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The Dymola Thermo-Bond-Graph Library

* In this lecture, we shall introduce a third bond-graph
library, one designed explicitly to deal with convective

flows.

e To this end, we shall need to introduce a new type of
bonds, bonds carrying In parallel three distinct, yet
Inseparable, power flows: a heat flow, a volume flow, and

a mass flow.

 These new bus-bonds, together with their corresponding
bus-0-junctions, enable the modeler to describe convective
flows at a high abstraction level.

 The example of a pressure cooker model completes the

presentation.
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 Thermo-bond graph connectors e

e A-causal and causal bonds

e Bus-junctions
e Heat exchanger
 Volume work

 Forced volume flow

e Resistive field
e Pressure cooker
e Capacitive fields
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The Thermo-Bond Graph Connectors |

« We shall need to introduce new thermo-bond graph
connectors to carry the six variables associated with the

three flows. They are designed as an 11-tuple.

ThBondCon - ThermoBondLib.Ink

E File Edit Simulation Plat Animation: Commands Window  Help

-0 x]

=18 x]

EAS [N/ mey ANL &-[HY, =

L

|-« »mBAEE0 ]

]
Packages I;l

=[] ThermoBondLib
OLIser's Guide
=[] Interfaces
| ThBondCon |
- @ eThBondCon J
- i fThBondCon

-+ PassivelnePort

-+ aModPazsivelnePort

AR S

connector ThBondCon "Bi-directional thermo-bond graph connector”
Modelica. SIunits. Tewperature T "Tewperature";

Modelica. 5SIunits. Pressure p "Pressure"; } Eff(l)rts, e

Modelica. 8Tunits. SpecificEnthalpy g "Gibbs potential";

Modelica. 5Iunits. Thernal Conductance Sdot "Entropy flow"; fl f
Modelica. 5STunits. VoluneFlowBate o "Volume flow"; OWS, Ll

Modelica. SIunits. MassFlowkate Mdot "Mass flow";
Modelica. 8Tunits. Entropy & "Encropy";

Modelica. 3Tunits. Volume ¥ "Volume"; } generalizedaﬁosn:ions, g

Modelica. SIunits. Mass M "Mas:=";

Beal d "Directional wariahle"; d i reCtionaI V

Boolean Exist "True if substance exists"; indicatc

end ThBondCon;

Lne: 1 | (B Modeling V¥ Simulation

V.

iable, d
r variable

[

The thermo-bond
connector icon IS a

red dot.
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The A-Causal Thermo-Bond Model

=i0ix
=18 =]

s T,p,9
o A
e J P ®
= Jd=-1 d=+1
Sdot,q,Mdot

@ [ ]

The  thermo-bond is
equivalent to the regular
bond, except that ten
variables need to be
connected across, instead
of only two.

ThermoBond - Thé.l__‘:; ondLib.B = 0] x|

HOER

E File Edit  Simulation, Elat Enilir;;t.inn Commands - indow  Help _Iﬁllﬂ
@ LE W/ mey ARL-®-HM,
|Bp~- ¢ o m @ HEE [0z -]

_l model ThermoBord

Fackages ;I =

= |j ThermoB ondLib =
; equation
[JInterfaces ThEondConZz. T = ThEondConl.T;
= [(JBonds ThEondConZ.p = ThEondConl_p;

ThEondConZ . o ThEondConl. o;
; ThBondCong. Sdot = ThBondConl. Sdot;
= e[ hermoB ond ThEondConZ .o = ThBEondConl. o;
: ThEondConZ  Mdot = ThEondConl . Mdot ;
ThEondConz. 3 ThEondConl. 2;

—+ ThermaoB ond

L fThermoB ond

= |jJunc:ti|:uns ThEondConZ. ¥ = ThEondConl W;
. ThEondConZ .M = ThEondConl.M;
EEI ﬁ PEISSl"."E oIl o . a1 o .
ThEBorndConZ . Exist = ThBEondConl_ Exist:
[+ [[]|Sensors ThEondConl.d = -1;
A5 mirres ll ThEondConiz.d = +1;

¢ | * | K end ThermoBond;

Line: 1 Mndeling " Simulation
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The Thermo-Bond Graph Connectors I

* Like in the case of the general bond-graph library, also the
thermo-bond-graph library offers causal next to a-causal

bonds.

eThBondCon - ThermoBondL

B Fil= Edit Simulation Elok &nimation Commands  Window  Help

=101 x|

=181 x|

lz@ca (W mey ANZL & HH,

- ¢ » = SAE S ]

i |
Packages I;l
= ﬁ ThemoB ondLib
€W User's Guide
=) [ ]Interfaces

. @ ThBondCon

[ ® eThBondCon H

- 4 ThBandCan

PazzivelnePort

(o) oM

= E] ey x|

contiector eThBondCon "Thi-directional thermo-bond graph comnector”
input Modelica. 8Tunits. Temperature T "Tewperature";
input Modelica. 5Tunits. Pressure p "Pressure":
input Modelica. 5Tunits. SpecificEnthalpy g "Gibbs potential":
output Modelica. 8Tunits. ThermalConductance 3dot "Entropy flow";
output Modelica. 8Tunits. VolumeFlowRate o "Volume flow';
output Modelica. STunits. MassFlowBate Mdot "Mass flow";
input Modelica. STunits. Entropy & "Entropy";
input Modelica. STunits. Volume ¥V "Volume";
input Modelica. 5Iunits_ Mass M "Mass";
output Beal d "Directional wariable";

input Boolean Exist "True if substance exists";
o]
o]

end eThBondCon;

Modeling

| Line: 14 " Simulation

8o [ |
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The Thermo-Bond Graph Connectors 111

fThBondCon - ThermoBondLib.In

B Fle Edit Smulstion Elok &nimation Commands  Window  Help

=101 ]

=18

FEQE W/ mey ANL &-[HN,

B¢ mESAEE ]

