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Curricula
2 x 4h Lectures
Conduction
Convection
Radiation
Coupled heat transfer
2 x 4h Tutorials and project
Model your own SmartHome
Simulate and discuss
1 x 2h Defend your project

1 x 2h Written exam

Prerequisites
Calculus

Linear algebra
Thermodynamics
Heat and mass trans
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Science models of nature with testable explanations and predictions
Causality: causal relations; the cause must precede the effect

Relations = physical laws

Conservation (operation: addition; + x, = x3)

Energy-mass & time symmetry (invariance)

Linear momentum & translation symmetry (invariance)

Angular momentum < rotation symmetry (invariance)

Universal laws (operation: maltiplication x = a y)
Universal attraction (Newton) F; = F, = G —2

d2
Plank-Einsteinrelation E=hv
Thermal energy Etnermar = kT

Phenomenological laws
Ohm’s law
Hooke’s law

u=Ri
F =kAl
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Physical system: elements connected through conserved quantities

{a11x1 + Az2X; = Y1

Az1X1 + A%y = V>

I — — U1

T2 — — Y2
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Thermal Analysis

Relations between quantities limited number of independent units

Sl: system of measurable quantities + relations between gesintit

Base Planck units Thermodynamic
' Name Dimension Expression temperature
[hG
| Planck length Length (L) lp = ? Electric T|me
ke current
(| Planck mass Mass (M) mp = E
_ | bk nc ~ Amount of Length
Planck time Time (T) o = —= — = il= substance
Planck charge E(I]ectric charge qp = V/ dmeghe .
(@ Luminous Mass
2 5 . -

Planck Temperature (8) | Tp = mec _ _ﬁ-c Intensity
;| temperature kg Gké
Building Simulation Constantes fondamentales

Constante Symbole Dimension

constanie gravitationnelle G w132

constante de Planck réduite fi (= h/2m, ol h est la constante de Planck) | ML2T™! m, kg, S

vitesse de la lumiére dans le vide | ¢ Lir1
[Thermal Analysis ||| constante de Boltzmann k MLZT2e1 K

permittivité du vide &g Q2m-1L372 A

A F@

.‘_
IConduction |
I r
|Convection |
I
o mxms
||Rad|at|on | F=E=0G =
ICoupIed Transfer |
| E = hiv pour un photon
E thermal — kT
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pV =nRT R Boltzmann constant: relates thermal energy to
o wir KT, temperature
_
Etnermar = KT

Thermal Analysis

Sl definition: 1 K the variation of temperature that changes thentier

. ,ﬂ‘f: * x S *might include
.\*:d’ L e internal KE
Fw

I
| Coupled Transfer

energy byl,380 648 8 x 10723]
Vibration -
IIConduction | High Temperature// Low Temperature
IIConvection | I A //,5*./: R L Internal
|Radiation | .\( o “ Energy
|

E 4

I
| : ¢ that doesn't
Rotation o
:’%T:.-* A ‘-‘i contribute

CDIlECltiVE! to heat
behavior

transfer.
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Introduction
Heat and temperature

Building Simulation | Heat transfer (or heat) is thermal energy in transit due to temperature

I
ICoupIed Transfer

| difference
Introduction
O principle : temperature scales,(= 6, — 6; + b)
1st principle : energy conservatio{ — q, = —f)
[Thermal Analysis || 279 principle andconstitutive laws:direction / value of heaty{ = G, e,)
e
| Conduction | 6o C N 04
|:Convection | N—" G, q1 4z
|Radiation | bl
|

ol
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 Electrical conduction

Building Simulation | - Quantity Meaning Symbol Units
Thermal Er_lergy of _matter at U ] = kg m?s~2
energy microscopic level
.
o
[Thermal Analysis | Temperature  Indirect measurement of T or 6 K or °C
stored thermal energy
Heat transfer Thermal energy transport
: due to temperature
difference
IConduction |
I
||C°"Ve°“°" || Heat Amount of thermal energy Q ] = kg m?s~2
|Radiation | transferred
|
|Coupled Transfer |
| Heat rate Heat transferred per unit Q =q,® W=kg m2s~3
time
Heat flux Heat rate per unit surface dq W/m2 = kg g3
area Y=4a
Energy Building Simulation
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Introduction
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Building Simulation
u f
Introduction 8 u potentia|
= § e potential difference
S s w flow rate
[Thermal Analysis | _uoz 0 f external flow rate
Constitutive law
e > W
« Heat transfer
| Gonduction |+ Mass transfer
| Convection |+ Momentum transfer
|Radiation |

ICoupIed Transfer
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Transfer: irreversible statistical
phenomena

