source element”

L:J extends Interfaces. TwoPort;

parameter Modelica. STunits. ThermalConductance GO=1 "Thermal conduactance";
RBeal Glunitc="W/KZ") "Bondgraphic thermal conductance";

arion
= E0flel + =)
1 = G*el;

ogo J end GEth;
oo | # | ’ | ‘ |

Packages

- mESth
__G5rad

Vw%\ll

— £l
(ZondLb Themal 5t
R TwoPot - Borel b1 —
—

|Line: 1‘ B Modeling | “y® Simulation I 4
o

October 25, 2012 © Prof. Dr. Frangois E. Cellier Start Presentation <][>




ETH IMathematical PMobeling of Phy3ical ©ydtems

Cidgendssische Technische Hochsthule Tdrich
Swiss Federal institute of Technology Zurich

Radiation

—— e [Ro=RIT? |
g = \ GErad
E— ﬁ B8, |f

Sima=

= |Gn=6-T7 |

O o

Garad2
B4 B3
N | rad GS k
s g Sgma= N e]_
R 1 T -
1
ﬁ;‘ GSrad - BondLib.Thermal.GSrad - [Modk — O] x|

E Fil= Edit  Simulation Blot  Animation Qommandsﬂ}l DW Help _|ﬁ'|5|
G EHQE R " mev ABL & HM, ="
|Ba~-¢ »= QT HBEE00x ]

=]

model GSrad "The bondgraphic radiatiwve conduactive source slement”
Fackages IAI extends Interfaces. TwoPort;
= rarameter Beal sigma(unitc="W (E4 mZ;") = 1 "Specific radiation constant";
miES rarameter Modelica. 8STunits_Area A=1 "Radiating =urface";
Feal Giunit="W/Ez") "Bondgraphic radiatiwve conductance":
__GSth =
miESth ation
G = A¥sigma*iel™Z);
e1 = Greis
< Cth vI = eZ*fZ;
— end GSrad;
1B Modeling | 2 Simulation IEIE:' “EDI ‘ I * I ‘ I

B\

Lirne: 1| Modeling | “y® Simulation I 2
e

October 25, 2012 © Prof. Dr. Frangois E. Cellier Start Presentation <][>




ETH IMathematical PMobeling of Phy3ical ©ydtems

Cidgendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Turich

Evaporation and Condensation 11

 We first need to decide, which variables we wish to choose
as effort and flow variables for describing humidity.

» A natural choice would have been to select the mass flow of
evaporation as the flow variable, and the specific enthalpy
of evaporation as the corresponding effort variable.

« Yet, this won’t work in our model, because we aren’t
tracking any mass flows to start with.

« We don’t know, how much water is in the pond or how
much water is stored in the leaves of the plants.

« We simply assume that there is always enough water, so
that evaporation can take place, when conditions call for it.

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




ETH IMathematical PMobeling of Phy3ical ©ydtems

Cidgendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Turich

Evaporation and Condensation |11

 We chose the humidity ratio as the effort variable. It is
measured in kg_water / kg_air.

« This is the only choice we can make. The units of flow
must be determined from the fact that e-f = P.

* |n this model, we did not use standard SI units. Time is here
measured in h, and power is measured in kJ/h.

« Hence the flow variable must be measured In
kJ-kg_air/(h-kg_water).
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Evaporation and Condensation 1V

« The units of linear resistance follow from the resistance law:
e = RT. Thus, linear resistance 1S measured In
h-kg_water?/(kJ-kg_air?).

« Similarly, the units of linear capacitance follow from the

capacitive law: f = C.der(e). Hence linear capacitance is
measured in kJ-kg_air4/kg_water?.

« R:C iIs atime constant measured in h.
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Evaporation and Condensation V

« Comparing with the literature, we find that our units for R
and C are a bit off. In the literature, we find that R, ., IS
measured in h-kg_water/(kJ-kg_air), and C, ., IS measured
in kJ-kg_air/kg_water.