1 %
Packages I;l
=[] ThemoBondLib
€0 User's Guide
E ﬁ Interfaces

- i ThBondCon J
- i eThBondCaon
| ® fThBondCon |

PazzivelnePort

[ P | P
=]

E Bl el x|

contiector fThBondCon "Uni-directional thermo-bond graph connector"
output Modelica. STunits. Temperature T "Temperature";
output Modelica. STunits. Pressure p "Pressure";
output Modelica. STunits. SpecificEnthalpy g "Gibbs potential";
input Modelica. 3Iunits. Thermal Conductance 5dot "Entropy flow";
input Modelica. 3Iunits.VoluneFlowBate g "Volume flow";
input Modelica 53Iunits.MassFlowBate Mdot "Mass flow";
output Modelica. 5STunits. Entropy 8 "Entropy";
output Modelica. STunits . Wolume ¥ "Volume";
output Modelica. STunits Mass M "Mass";
output Peal d "Directional wariable";

output Boolean Exist "True if substance exists";

end fThEondCon;

Line: 14 | (B Madeling " Sirnulation

4

Im:i’ﬁfjlii "

(=)

- T sl
FHAS W/ ODOFARS-S-Un B-B-¢++wBOEEw
|

R Elel+In]

o
Component |
ireriondu iciacacee|

B reoy [ e smumin

» Either the three efforts or the three flows are treated as input
variables.
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The Causal Thermo-Bond Blocks

Eile Edit Simulstiom Plat  Animation, Commands ‘Window  Help _Iﬁ'ﬂ

=10l x|

lzda&[R/rOov ARL-2-H [ Z-|B-¢« @A E =0 -
— ]

Using these connectors, causal

- MeThBondCor

thermo-bond blocks can be defined.

FOe e The f-connector is used at the side

of the causality stroke.

i —1T1,p,9 e The e-connector is used at the other

e | ; \ side.

o @ ©®|° The causal thermo—bond_—graph
2 connectors are only used in the

Sdot,g,Mdot —— context of the thermo-bond blocks.

ak Everywhere else, the a-causal
thermo-bond-graph connectors are
to be used.

| Modeling | ® Simulation I ﬂ
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The Bus-0-Junctions

——————————————————————————
ThreePortZero - ThermoBondLib.Interfaces _1Ol x|

The junCtionS Can nOW be programmed- Let us B File Edit Simulation Plot Animation Commands  Window  Help =18 %

look at a bus-O-junction with three bond |Iz@Q&(Ri/ mey imL & [HF, Z-%-¢)=BAEZE

h ﬂ madal ThreePortZerao =l
attac I I Ients- Packages I;l "Partial model invoking three thermo-bond graph connectors"
T Modelica. 8Iunits. Temperature T[3] "Temperature";
— - ElﬁThermDBDndLib Modelica. 8Iunits. Pressure p[3] "Pressure";
_ e [ 7] | (IS i
-xuc.a S AR e AT e L--ZR ‘éBQOI\P rf.DOC’AIJ'g-‘Z'I = L) oUSBI'S Guide Modelica. 8Tunits. SpecificEnthalpy gl[3] "Gibbs potential";
; = G4+ mSAEESE ﬂ_ Elﬁmtelfaces Modelica. 8Tunits. Thermal Conductance Sdot[2] "Entropy flow";
o Modelica. 3Tunits. VoluneFlovRate q[3] "Volume flow";
- @ ThBondCon Modelica. STunits. MassFlowRate Mdot[3] "Mass flow";
. @ =ThBondCon Modelica. 8Tunits. Entropy 5[32] "Entropy";
Modelica. 8Tunits. Voluwe ¥[3] "Volume";
- i fThBondCon Hodelica. 3Iunits.Mass M[3] "Mass";
& ° . PassivelnePart -Boolean Exist[3] "True if substance exists";
. ]
~ModPagziveldnePart "y
aquation
ActiveOnePort T[l] = ThBondConl_T;
+ModéctiveOnePort plll = ThEendConl.p;
. g[l] = ThBondConl.g;
L] OneCnePort 8dot[1] = ThEondConl.d*ThBondConl.Sdot;
Steiks [ setem | . OreTwoPart g[1] = ThBondConl.d*ThBondConl.q;
. Mdot[1] = ThEondConl.d*ThBondConl. Mdot;
0p3 - ThermoBondLib.Ju ) o m] = | -+ OneThresPort E[1] = ThBondConl.§;
3 . £ . N i g A V[1l] = ThEondConl.V;
= w0 TwoPart
E Eilz  Edit = Simulation  Elot  Smimation Commands  Window  Help |5’| ez MI1] = ThEondGonl.M:
) = 3 worarzer Exist[l] = ThEondConl.Exist;
lzdQ& R/ mey AR L-&-Hh, | =Z-|
= MadTwaPart T[2] = ThBondConZ.T;
= .
|-+ »=20EE 0 oz pI2) - Taondcone_p:
= i==rEIE=D g(Z] = ThBondConZ.g;
=l wodel g0 i )
FourPortZero Sdot[Z] = ThBondConf.d*ThBondCong. Sdot;
F'ackages I:I -ext.en = Interfaces. ThreePortZero; FouPorZen? 4l2] = ThEendConZ.d*ThEondConZ. 4;
= AUl anser Mdot[2] = ThEcndConZ. d*ThEondConZ Mdot;
| |j|Junchons e FivePortZera gl2] = ThBondCenZ.&;
o Jopti Tlz:3] = TIl:21; SiPoiZen Izl = ThBendvonz.¥;
Bl2:3] = pll:2]1; ) H[?] = ThEondConZ.M; .
-0 J|:||:l'|2 EightPortZero Exizt[2] = ThBondConZ.Exist;
. glz:=31 = gll:21: T[3] = ThBondCon3.T;
0 J0p13 sum(Sdot) = 0; 8 (JBonds (3] = ThBondCend.ps
-0 -J0p2 sum gl = 07 []ﬁJunCtiDnS g[3] = ThBondCon3.g;
sum (Mdot) = 0; . 2dot[3] = ThEondCon?.d*ThBondCon3. Sdot;
0 03 [ [ Passive i - ’
H ju] S[z:2]1 = S[1:21: g[2] = ThBondCon?.d*ThBondCon3. g;
.0 -J0pd VI[2:3] = W[l:2]:; B [T] Sensors - Mdot [3] = ThBondCon3. d*ThEondCon3. Mdot;
M[Z:32] = MI[1:Z]; 1 [JESDUICES 5[3] = ThBondCon3.&;
-0 Jﬂf > = Exist[2:3] = Existl[l:21; V(2] = ThBondConZ.V; -
ggo I I I [ 4 I M= M[3] = ThBondCon3.M;
cEE end JOp3: ge8 -ur
E‘ L | * | ’ | 3 | Exizt[3] = ThBondCond. Exist; ﬂ