Space inhomogeneity of an intensive

guantity - transport of a physical

guantity

AN
L N\
~'~$~$
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| Modes of heat transfer

| Introduction |
Conduction through a solid Convection from a surface Net radiation heat exchange
or a stationary fluid to a moving fluid between two surfaces
T, =T T,
T; 1= %2 T : Surface, T,
L J Moving fluid, T_
— Surface, T,
> q" —* q' f/
—_—
—_— rT’

Ficure 1.1 Conduction, convection. and radiation heat transfer modes.
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| Energy conservation for a control volume
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IIConduction
AEst = Ein - Eout + Eg [‘J]

dE o : :
d_tSt_Ein_Eout-l_Eg [W]
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 Volume phenomena
— Sensible heat

Q=mc(d, - 6)
Q=ml

— Generated heat: thermal < other form (e.qg.
electrical, chemical, nuclear)

— Latent heat

» Surface phenomena
— Energy in
— Energy out

Thermal analysis

Constitutive laws

Building Simulation

= relation between two physical quantities that is

[Introduction || specific to a material T
 Conduction : Fourier law
b =) do T
T T o, — NI
.
_AA 6-6,) ' Z
A= 1% ey A
IConduction | b
|
|Convection | Valeurs typiques des propriétés des matériaux (Lefebvre, 1994)
|'Ra diation | Matériau Masse volumique,p  Capacité thermique  Conductivité
I massique,c thermique, A
|Coupled Transfer | [kg 0] [J kg™ K™ [W On? K™
| Isolants 50 a 200 700 0.004
Bois 500 1250 0.2
Verre 1000 1000 1.2
Béton 1000 a 2000 1000 1.7
Pierre 2000 1000 2.0
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e Convection : Newton law

HENNN
S EEREEDR

—Hot components
/l on printed
circuit boards

¢=h.(6-6,)
q=hAb6;-6,)

P11l

P

Buoyancy-driven
flow

ol 1

a) Forced convection b) Natural cctie
» Advection q=rxc,(6 -6,)
7 v i
6 —>4 |—>0,
I e ’
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 Typical values of convection heat coefficient

Convection
Natural
Gas
Liquid
Forced
Gas
Liquid

Heat coefficient [W/m?K]

2--25
50 -- 1000
25 -- 250
100 -- 20000
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Milieu extérieur

T

AN

—T>T,

Surface

| Conduction

g=o AT,

I Convection

émisgivité, £

E éclairement coefficient d'absorption, &

| Radiation

M émittance ou excitance  température, Tp

Valeurs typiques de I'émissivité

| Coupled Transfer
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Matériau Emissivité, ¢
Aluminium 0.06

Zinc galvanisé 0.20-0.30
Bois 0.75-0.95
Brique ordinaire 0.93
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Radiation

¢

abs —

ak

Py — P =EM° —aE
eo(Tg - T,.")

hr A(HS - ge)
h =e0(Ts+T,)(Ts +T.°)
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 Radiation

Ts O,
Ts|rr, = Te +4T0(Ts —T0)

Ts T =41 (T~ T)

q=h A -6.) h =4e0T.
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« Convection and radiation
D=9, t9,
=h (Ty-T,)+e0(TS

T,LT  LTg

me

q:h[A(‘gs_ge)
r]t :hC +hr
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Mode Mécanisme Loi Coefficient caractéristique
Conduction Diffusion Fourier Conductivité thermique
A [WimIK
9, =29 (Wim (K]
dx
Convection  Diffusion et Newton Coefficient d'échange convectif
trnasport de masse ¢ =h_ (T, -T.) h, [W/m? K]
Rayonnement Ondes Dérivée de Emissivité
électromagnétiquesStefan-Boltzmann ¢[-]
p=c0(Td-T2L) Coefficient d'échange radiatif
¢ = hr (TS _Trre) hf [W/m2 DK]
Advection Transport de masseQ = me (T, -T,) 1,
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1) On aschematic, represent the control surfaces. Consider the volumes
that have the same temperature
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. L d
2) Identify the relevant heat transfers e
____________________________ Temperaturesource
I |
Outdoor air 1 Indoor air | I, outdoortemperature.
Conv.HLohd+Conv. 1
Adpyegtion 1

| Heat flowsources

': absorbedincident solarandlong wave

radiation onthe outdoor surface;

': short wave radiationfrom lights,
transmitted solar, long wave radiation
exchange with other surfaces, andlong
wave radiationfrom internal sources
on theindoor surface;

3) Connect the temperatures by resistances along the
heat transfer paths. Add storage and sources
(temperature & heat)

Q-

- heat flow gained by convectionfrom

internal sources;

Q4 heat flow from the HVAC system, i.e.

thethermal load.