 Hence the same non-linearity applies to the humidity
domain that we had already encountered In the thermal
domain: R = R, e, and C = C, /€.
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Eesonion | Teten’s law Ll s
Oy Y. = =
x:k _ — equation
Ot __CD G = =;
Sol svp = 0.E1078%exp (17 269% (el - Z72_1L5) (el - 2L5.8L));
e | - Dt - 5
retsssee ] hum = 0.621598/{{pac/svp) - Lll:
& ELe9]% .. P o= Grihum - eZ);
(Bt [mim] | - el*fl = D; 2 =
—d . ¢ Sensible heat in = latent heat out
ek | SO ensinie neat In = latent neat ou

October 25, 2012
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ondensation in the Atmosphere

-lolx|
. -lslx|
[ [ 2%~ ¢ »'@ SHE 0= <)

name

CWbulk

ﬁ

R
! L5
i @ % ¢ Y @REE 0 o

lz@a& WFooyAR

Petom: 5
[ -
= name

T }windvelect,
| [

| Bt
Zu

- |- mGSco

EEled[n
]

Conporens
B R
ERbodThofe-Boe

D B S

A

e [ 7 it
—

CWhbulk - BondLib.Examples.Biosphere.CW! 1
E File  Edit Simulation Blot gnimation Commands  Window  Help

=10l x|
=181 %]

mGScoi

zdQRES [N/ mey ARL-&-HF, Z-|B-¢>mBHAEE x|

|
Packages I;I
--ﬂl_-}ﬁlass

--EAbsorption
oV

mGSco

_CD

- Cvemt

-G Sey

Programmed
as equations

Computation of
- mGSen

- Cwfpond
- Cwsail
o Cwfveg

canvection due

to condenzstion

- Cwfcov

wodel CWbulk "Condensation in the bulk"

CHNT

extends BondLib.Interfaces. TwoPort;
constant Peal lawbhda{unit="kJ/kg_water")
parameter Modelica. S3Tunits.Volume wai
parameter Real hai{unit="kJ/(h.nZ EK)")

"Convection coefficient equation intercept";
parameter Real paoi{unit="kPa")
Leal cafunit="kJ/ (kg air Ki"}
Beal GO{unit="kg_air/ih.mz)"}

"Epecific boundary layer conductance of condensation in the bulk":
Beal Giunit="kJ.kyg_air/(h.kyg_water)")

"Boundary layer conductance of condensation';
Beal GE{unit="kJ.kg_air"Z/(h.kyg_water”Z)")
kPa")
Real humi{unit="kg water/kg_air")

= ZE01 "Latent heat of vaporization";
"Air wolume of Eiosphere";

"Atmospheric pressure";

"Specific heat capacity of moist air";

"Bondgraphic conductance";
"Saturation wvapor pressure of air";

Leal swvp{uni

"Hunidity ratio of air at saturation";

ation

mG5Sco - BondLib.Examples.Biosphere.n

E Eile  Edit  Simulation  Plot gnimation Commands  indow Help

lsEQAE R[] " mev ANl & -[HA,]

1fleEZ - BE.8E));

"Bondgraphic condensation conductance";

El fmodel mGSco "Condensation®
Packages - extends Bondlib. Interfaces ModTwoPort;
= N 2" =) T parameter Real paoi{unit="kPa") "Atmospheric pressure";
Peal Giunit="kJ.kyg airs(h.kg water)")
"Ealass Beal svplunit="kPa") "Saturation wapor pressure';
--E.ﬂ\bsorption Peal hum{unit="kg water /kg air") "Humidity ratia";
Leal Plunit="kJ/h") "Power flow into condensation";
v =
=
- CD equation
et G = s:
svp = 0.81078%exp (17.269% (2 - E73_15)/{=eZ - 35.85));
= mGSev hum = 0.6Z138/ ({paciswvp) - 1);
el*fl = P;
iiRord =l ezrez = b
(=  ooo end wESco;
Hlelrm

e D;ﬁ

If the temperature
falls below the dew
point, fog is created.