“
Line: 1 | Modeling I Ty Simulation I ‘Line: 3| [ Modeling |:|£Simulation I
| 2 |
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Special Bus-0-Junctions |

[E/0ne0nePort - ThermoBondLib.Interfaces.OneD! -0 x|
®- ; sl § Jop11 - ThermoBondL B Fle Edt Smulation Plot Animation Commands Window Help -8 %
sEas W oo A B bl Edt Smulation Plot Animatid 0 g &
Gy 1Y e [zdQa R/ meysmL d- [ 2% ¢ SAEE 0w
— "

[Packages JJD— n Q % I ~9|J_| ;”V"‘ || 1 |l nodel oneonePort
i ] Thamwllai b "Partial model invoking one thermo-bond graph commector and one regqular bor
g Packages - ar f grap, o
3 Indeeaces
--gaw. JJ% T ‘ * = . ﬂ E e Il I_l Modelica. STunits. Temperature T "Temperaturs";
[Jiumeivns _| mode] E@ThBWDBDNdUb Modelica. STunits. Pressure p "Pressure";
- 0User's Guide Modelica. Tunits. SpecificEnthalpy g "Gibbz potential®;
[r - Y T
y j::j _I Packages I—I = é@lnlerfaces Modelica. 3Iunits. ThernalConductance Sdot "Entropy flow";
00wz ® T =] ﬁThE[mDBDndLib = Modelica. STunits. VolumeFlowBate o "Volume flow";
© -Jpd _! : & uial - ThBondCan Modelica. STunits. MassFlovRate Mdot "Mass flow";
e : ﬁlnterfaces e 3 . @ eThBondCon Modelica. 3Iunits. Entropy 8 "Entropy":
Baonds =dd Modelica. STunits. Volume ¥ "Volume";
ﬁ e | q 3 - A fThBandCon Modelica. STunits. Mass M "Mass";
] i p— EEJUHCUUHS LER PassivalnePart Boolean Exist "True if substance exists";
H e Real e "Bondgraphic effort";
oo J0ptl end ;
LI *ModPassiveOneFort Beal f "Bondgraphic flow";
& Moelng | e semdavon | . =
::2 ‘ I ’ I 4 | ActiveOnePort =
- aModactiveOnePaort equation
3 a:_LllL;fSl . T = ThEondConl.T;
E £ E aramat ¥ X
.‘a“ BA& W /OCCARS- S B- === | OneOnefot b = ThBondConl.p;
G-+ + BB L0 ) / .\ . DreTwaPatt g = ThBondConl.g;
: L . Sdot = ThBondConl.d*ThEondConl. Sdot;
Packaoss - ]
TYinisdnces Boolean / OneT hreePort g = ThBondConl.d*ThEondConl.q;
@ ThileadCon % TwoPort Mdot = ThBondConl.d*ThEondConl.Mdot;
® eThiendCon -
Zem sianal § = ThBondConl.S;
Pasiadirabon 9 TwoPorZero |l v = ThBondrenl.v;
b connector , ‘ModTwaPor M = ThBondCenl.M;
etk Exizt = ThEondConl.Exist;
“OneloePt | ThreePuiZero Boolean(utPortl = Exist;
M gu';‘w‘:' :I FaurPorfemn & = BondConl.e;
R - - * .
_I_J_I_J_,, Thermo RGgUlar FouPoZsey  of| 7 BomecenlavBendtonl.£;
| Commponenis b d end OnelnelPort;
={ThermoBondL b Inted acer. ooo
[t on bond || El€[%]|® |y | o
| [ e
OnneCtor con neCtor ThermaBandlib, Interf aces, OneCnePort Line: 30‘ Modeling | P imulation I
] 4
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Special Bus-0-Junctions 11

10p11 - ThermoBondLib. Junctio

48 File Edit Simulation Plot Animation Commands Window  Help

e

leEdaa W/Ooy ARL - iR, =-
[fa~ ¢ » /= BAHEE 0 -

10p12 - ThermoBondLib.Junctio

: JR1=1E
x| 4 Fil= Edit Smulstion Plob . snimation Commands  WWindow - Help &l x|
oo [2HQ8 W/ OovANZ & iin 2-
£ (] ThermaBondLib Ry~ ¢ 9 mBHAE =[x - =) 30p13 - ThermoBondLib.Junctions. - 1ol x|
& [ Interfaces x| 48 Fl= Edit Simulation Flot - Animation. Commands  Mindow  Help |8 x|
s Packaam: [-] [EHGE B/ Ooo ARL BTy Z-
H (FJdunctions =l (7] ThemaBondLib ”% S ’i AE=E = -
ATt bl (] Interfaces p B =
-0 012 b+ (] Bonds Packages I : D
0 "Jop13 J E [Junetions =[] ThemoBondLib
0Jop2 . -0 J0ptT ¥ [ Interfaces p
-0 g3 [0 "Iz 13 ] Bonds
-0l -] 0°40p13 J B [JJunctions
T Elelsln e @
x| -0 -Jop3 Jopt2
Companents -0 o4 | Jop13
=T hermoBondLib.Junctions.... [l ‘ * [ 4
[ g OneOrePort - Thermo, —El J0p2 .
JOp3
Components Jlod LI
=T hermoB ondLib.Junctions. ... I I
[ OneTwoPart - Therma. #
Modeling £
Components
= [ThermoB ondLib.Junctions
Vorierd [+ M OneThreePort - Therm...