QH!'AC

Thermal analysis

Framework for thermal analysis

Building Simulation

| Introduction

Concepts

Thermal Analysis
Energy conservation

Constitutive laws
Framework

Dynamic models

I
[]
Q
8
jo]
=2
(=%
g
3
O
2
4]
8
g
[+']

IConduction
I

| Convection
I

[Radiation
I

ICoupIed Transfer

Energy Building Simulation
slide 24

4) Solve the problem:
- temperature differences for each resistance

e=[e e e g &l
b=[T0 T, 00 O]T

0:[650 gsi ga BW]T
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Framework
Dynamic models Qmuc
IConduction |
I:Convection |
[Radiation | (g, =q, =R, al [R* 0 0 o oTs q=[a, G G d Gl
||Coupled Transfer | qzzqsz;% a, 0 Rc_ol 0 0 0 e R 0 0 0 0
%=0,=Rs& [G|={ 0 0 R; 0 0 |e 0 R, 0 0 0
d, =q,, =Rz€, a, 0 0 0 R; Ofeg ng g ng R?vl 8
¢=q,=R% |%] [0 0 0 0 R|e] o 0 o0 o RO
Energy Building Simulation q - Ge
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Thermal analysis
Framework for thermal analysis
Building Simulation 4) Solve the problem:
||Introduction | - energy balance for each node
Lo
A N,
oy
AT =
Orrac
IConduction |
|:Convection |
[Radiation I : S
IICoupIed Transfer | 0:q2—q3+(?0 00 0 0}6, 01-1 0 0 i Qo
| 020,76 +Q 000 ofa| oo o 1 -1|%® Q
Cbi=+&+Q+Quac [0 0 ¢, 04| (10 0 0 1|20, +0um
C.0, =4 -0, 00 0 C,/64| |00 1-1 _g“ 0
5]
CO=ATqg+f
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4) Solve the problem:

e=-A0+b o
q=Ge {G q+A0=b Gt Adq|_[b
CO=ATq+f —A'q+sCo=f -AT sC|6 f

- solution: system of algebraic differential equations

CO=-A"GAO+ATGb +f

0 f
g 1 0 node temperatures
=l A 0 . | e temperature differences over resistance
“E’ LCU A 4 heat flux through resistances
S fr f external fluxes
¥ Loi constitutive

-b+e > (

G
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4) Solve the problem

6, 6, 6, 6, ] -
R, "0 0 1 O R* 0 0 0O O T,
R, 1 0 0 o0 0 R;, 0 0 O T,
RiA=|_1 o o0 1 G=0 0 R, 0 0 |b=l0
R, o 1 0 -1 0O 0 0 R; O 0
R, 0 -1 1 o |0 0 0 0 R} [0
0O 0 O 0
0O 0 O 0
C=
0 0 C, O
0 0 0 C,
f= [Qo Q Qg + QHVAC o’
Co=-ATGAO+ATGb+f | O A9]=P
a ~-AT sC|0]| |f
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algebraic differential equations to state-space representation

0. =A0.+Bgu
y=C0.+Dgu

CO=-ATGAO+A"Gb +f

CO=KO+K b+f
o el e el 5 2]
0 CC, 90 K21 KZZ 0C Kb2 o |22 fC

|:0 0 _(_:)0:|:|:_K21 -K 21K1_ilK12}{90:|+ |:_K21K111K b1i|b+{_K21K1_]]: 0 }Po}
0 CC__GC Ko Ko 0c Ko 0 P fe
(6 _ 0 _ . f

. =[0 _K21K1iK12+K22] ° +(_K 21K11K b1+Kb2)b+[_K21K1i I °
| 0c 0. fe

; ~ _ _ f
Ccec = (_K 2K 1iK 2 tK zz)ec + (_K 2K 1iK mtK bz)b + [_ KK 11 I LO}
c

fC
As = Cc_:l(_K 21K EK 12Tt K 22)

b
GC = Cg(_K 21K HK 2t K 22)9(: + Cél[‘ K 21K EK T K b2 K 21K ﬁ Izz {foi

0. =A 0. +Bgu

BS:C(_:ll__K21K1_iKb1+Kb2 _K21K1_11 |22J
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From algebraic differential equations ...

CO=-A"GAO+A"Gb +f

i It o LS
0 CC OC K 21 K 22 0C K b2 O |22 fC

... to state-space representation

{Oc =Agd0. +Bgu Ag= Cc_:l(_K 2K 1_11K 12 T K,)

0, = CSOC +Dgu
— -1 -1 -1
_Ccl__K21K11Kb1+Kb2 _K21K11 IzzJ

Bs
CS:_Kl_llKlz

DS:_Kl_ll[Kbl I11 0]
u:[b fo fc]T
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From state-space representation ...
0. =A 0. +B.u
0,=C.0.+Dgu

... to transfer function

Ha = [CS(SI _As)_lBs + Ds]u

H=C.(sl —A ) "B, +Dq

2

Hu