Line: 1 | Modeling

| 7y® Simulation I é
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Ambient Temperature

=) Ambient Temp - Bon: ol x| I th - I th
& Fle Edit Simulation ot Animation Commands Window Help =18l = ¢ n IS exam p e, e

[EHQES R/ OO ARL DT | Z~

B¢ »mSAE &N o temperature values
x|

[ are stored as one

[+ D Operationaltmplifie... Offset

= long binary table.
EIDEiosphere .
1 « The data are given

H 3 k=a
é"mN'ghtSk}'Temp TempTahle CelsiusConversion
.Solarlnput

é--mWindVelocity i - :@7 i n F a.h re n h e i t.
EEGIass » % >_’ +1
ature in Centicrade ° Be.fo re they Can be

E‘_-}Absorptlon
= e
b RTINS used, they must be

KelinConversion

=
.Eompom.ents : o t d t
E%:i;%E*?az::ﬁ:;?::;;j N0 HOlAZls 0
[ CelsiusC i A
Azds;us onversion Ke IVI n ]

Offset ﬂ k=TO

+1

Temper:

| Modeling | y® Simulation I

VA |
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Night Sky Temperature

I (5 Mok ke <o iiE AN ET T =10l htSkyTemp - BondlLib.Examples.Biosphere.NightSkyTe =101 x|
& Fle Edt Smulston Plot Anmation Commands Window Help =18 x]
2EQ8 [ \?HW OOVAR 1'2,'!7?@[ Z" File Edit Simulatiom Blot Animation Commands  Window  Help = | Elll
O] ] jcRQa R/ OOCARL-2-1 =-|h-¢ =S EH =0 -
] e S s =
Packages [ E
Dl aperatonampie Packages I;I
0 HydreulcCortl - i
Esosbe 2] D Operationalamplifie. ..
[Eisphere O HydraulicCantrol
{WJanbiritenp [+ SolarHouze
E ; TempTable  celsiusConversio
Fgsolaip.t J I:—:IEBlnsphere el
AT jwindeheiy [ }ambientTemp > @ ol +1
Foss -
+
B E @nghtskﬂemp | k Dy bulb
|_ie OV =z Solarlnput =m +1
EEle|d|n] = = Diry bulb Offest ICTIEIEIE
F = 1 hwfindielocity temperature in Centigrade
Conpeorenls Bl Glass in Fahrenheit
= [BondLib Examples Biospher E' EH .
150 -Modshca Block ‘EAbSD[DtIDn
CelsusConversor?
CelisConversor] [m" =l P Add? Product!
e | B &= ‘ + a3 WetTable CelsiusConversio. | 1 [= Add3
‘Mndehr\g P simuation 4 x| Tirne ::@7 % o, +1 v
Components I E P 1 Ll + AD
=[BondLib Examples Binsphere Ni +1 .

TR 5150 - Modslica Blocks In.. kem Might sky
alsiveConversion? Wet bulb Wiet bulb KelvinConversion temperature
elsiuzCorversion] .ternperature. . tempgrature in kelvin

in Fahrenheit in Centigrade
k=TO
CloudTable .
e nght Sky Emissivity
LSS L factor
Lol B i Temperatre
CloudT able Computation
| Modeling | “y# Simulation I

A |
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Night Sky Temperature |1

NightSkyTemp - BondLib.Examples.Biosphere.NightSkyTen

() Fie Edit Simulation Elob Animation Commands Window Help

=]
e

Q& (RFrOOFANL- BT Z-fh-¢»aESHE S

=
Packages -]
& [ Operationalampiitie
- O HydraulicContiol
SolarH
DEI oleriouss TempTable  CelsiusCorversio
& [ Biosphere P
|- ([ JambientT emp » E Ll pe]
&
1) b
- {38} Solarnput =m 1
‘i_g P ) Dy bulh Offast i temperatl
{7 Fwindvelocity ternperature in Centigr
fiftlass in Fahrenheit
FEsbsorption
P et =l u [= Addei2 A
E B el | & WetTable  CelsiusConversio.| g [ 57 —
x| Time
T » B u
E[BondLib Esamples Biosphere. Ni. |
B k=
T SI50 - Modelica Blocks.In et bulb m Wet bulb
shsiusConversion? N vy
slsiusConversion] USRS s
feet in Fahrenheit Centigrade ]
#Add]
CloudTakle .
. Night Sky .
ifuse
tor,
—» E raciation Temperature
¥ CloudT able Computation

ghtSkyTemp - Bon

wamples.Biospher

E Bile Edit Simulation Elok  &nimation  Commands  WWindaw Help

=10l
=181x

oV ANL & fn % B -¢dmBHEE[

[EQE W[/ =
|

Packages extends Modelica EBlocks. Interfaces 5I50;