Modsing
i 4
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The Heat Exchanger
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1
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A

HE - ThermoBondLib.Passive.HE - [Diagram]

Eile Edi

t  Simulation Blob  Animation  Commands Wi

Thermo-Bond Heat Exchange Element

=1
= e

lE=EAES R ~~-OoF ABRELD
x|

Packages

[=]

S ]

B[] Pa

i

o
-for st
-

[

sEive

Heat is only exchanged, if

by

both substances to| the left
and to the right exist.

U7

=2

FE
ME

PE T
BFn

==

L

<+

A4
Ea

Camponent:

T

=

H1B1
E1J1p3_1
B3
E1J0p3_1
H1B2

B4
FHES

FHEE
HE7
#HES
#Ed
FAND
Gain1
B mGSth

La Rt e =g" 5

=T hermoB ondLib. Passiv. ..

1 Wb odTwoPart - The...
E1J0p11_1

#.0p3_2
#.0p11_2

[.J0p3_3

The conductance is split

Conversion
from thermo-
bonds to
regular bonds

21 e
) =l

in two. Half goes to the
left, half to the right.

| Modeling I "y Simulation I &
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The Volume Work
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The Pressure Volume Exchange Element

.‘_
..1_

pue
Lars

We pick up the two pressures.
The difference between the

NO—[ressures  causes  a P, ) P,
olume flow. T\I %
The surplus power is split in e —a
two to be converted into 0 ) q,| 4P T 0
additional entropy. . ' : I ' .
- S]_ ¥ q/2 K
The generated entropy s mG52_2 4D wesa g

delivered back to the thermal —T$| mGS IQ—E'E ——)- mGS Iﬁas
ports. i 1 0 ar2 [Tcm
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Forced VVolume Flow |

=
=18 %

| : :
SHAE W /OCFARS- BTy E-

mSF - ThermoBondLib.Sources.mSf - [Mode

E Fl= Edit Simulation Elot  Arirmation Commands  Window  Help

- 101 x|
- 18] x|

%-¢» o @A
=

71 [7] Tabes

| # g5t J .
AR IR
]

Comporerts
“{Thesmoined & toures wal

=W Twolort - ThermolionlL
2
WlondConl

o

The forced volume flow
causes a proportional
forced mass flow and an
also proportional forced
entropy flow.

November 22, 2012
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Packages

[]

]| Thermal

[ ] Electrical

[ Hydraulic

[ Mechanical

] SwstemDynamics
ﬁ Examples

Eoolean =g "Trus

Modelica. STunits.

Modelica. STunits.
Modelica. STunits.
Hodelica. STunits.
Modelica. STunits.
PBeal siunic="J/ /(K. m3)")
Modelica. STunits.
Modelica. STunits.

mode]l mEf "Modalated (simplified) wolume flow source’
extends Interfaces TwoPort:

WolumeFlowRate o "Forced wolume flow";
if flow from primary to secondary side";
Entropy Sref "Reference Entropy":

Wolume Wref "Reference Wolume";

Ma=z=s Mref "Reference Mass";

Density rho "Density":

"Epecific entropy";

Tenperature Tref "Reference temperature";
Thermal Conductance Sdot "Entropy balance {(can be

"Pressure difference";

ogg
unn

| €| > |

-

<]

EllehermDBondLib Modelica. SIunits. Pressure Deltap
- . . Boolean Exist "True if there is a flow";
GUSE[SGuIdE =
i =
ﬁ] Interfaces .
H equation
ﬁBthS o = InPortcl;
ﬁ]Junctions al = o
gz = ol;
ﬁpassive sq = o > 0;
ﬁsansols Sref = if =sq then 51 else B5Z2;
i Wref = if =g then W1 else WE:
Elﬁﬁources Mref = if =g thewn M1 =lse MZ;
L Se rho = Mref/ Wraf;
Mdotl = rho¥*g;
~mSe Mdotz = Mdotl;
Se Air = = SBref/Vretf;
Sdotl = s%qg;
= Mt Sdot2z = Sdotl;
~mSi2 Tref = BondConl._e;
Sdot = -EondConl.d*BEondConl. £;
B [ Tables . _ B N _ _ -
Tref*Sdot = (T1l TZ1*8dotl ipl pEl*g + (gl
B[] Substances Deltap = pl - pZ;
Exist = = arnd Existl or not = arnd Existz;
+ ﬁExamples ond mE 1 1

- g2)*Mdotl;

negative) "

| ]

‘Line: 34| B Madeling | " Simulation I
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Forced Volume Flow 11

 The model presented here cannot yet be used to
represent e.g. a pump or a compressor, because it
doesn’t consider the power needed to move the fluid

around.

« The model I1s acceptable to describe small mass
movements such as pressure equilibrations between
the bulk and a (mathematical) boundary layer.

 An improved forced volume flow model shall be
discussed later in this lecture.
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The Resistive Field

&
—

O Proportional massjlf
._and heat flows are

z | caused by the forced
volume

+

flow.

0

mst1

. mMST -

2
L

Eﬁmﬂ-’:il alfl =]
S e = = ~
name @7 @
RF, - 1@ 1
q _ 1 = 0 B4 1
q
| — 9,
[T ™5 ==

o

u]

PN
A

=

[ =
n]
ced volume flow
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Pressure Equilibration With Constant Volume

o Sometimes it Is useful to allow a mass flow to take place,
while the volume doesn’t change (remember the gas

cartridge).

ALY

name

RF, -

Pressure equilibration causes a
volume flow to occur.

A flow sensor element measures
the volume flow taking place.

A counter volume flow of equal
size is forced.

November 22, 2012
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The Pressure Cooker |

SE.
393 K
~PVE =
! /
HE (t) SHE ~
\ [/ 7
—> C/E — HE PVE
N~ ~

HE

\APVE —_
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The Pressure Cooker 1l

Air in
EREEEEEEELEED R - _
393 K - % / HE layer /
\ PVE ARF:_/ HE ()
HE () / S HE —> Ap/

/ /
VE  SE: 203k

~HE /‘
b \ — RF:
~ ~ Ap HE (t)
CIE PVE \ /
| HE Steam i —/I
boundary,

S e S O e S S S HE(t) - ==-=-=-=-=--—- — layer

-~
-~
T
m
T~

T

Q
m
/Zl
T
~
~ 2
<
T
m
T
m
o)
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e Let us look at the
capacitive field for
air.

Linear capacitive field:
der(e)=C1-f

By inteqgration:
der(q) =1
e=C*g

Non-linear capacitive field:
der(a) =f
e=e(@

Capacitive Fiel

ds

¢ - ThermoBondLib.Substances.Air - [Mode
B Fle Edit simulation

Plot  Animation, Commands  Window  Help

=1k
_|&] x|

A=Y=

j/mee AW L& Hh, =]+ =DARE0: o

.J model Air "Capacitive field representing air'

Packages

extends Interfaces.Passivelnelort;

=

November 22, 2012

[]Sources

[ Spice

[ Switches
[ Thermal
[CJElectrical
ﬁ] Hydraulic
[ Hechanical
[T SpstemDypnanics
ﬁ Examples

=l []] ThermeB ondLib
W U ser's Guide

[T rterfaces
+] [ Bonds

H
3]
£
B [l unctions
B[] Passive
[
[
£
=

H [T] Sensors
] ﬁ Sources
H [] Tables

= ﬁ Substances

__ BoilCondw ater

parameter Modelica. 8Tunits. Entropy 80=5_81010184 "Entropy if no air";

parameter Modelica. 3Tunitcs. Volume WO=0_831122Z2Zle-3 "Volume if no air";
parameter Modelica. 8Tunits. Mass MO=le-3 "Mass if no air";
parameter Modelica. 8Tunitcs. SpecificHeatCapacity cp=1004.0

"Heat capacity of air at constant pressure";
parameter Modelica. 8Tunitcs. SpecificHeatCapacity B=2Z87.Z
parameter Modelica. 8Iunits. Mass epsM=0_%5e-5&

"Gas constant';

"BEmallest mass distincguishable from =zero';
parameter Boolean fict=false "True is fictitious walues are used";
parameter Modelica ETunits. Temperature T_fict=E32_E3

"Fictitious temperature is no air";
parameter Modelica STunits. Pressure p_fict=lef

"Fictitious pressure if no air":

Modelica. 2Tunits.  Entropy 2_int "Entropy of air
Modelica. STunits. Volume W_int

Modelica. STunits. Mass M _int

"Tolume of air";

"Mas= of air";

Modelica. STunit=s. SpecificHeatCapacity cw

"Heat capacity of air at constant wvolume";

Modelica. STunit=s. SpecificWolume v "Specific wolume";

"Zpecific entropy
"Natural logarithm of specific wolume";

der {3 _int)

it Th }oder(q) = f

H_int = epsHM;
cw = cp — B;

Modelica. 3Tunics. SpecificEntropy =

Beal 1n w
=
=

equation
der (M _int)

Mdot
Sdot ;

Exi=st =

Air

Exist then V_int/M int el=se 0;
Exist then Z_int/M_int =lse 0O;

n
o

n

rn

Air_izocharic
S

wiatery apor
B[] Evamples

=

wg_iso:chuea (g.) ' : j;;

| €| % | ® ||

= Modelica Math logiW_int/M int):

Exist or not fict then T*R*M_int/V_inc
Exist or not fict then Z33.1&5%expiis -—
2lse T_fict:

T*lcp — =);

= if Exist then M int else MO;

if Exist then V_int else VO;

if Exist then ¥_int else E20;

Air;

e2lse p_fict:
55137 - R*i{ln w + 0_.17245))

-

PR i - e}
[}

Line: 41 | B Modeling | Simulation |
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Evaporation and Condensation |

 The models describing evaporation and condensation are constructed by
interpolation from steam tables.

pEat

Satura. .
pressure

of wyater
h &z iun.. [

temper...

pSat?2
Satura...
pressure
= of water 1

a3 Turn...
temper ...

WSaEt
Satura...
® o 2 | ®
temper ... —
Sati.,lra...
) : { o |
Instead of using Teten’s law (the oot {Emper
approximation  embraced in the Erfnaioy
Biosphere 2 model), the saturation ™ B P
pressures and volumes, as well as the
enthalpy of boiling are here computed
using table-lookup functions. Vgas
=
November 22, 2012 =
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Evaporation and Condensation I

model BoilCondilater

"Boiling and condensation of water"

extends Interfaces ModTwoPort (InPor
Modelica. 2Tunits_ Volume) ) ;
" o.ao
parameter Feal Boljunitc="m.=s") o.0
Pressure pSat_lig

=TIm. =

parameter Feal Bbiunit

Modelica. 8Iunits.

Hodelica. 2Tunits. Pressure pSat gas

Modelica. 8Iunits. BpecificWolume WSa

Modelica. 8Iunits.
MHodelica. STunits.
Modelica. 8Iunits.
MHodelica. STunits.
Modelica. 8Iunits.
MHodelica. STunits.
EBoolean fd
MHodelica. STunits.

"True

"Heat generated by potential eoqui

IITr
Modelica. BTunits.

EBoolean Exist

Modelica. 8Iunits.
Modelica. BTunits.
Modelica. 8Iunits.
Modelica. 5Iunits.
Beal huml "Relati
Beal hum#

=

=

"RPelatiwe humiditsy compuat

SpecificVolume Wia
SpecificEnthalpy

Tolume Wgas "Gas w
Pressure pgas "Par
Mas=sFlowkate Mboil
Mas=FlowBate Mcond
if forward flow";

HeatFlowBate Delta

nue if flow exists"

Mas=s Mref "Referen
AnalarFrequency x3
Thermal Conductance
Thermal Conductance

"Mau]

Tolume Wsteam
we humidity comput

A bit messy!