[l

constant Real w=0.E5Eg
[]DDperationaMmplifie... "Maltiplicative factor for conwersion of
L D HydraulicControl constant Modelica. STunits. CelsiusTenperature a=-17.78
"Additive factor for conversion of temperature from Fahrenheit to Centigrade";
Bl DSOHHOUSE constant Modelica. 8Tunits. Temperature TO =
[_]EEiosphe,e "Conwerzsion hetween Centigrade and Helwin';
A . output Modelica.8Tunits. CelsiusTenperature tdp
mAmblentTemp "Met bulb {(dew point) temperatures";
J output Feal cofjunit="Btu/ih.=sqft)") "Diffuse radiation";
gutput Real epsl "Ewissivity of clear sky";
@Solarlnput output Real eps? "Emissivity of sky with cloud cowver';
mWindVelocity =
Eﬂﬁlass equation
[y hib }1{
oo
IE R A S tdp = Addz.y;

Productl.uz =

ﬂ cof = CloudTabkle. y[1];
epsl = 0.8 + 0.00366%tdp;
Companehts ﬂ epsi = epsl + (1 - epsl)*oct;
EI|BondLib.ExampIes.Biospher...

epsZn(l/4);

w5150 - Modelica Block...
CelsiuzCanversion?

end NightSkyTenp;

CelsiuzConversion?

4

block Night3kyTewmp "Apparent night sky temperature"

temperature from Fahrenheit to Centigrade";

-Modelica. Constants.T_zero

| »

Line: 1‘ Modeling | "y Simulation I 4
%
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Solar Input and Wind Velocity

=1k
b JE
-8 [ 2% ¢ dmSHAE S

) \
Al

Offset

—a Add1

RadiationTable UnitConversion +1

+1

Global horizontal

radiation
_ [kdith.rz)]
RadisicnTable Glokbal horizortal k=rmn
radiation
[Bturih. s afti]
i =1o1x]
| 5 _Fgul Offset
4 [ Z-%-¢«»asABE &0 -
—_ ¥
Packap [l
[ perationalémpitie.
(=1
m S
o= k=a
Addi
- U ; , :
WelocityTable UnitConversian il
o ) .
WWind velocity
A il [t
[ VeociyTable
wiind velocity K=
Wocelng Jd [rirs]
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Absorption, Reflection, Transmission

5 Glass - BondLib Examples! as - 10| %]
B Fle Edt Simdation Flob Animation Commands Window Help -8 x|

//V‘ E@A&8 ¥/ mey ARL -1 Z-|%-¢dGRBEE[0T ]

A

HydrauiicCantrol
{[émtientens 1% | p1ock Class
%:?M\SSW Packages ﬂ "Mhzorption, transmission, reflection of solar input at glass panels"
T windvelacity .
B g ; extends Modelica.Elocks. Interfaces.BlockIcon;
Absarptiar\ J EI D EIDSDhEI’E n : n
L Reflection Absorption paraweter Real alph "Portion of absorbed power";
— --m.&mbienﬂemp parameter Beal taw "Portion of transwitted power';
_CWet
Bl ‘ﬂ --mNighlSkyTemp -parameter Beal refl = 1 - alph - tau "Portion of reflected power";
Do oreat --»@Snlarlnpul equation
T issi Caf g .
ransmission --mWIﬂd"."E|DCIt_',' Pabs = alph*Pin;
Ptrans = tau*Pin;
--EEGIass ,
j Prefl = refl*Pin;
oreling af‘tf\lﬂonrn“nn end Glass;
0
Since the glass panels are L R

Live: 1| (5] Madkling "\ Simulation

pointing in all directions, it
would be too hard to compute the physics of absorption, reflection, and
transmission accurately, as we did in the last example. Instead, we simply divide
the incoming radiation proportionally.
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Distribution of Absorbed Radiation