November 22, 2012

eoaation

pESatl_wu = Tl-;

pESatZ_a = Tz

TEatl. v = Tl:

WaatzZz_na = Tz:;

Hkboill.uw = T1:

pEat_lig = pSatl.vy»-

pSat_gas = pSatZ.¥ys

WEat_ lig = WSatl.vy»-

WS8ar_gas = WSatZ_wy;

hboil = Hboill._

Vogas =

pogas = pZ*FVWE VNgas;

Mhoil = if ({pSat_lig = pl) and Existl) then Pbh¥(pZSat_ lig — pl) el=se 0O:

Moond = if ((pfSat_gas < pgas) and ExistZ) then RBoc*i{pgas — pfat_gas) else
0z

Mdotl = Mboil - Mcond:

Mdotz = Mdotl;

gl = Mboil*VWSat lig - Hcond*VWiat gas;

oz = gl=:

fd = Mdotl = 0O;

Deltaldot = (gl — gZ)*Mdotl - (pl - pZ)*gl;

Exi=st = (fd and Exi=stl) or f(not £4 amnd Existz) ;

Mref = if fd then M1 =1l=s= Mz-

xi = if Exist then Mdotl Mref =2l== 0O;

SdotZ _asux = if ExistZ then &Sdotl + (Deltaldot + (Tl - T2)*&dotl) Tl else
Sdotl;

Sdotl _aux = if Existl then SdotzZz + (Deltaldot + (Tl - TZ)*EBdotZ) /TZ else
SdotZ;

Sdotl = if f£d then xi*Sl + hboil*Hdotl/ Tl =else Sdotl_ auax;

SdotzZz = if fd then 3dotZ_ _aux else xi* 22 - hboil*MdotZ/TZ:

Wsteanm = 1lS(pZ/pfat_gas - 1)*VWgas:

hoaml pogasSpSat__gas;

hums = 1 - Wa/VWsteam:

21l BoilCondilater ;
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Simulation of Pressure Cooker
* We are now ready to compile and simulate the model.

Messages - D

Syntax Errar | Tranglation IDiang Errar | Simulation |

=10/ x]

Translation of ThermaB andLib. E xarmplesPTESsurelocker
DAE having 10556 scalar unknowie and 105856 scalar equations.
STATISTICS

Original Model
Mumber of components, 625
Yariables: 9605
Constants: 0
Parameters: 179 (733 scalars)
Unknowng: 9426 (10556 scalars)
Differentiated variables: 15 scalars
Equations; G387
Mortivial ; 3745

Translated Model
Constants: 2248 scalars
Free parameters: 714 scalars
Parameter depending 31 scalars
Inputs: 0
Outputs: 14 scalars
Continuous time stgfes: 15 scalars
Time-varying vanal{es: 447 scalars

Aszumed default initial cond
LogD efaultlnitislConditions=true; gives more information
Murber of mixed real/discrete systems of equations: 0

Sizes of lnear systems of equations: 14, 4}

Sizes after manipulation of the linear systems: {0, 0}

Sizes of nanlinear systems of equations: {6, &, &, 6}

Sizes after manipulation of the norlinear spstems: {3,3,3, 3
Mumber of numerical Jacobiang: 0

| »

=l

November 22, 2012

(=) Experiment Sel : ﬂﬂ

General Illanslahon |Qulput |erug | Cornpiler |Eealtime |

Messages - Dymo

=0l

Syntax Errar | Translation | Dialoa Errar | Sirnulation |

Experiment

M ame |PressureCooker

Simulation interval

Start time:

5Gp time [20000

Output interal

™ Irterval length |D

% Mumber of intervals |500

Integration

Alaarithm

Tolerance

Fixed Integrator Step

Ok | Stare in model |

Caricel |

Log-file of progran . /dymosim

dymosin started

Integration terminated successiy
CPU-time for integratio
CPU-time for one GRID interval®
Number of result points
Number of GRID
Nuwher of {successful) steps

points

Number of F-evaluations
Number of H-svaluations
Number of Jacobian-ewvaluations:
Number of (model) time events :

Humber of (U} time events
Number of state events
Number of step events

Minimum integration stepsize

Maximum integration stepsize

Maximm integration order
Calling terminal section

fgenerated: Thu Feb 07 23:33:49 2008)
. M"deinctat” loading (dywosin input file)
. "PressureCoocker.mat" creating (simulation result file)

Integration started at T = 0 using integration method DASSL
{DAE multi-step solver (dassl/dasslrt of Petzold modified by Dynasim))

: 50l
o 2814
o 15458
T 3376

0

;10

0

o 1. 9e-009
]

M

. "dsfinal.txt" creating {final states)

43
1
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= Plot [1*]

— T_wvater

Simulation Results

T_air

=10l =]

400

390 4

380 4

370+

360+

Fal +

340 4

330 4

F20 4

F10+

300+

290

T
0.0E0

T T T
2.0E3

T T T T T T T T T T T
1.0E4 1.2E4 2.0E4
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Simulation Results 11

T_air

400

T_steam

T_weater

ol Heating is sufficiently slow that the

temperature values of the different

T_air _houndary T_weater _boundary

390 4
380 4
370
360 4
350 4
340 4
330 4

320%

0

300 5

290

media are essentially

indistinguishable. The  heat
exchangers have a smaller time
constant than the heating.

During the cooling phase, the
picture is very different. When cold
water is poured over the pressure
cooker, air and steam in the small
boundary layer cool down almost
instantly. Air and steam in the bulk
cool down more slowly, and the
liquid water cools down last.

T
0.0EQ

U I
3.0E3

T T T T T T T T
1.0E4 1.5E4 20E4
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Simulation Results 111

=10/

The pressure values are essentially
indistinguishable throughout the
simulation.

p_steam p_wyater p_air_houndary p_wvater _boundary

p_air

200 4

During the heating phase, the
pressures rise first due to rising
temperature.  After about 150
seconds, the liquid water begins to
160- boil, after which the pressure rises
faster, because more steam is
produced (water vapor occupies
more space at the same
temperature than liquid water).

180

140 4

1204

The difference between boundary
layer and bulk pressure values in
100- the cooling phase is a numerical
artifact.

T T T T | T T T T T T T T T T T T
0.0E0 3.0E3 1.0E4 1.5E4 2.0E4

: : Start P |
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Simulation Results 1V

=221 The relative humidity decreases at

first, Dbecause the saturation
pressure rises with temperature,
I.e., more humidity can be stored
at higher temperatures.

Huirmiclity

Humidity _baundary

1.0

0.8

As boiling begins, the humidity
rises sharply, since additional
B3 vapor is produced.

In the cooling phase, the humidity
0.4+ quickly goes into saturation, and
stays there, because the only way
to ever get out of saturation again
would be by reheating the water.

0.2

0.0

T T T T T T T T T T T T T T T T T
0.0EQ S.0E3 1.0E4 1.5E4 20E4

: : Start P |
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Simulation Results V

=10/

The mass fraction defines the
Masz_frac Masz_frac_boundary
028 percentage of water vapor
contained in the air/steam mixture.

024 4

Until the water begins to boil, the
mass fraction is constant. It then
rises rapidly until it reaches a new
equilibrium, where evaporation
and condensation balance out.

0204

016 5

042 During the cooling phase, the
] boundary layer cools down
005 quickly, and can no longer hold
] the water vapor contained. Some
004- falls out as water, whereas other
] A S R e steam gets pushed into the bulk,
0004 temporarily increasing the mass

fraction there even further.

T T T T | T T T T T T T T T T T T
0.0E0 a.0E3 1.0E4 1364 20E4

: : Start P |
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Free Convective Mass Flow

 We are now ready to discuss free convective
mass flow, such as mass flow occurring In a
segment of a pipe.

 The convective mass flow occurs because
more mass Is pushed in from one end, pushing
the mass currently inside the pipe segment out
by the other end.

 To this end, we need to Introduce some more

models.

November 22, 2012

© Prof. Dr. Francois E. Cellier

Start Presentation

<>



ETH

Ciagendssische Technische Hochsthule Tdrich
Swiss Federal InstBute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems

The Forced Flow Source

» This model describes an element of the regular bond-graph library.

Qh-d- »-an::

: name
mSf

A

o [y s |

The primary side is a flow source,
the secondary side can be either a
flow or an effort source. Its

equation is defined to satisfy
power continuity across the
element.

m5F2 - BnndLih.Suurcesfﬁiﬁ‘; 1o -0 x|
B File Edit Simulation Plot  Animation Commands  Window  Help -5 %
zdQ8 R/ mey ARL &-HN, | &Z-
- ¢dsmBAEE

1% ¥ nodel nser

F'an:kages ﬂ -e:{tends Interfaces ModTwoPort;
HEN =
= st equation
—_ mSE_int Jad | tl = =;
P el*fl = ezZ*fZ;
1 +mii=F ¥l end nwsfz;
I:IDI!
AR ALY

Line: 1 Mndeling

Sirnulation
¥ 4
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Density and Specific Entropy |

T.

Si Six
Si

C:th

IR

Cth

« As mentioned some lectures ago, we shall need modulated flow
sources (as introduced one slide ago) that are modulated by the
specific entropy and/or the specific mass (i.e., the density).

November 22, 2012

© Prof. Dr. Francois E. Cellier

Start Presentation

<>



ETH

Ciagendssische Technische Hochsthule Tdrich
Swiss Federal InstBute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems

 These models are created as blocks:

Density and Specific Entropy |1

SR ot ’ Bl EIMY - ThermoBondLib.Passive.MY - [| -0l x|
48 Fl= Edt Simulation. Elot  Anim mmands  Window  Help =18 x|
EHAE R/ OCTARL BT, | = B Fle Edit Smulation Plot Animation Commands Windaw  Help -8 %
- =B & Mooz~ ] 57 = B
CRRICTLLIT- ZHQE N/ mev AN L d-HW [ Z -« >uBABEEE ]
Packages - Al vlock M¥ "Volume flow to mass flow convercer”
extends Modelica Elocks. Interfaces. 3130 (y(redeclare type SignalType =
5 Bancs Packages I;l i i i B
; — Modelica. 3Tunits MassFlowBate), uwl{redeclare type 3ignalType =
ﬁlJW‘Cf'm 2] ﬂThermnBondLib Modelica. $Tunits. VolumeFlowRate));
Eiﬁlpassw []GUSBI'S Guide parameter Modelica. SIunits. VolumeFlowRate eps v = Modelica.Constants.small
@VM "Bmallest abszolute wolume flow considered wnecual zero':
E'SM Dﬁlnterfaces cutput Modelica STunits. Entropy 5 "Entropy";
[]ﬁaonds output Modelica. 8Tunits TWolume ¥ "Tolume";
; S
i tput Modelica. 8Iunits.Mass M "Mass";
: = Inflow Cutflow -
= nr:uHE = M / V []@Juncmns output Modelica. STunits. VolumeFlowBate f£1 "Volume inflow";
[ R A § [—]@Passive output Modelica. SITunits. MazsFlowlate £2 "Mass outflow";
B 1 output Boolean Exist;
Components 0] M =]
“Trhemobond b Pasve | =
EIM@GIST - Modelica Blocks "@SV equation
= W InPart! Stat HE 8 = ImPortl[1l];
ate . oy ¥V = InPortl[Z];
M = InPortl[3];
ME Exist = sh=(u) = eps_w;
e 8= w <+— \/olume flow
L fz = if Exist then (M/T)*fl else D?< Correspondlng maSS fIOW
Modahng 4 o HFq v = fZ;
7 T
TN -1=1] ﬂ end MV;
ooo
AKX AN S| (3
Line: 22‘ = todeling | " Simulation I y
)
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The State Sensor

« Many elements that are related to substances require state
Information. This Is generated by a specialized thermo-bond,
the so-called state sensor element.