4B Fil= Edit Simulation  Flob  Ani

n Commands Window  Help

=13l
=l81x|

uuuQQ{kv\uﬂmovAlz 2| =

Z-[[%- ¢ 3= SAE =[x ]

Packages A
o [ Sclartou

DDEmspherE

+{ T JambientTemp

T MightskyTemp

éEE[i\ass
o
_D

e E
e El4l*n

s Biosphere.
“Modslics Bloc

B anclLib E xampl
-MBlacklcan

1M Psol

M Ppond

M Preg

Bl

4 M Prefl

il

=

Pond

Modeling

2 Simulation

Absorption - BondLib.Example:

E Fle Edt Smulation Flot &nimation: Commands  Window Help

b
=8

BHQE N/ mey AN ¥ 1N,

A

B¢ )80

g J

4

Packages

4

a

The absorbed radiation

IS

railroaded to the different
recipients within the overall

Biosphere 2 structure.

ESularHuuse
ED Binsphere
- mﬁmhienﬁemp
AT NightSkyTemp

..Sulallnpul

- mWind'Jelucily

block Ahzorption "Distribution of solar input"

extends Modelica.Blocks. Interfaces BlockIcon;

parameter
paranetar
paraneter
parameter
paranetar

paraneter

efuation

Beal apix
Beal avix
Beal laix "Leaf ares index";
Beal refl

Beal vkx "Canopy light extinction coefficient";

"Reflectance of pond";

Beal rhos "Beflectance of =soil";

Ppond = apix*il - refl)*Pin;

Pveg = aviz*il - eupi-vkx*laix))*Pin;

"Portion of Biosphere covered by pond";

"Portion of Biosphere covered by wegetation';

Peoil = {1 - rhos)*(avix*exp(-vkx*laix) + (1 - awix - apin))*Pin;

Prefl = Pin - Ppond - Pveqg - Psoil;

end Absorption;

Modeling

—

Ling:

],f Simulation
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Translation and Simulation Logs

Messages

1ol x|

Suntaw Ermar | Translation IDiaIu:-gEerr I Sirnulation I

Tranzlation of BondLib.E =amples Bidkphere Riozphere:
DAE having 2044 zcalar unknowns §nd 2044 scalar equations.

STATISTICS

Original kModel
Mumber of componentsz; 249
Wariables: 2133
Constants: 19 [19 scalars)
Parameters: 235 (228 scalars)
Urknownsg: 1879 (2057 scalars)
Differentiated vanables: 3 scalars
Equations: 1529
Mantrivial : 929

Tranzlated Model
Constants: 551 scalars
Free parameters: BE scalars
Parameter depending: 110 scalars
Inputs: O
Outputs: 11 zocalars
Contiruous tirme stg
Time-varying +ariab]
Aliaz variables: 136
Azsumed default initial conditions: 9
LogD efaultl mitialConditions=true; gives more information
Mumber of mized real/discrete spstems of equations: 0
Sizes of linear systers of equations: {
Sizes after manipulation of the linear systems: §
Sizes of nonlinear systems of equations: {}
Sizes after manipulation of the nonlinear spsterns: {3
Murnber of nurerical J acobians 0

es 3 scalars
g 203 scalars

Finished
/2 experiment StopTime=8600 Interval=1
Finizhed

Messages - Dynol

=100 x|

Suntaz Ermar I Tranzlation I Dialog Error | Sirnulatiom |

Log—file of program . /dymosim
(generated: Bun Dec 03 11:325:22 Z00&)

dymosim started

Integration started at T = 0 wusing integration method DASEL
(DAE multi-step solwer (dassl/dasslrt of Petzold modified by Dynasim))
Integration terminated successfu

Calling terminal section

"dein.txt" loading {(dymosim input £ile)
"Bio_tables.mat" loading i(tables for interpolation)
"Biosphere mat" creating (simulation result f£ile)