R s e fDs - ThermoBondLib.Sens _ ol =l
Q K? N (7 i - ; _ i ppnos :

H; El4- +§. y_ﬂu ;-?pm A_T| Fal s ge Fil= Edit Simulation Plot Arimation: Commands  Window - Help — |7 =

Packages I :I gﬁ =_

2 (] ThemcBondlib J_lli" E Q % kf} J_l,-"\"f || ‘ ' ;ﬁ_\. . --’ . 'h f ﬂ .1' 5_"'_: -

ity |Ba~ ¢« »m BHEE [0 ]

ﬁJ nnnnnnnn
1 X fp1ock D=

=T Tpg—»

7 1
Bs.lis;zm 3 ‘ F'-EleElQE-'S ﬂ extend@ fThermD@
05 -] o L= Ds The state sensor
o ‘ |—"“'E!DS =quation “is a” bond.
-.—.*:fDDf Sdot q Mdot outPortl[l] = eThBondConl. S5;
B T “fh Dz OutPortl[Z] = eThBondConl.V;
uj_;;fm E]ﬁ]Snurces B QutPortl[3] = eThBondConl M:
5] Tables - S, V.M J Booleanlutlortl = eThBondConl. Exist;
AR AL Ve EEEI *l *I ‘l end fDs;
Modeling i i
A

Line: 1 [B Modeling "y Simulation
—— A

. . P '
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Free Convective Volume Flow

We are now ready to describe the
free convective volume flow.

_{oi x|
5 mation - Commands  Window  Help - & x|
zdA&8 W~/ O0CABSL DR =
|- ¢ »mSHAE S0 -
—_— i %]
Packages :I
--@SV
L HE name
PYE
— ME
=B1
LITR3 1 E
| Mndel\ng | y* Simulation I ﬂ

November 22, 2012

1
I
=2
I ey |
% 1
=

125 i3 <
(o] (]
g . 1 . 1 s
0 = 0 = mst > 0 > O - =
4 — 4
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The volume flow is modeled as a wave
equation with friction. The friction is
in parallel with the inertia.

The flow is measured using a flow
sensor element. The additional
entropy generated by friction is
reintroduced in the down-wind
direction, i.e., in the direction of the
flow. Switch elements are used to
determine the reintroduction point.

Non-linear flow sources are used to
model the parallel thermal and mass
flows.

These are computed by converting the
volume flows to consistent entropy and
mass flows.
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State sensor elements are used to
determine the current values of
volume, entropy, and mass.

Up-wind state information is being
used to convert the volume flow into
consistent entropy and mass flows.

Since entropy doesn’t need to be
preserved, the non-linear flow source
IS inserted directly into the thermal
branch.

Since mass flow must be preserved,
the non-linear flow source is inserted
under a 1-junction in the mass flow
branch.

To move mass with the volume,
additional energy is needed that is
taken from the thermal domain.
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Forced Convective Volume Flow

 We are now ready to describe the
forced convective mass flow. | I
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The model is almost the same as the free o 1 mkg]o ar G .
convective flow model, except that a S 1 pres Sw
volume flow is forced on the system 1 |
through the regular bond connector at ] 53| [ e
the top, replacing the inductor. ! T M
= 1 e
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The pump forces a flow, thereby creating a higher pressure
at the outflow, while creating a lower pressure at the
Inflow.

Mass Is transported through the pump with the volume.
Since the mass Is getting condensed, It occupies less space.
Thus, there Is “surplus” volume that gets used to “finance”
the mass transport in the Gibbs equation.

In the pipe segments, the pressure is gradually reduced
again, thus each pipe segment has a higher pressure at the
Inflow than at the outflow. The mass thus expands, and
the volume consumed in the pump is gradually given back,
so that the overall volume in the water serpentine is being
preserved.
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* We are now ready to simulate this system.
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The Water Serpentine IV

_oix| [ COr— =T
. . —p —p2 —p3 ——pd
Swyntax Ermar I Transzlation I Dialog Error | Simulation |
Log-file of program ./ dymosim 1.03E5 4
{generated: Fri Feb 08 16:13:54 2008) ]
1.02E5
dymosim started
... "dsin.txt" loading (dymosim input file) = 1
... "WaterlLoop.mat" creating (simulation result file) & 1.0Es
Integration started at T = 0 using integration method DASSL 1 00s |
{DAE multi-step solwver {(dasslfdasslrt of Petzold wmodified by Dynasim))
Integration terminated successfu : 1
CPI-time for integration 9.30E4 : : : T : : : : T : : : : T : : : :
CPU-time for one GRID intervd ds u 1 2 3 4
Number of result points
Number of GRID points - B0l
Number of {(successful) steps - 4339 _ Jﬂﬂ
Number of F-evaluations o 3336 — Mdit! —— Mdot? ——— Mdot3
Number of H-ewvaluations : lokz 05
Number of Jacobian-evaluations: 138
Number of {model) time ewvents 1 044
Number of (U} time ewvents u}
Number of state events & 03+
Number of step sevent s ] 7 0,
Minimum integration stepsize &_17e-00% 2 ]
Maximum integration stepsize 0.4%7e
Marimam integration order E 014
Calling terminal section 00
... "dsfinal txt" creating {(final states)
01 T T T T T T T T T T T T T T T T
1] 1 2 3 4
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Comparison With Biosphere 2

e In the Biosphere 2 model, only the (sensible and latent)
heat were modeled. The mass flows were not considered.

e Consequently, you never know in the Biosphere 2 model,
how much water Is available where. It Is always assumed
that the pond never dries out, and that the plants always
have enough water to be able to evaporate in accordance
with their temperature and saturation pressure.

* In the case of the pressure cooker model, both the mass
flows and the heat flows were modeled and simulated.
Consequently, the case is caught, where all the water has
evaporated, while the air/steam mixture is still not fully
saturated.
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