3.04 seconds
0.354 milli-=sgabnds

CPI-time for integration
CPI-time for one GRID interwa
Mumher of result points H

Mumher of GRID points - B0l
Munber of i(successful) steps : 34606
Mumber of F-ewvaluations D E781l80
Mumber of H-ewvaluations : 458587
Mumber of Jacobian-evaluations: 1449
MNumber of (model) time ewvents - 0
HNumber of () time events > o
MNumbher of state event s : Elm
Munher of step event s -0

Miniwmum integration stepsize D 2.47e=-00&
Maximum integration stepsize - Z2.1%
Maximum integration order 3

"d=final txt" creating (final states)
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Simulation Results |

=8l

[deal]

g

T T T T T T T T T T T T T T T T T
i 1000 2000 3000 4000 4000 &000 7000 2000 3000

Air temperature inside Biosphere 2 without air-conditioning
January 1 — December 31, 1995

The program works with weather
data that record temperature,
radiation, humidity, wind
velocity, and cloud cover for an
entire year.

Without climate control, the
Inside  temperature  follows
essentially outside temperature
patterns.

There 1S some additional heat
accumulation inside the structure
because of reduced convection
and higher humidity values.
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Simulation Results 11

=181

— Tlake

[deal]
3

T T T T T T T T T T T T T T T T T
i 1000 2000 3000 4000 4000 £000 7000 8000 4000

Water temperature inside Biosphere 2 without air-conditioning
January 1 — December 31, 1995

Since water has a larger heat
capacity than air, the daily
variations in  the  pond
temperature are smaller than in
the air temperature.

However, the overall (long-
term) temperature patterns still
follow those of the ambient
temperature.
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Simulation Results 111

=0

0,064

005

[ka_waterfkg_air]

0,044

0034

0024

0.0 4

T T T T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 B000 7000 000 4000

Air humidity inside Biosphere 2 without air-conditioning
January 1 — December 31, 1995

The humidity is much higher
during the summer months, since
the saturation pressure is higher at
higher temperature.

Consequently, there is less
condensation (fog) during the
summer months.

Indeed, it could be frequently
observed during spring or fall
evening hours that, after sun set,
fog starts building up over the
high savannah that then migrates
to the rain forest, which
eventually gets totally fogged in.
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Simulation Results 1V

=|0lx]

« Daily temperature variations
In the summer months.

« The air temperature inside
Biosphere 2 would vary by
approximately 10°C over the
duration of one day, if there
were no climate control.

44 |

42

[dead]

40

384

36 A

T T T T T T T T T T T T
4075 4100 4125

Daily temperature variations during the summer months
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Simulation Results V

Zod e Temperature variations during the winter
months. Also in the winter, daily temperature
variations would be close to 10°C.

=10/

0.0200

0.0195

ir]

0.0190

[kg_waterkg_ai

14 0085

T T T T T T T T T T T T T T T
7800 7925 7850 EELE 0.0180

The humidity decreases as it gets colder. | ™
During day-time hours, it is higher than during | ™
the night. 001635

T T T T T T T T T T T T T T T T T
7400 7425 7830 Ta7a
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Simulation Results VI

=10/

e The relative humidity is computed
as the quotient of the true humidity
and the humidity at saturation

pressure.

« The atmosphere is almost always
saturated. Only in the late morning
hours, when the temperature rises
rapidly, will the fog dissolve so that
the sun may shine quickly.

 However, the relative humidity

[9]

N never decreases to a value below
| 94%.

« Only the climate control (not
- included in this model) makes life
T T T T I inside Biosphere 2 bearable.

Relative humidity during three consecutive days in early
winter.

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




Er" f Mathematical IModeling of PhyJical Shdtem3

Simulation Results VII

 In a closed system, such as Biosphere 2, evaporation
necessarily leads to an increase in humidity.

« However, the humid air has no mechanism to ever dry up
again except by means of cooling. Consequently, the
system operates almost entirely in the vicinity of 100%
relative humidity.

 The climate control iIs accounting for this. The air
extracted from the dome is first cooled down to let the
water fall out, and only thereafter, it iIs reheated to the
desired temperature value.

« However, the climate control was not simulated here.

« Modeling of the climate control of Biosphere 2 is still
being worked on.
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