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Comportement hygrothermique des batiments — Pourquoi est-ce important ?
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Comportement hygrothermique des batiments — Pourquoi est-ce important ?
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Comportement hygrothermique des batiments — Pourquoi est-ce important ?
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Innovative vs. Traditional

Rammed Earth

Wales Institute Sustainable Education, 2010 Timbuktu, XIV c

Modern ? Traditional ?



An old architectural heritage in Europe, Africa, Asia
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Local
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process
energy

Rammed earth : a ‘modern’ material
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Wales Institute Sustainable Education, 2010

Margaret River, Australia
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Matériaux bio-sourceés
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energy building panels oty
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Disposal without energy recovery

Source: OECD based on various other sources.
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Comportement hygrothermique des batiments —

Pourquoi est-ce important pour les modélisateurs ?

IBPSA

International Building
Performance Simulation Association



Comportement hygrothermique des batiments — Pourquoi est-ce important ?
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Comportement hygrothermique des batiments — Pourquoi est-ce important ?
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Comportement hygrothermique des batiments — Pourquoi est-ce important ?
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Comportement hygrothermique des batiments —

Modélisation
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Material

Différentes échelles sont importantes

Building




Couplages a I’Echelle Batiment

Hygro — Thermo - Aéraulique

AERAULIQUE
ventilation, infiltrations
mouvements d'air inter-zones

THERMIQUE
enveloppe, chauffage

condensation, absorption

A

contribution enthalpique

v

HYGRIQUE
sources de vapeur
absorption (matériaux)
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Equations de bilan

Chaque zone d’air

Conservation d’énergie

dH,

d_tl — Z [H i ]— Z [H i ]-I— (I)Charge int T (Dchauﬂhge o (Dtransfert vers |'enveloppe
] J

Conservation de la masse d’air sec

dmas i

dt :Z,-:[mas’j”]_zj:[mas’mj]

Conservation de la masse de la vapeur d’eau

dmvalo,i
dt

— Z [mvap,j—>i ]_ Z [m vap ,i—>j ]+ Dproduction int Dsorption/desorption + Dhumidicati on
J j

Bilans globaux (macroscopiques)
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Psychrométrie
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Pression de saturation de la vapeur d’eau

Grandeurs caractéristiques de
humide

I'"humidité relative

HR=P /P, (degré hygrométrique)

I'humidité spécifique

W= mvap /mas

l'air

pression (Pa)

14 000

12 000 A

10 000 A

8 000 A

6 000 A

4 000 -

Pression de saturation de la vapeur d'eau

température (°C)

vapeur d'eau :
condense a
températures ambiantes
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L’humidité dans les matériaux

Back-suction
of water
' . = A “
& A
D

ing

s

water

Condens

Water film

L’eau est sous forme liquide
Pour HR < 100%
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Equations de bilan Bilans sur un petit volume (différentielles)

» Chaque « maille » du matériau ou du systeme ...

Conservation d’énergie Jo, cV % — —le((D) 4 p

oT o°T
=—A grad cV—=21
@ grad(T) pevV =4~
Forme discrétisé
Tn— _Tn dT _ Tn—l _Tn _ Tn _Tn+1
Poan =4 1e S PES T e e
AS AS

Conservation de la masse de la vapeur d’eau

% — _div(gvap + gliq )+ Sh



Absorption d’humidité par les matériaux

1 Saturation maximale

Région C : sursaturé

Saturation capillaire

~* Région B : super-hygroscopique

Présence d’eau liquide

| Equilibre de
sorption a HR=95%

Région A : hygroscopique (absorptio
|d’humidité jusqu’a HR=95%)

Teneur en humidité [kg/m?]

ermes de sorption

Etat sec

Humidité relative (0 a 100 %)




Exemples des isothermes de sorption

MC [ka/kg] "
Adsorption  Desorption 0.35 03
- i \ i
-—"'"'Ahl ' 72__ . * | —4— Concrete sorption
’ gren( ) e _' | ey 0.30 0.25 —4— Concrete desorption
* Hedlin(67) o I LN ’ _ _
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P e = oy Sy A 4 0.25 > —— Brick desorption
\ \ Y x
= % > 02 —=— Wood sorption
% ‘ 0.20 é- —8—Wood desorption
=
0
0.15 c 0,15
! 0
3
0.10 jG__J,
' 3 0l
0.05
10 005
0 T T T T T
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Relative humidity [%]




Transferts d’humidité dans les murs

L. , - liquide
Dans les matériaux I'eau se déplace sous forme : .

- gaz

/v Diffusion de vapeur (grands pores)

Les mécanismes principaux

(micropores et surface

Transport du liquide des grands pores)

D’autres mécanismes existent : advection, gravité, électrocinétique, osmose...

Dans les cas courants :
- on s’intéresse a la masse totale de I'eau
- région hygroscopique

- on peut négliger I’hystérésis dans les isothermes de sorption

25



Diffusion de vapeur (loi de Fick)
dans des grands pores

L |

diffusion dans lair

Densité de flux massique de vapeur [kg/s/m?]

gvap - P gradp

vap,

P.ap : Pression partielle de la vapeur [Pa]

D,ap p: PErMeabilité du mateériau a la vapeur d’eau [kg/(m s Pa)]

On introduit un facteur de résistance a la diffusion de vapeur :

Dvap’p avec d : perméabilité de l'air a la vapeur

0
5=1.97-10"kg /(m.s.Pa) =2,0-10"

M:

0.81
LT

tot
P.ot : Pression totale d’air ambiant [Pa]
T : température ambiante [K]

D'ou :




Conditions aux limites et Lien Paroi — Volume d’air

A I’interface entre deux couches de matériau :

- pression (vapeur et/ou liquide) continue
- flux massique continu
Attention : la teneur en eau n’est pas continue entre deux matériaux !

A l'interface matériau / air :
- flux massique proportionnel au gradient

Valeurs habituelles  3=1.9x107°s/m Intérieur

gvap ﬁ( vapint vap,surf) [3=14><10‘8s/m Extérieur

X P,.p : Pression partielle de la vapeur [Pa]
ou B=7.4x10"Nh, h,. : coefficient d’échange convectif [W/m?K]

Nos mesures (piéce peu ventilée)
B=1x10"8s/m

27




Transferts liquides — souvent négligées a I’échelle d’un batiment

20.49
2032
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Couplages a I’Echelle Batiment

Hygro — Thermo - Aéraulique

AERAULIQUE
ventilation, infiltrations
mouvements d'air inter-zones

THERMIQUE
enveloppe, chauffage

condensation, absorption

A

contribution enthalpique

v

HYGRIQUE
sources de vapeur
absorption (matériaux)
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transferts dans l'air

Bilan massique
Ordres de grandeur transferts dans les matériaux vapeur d’eau air

intérieur

sources de vapeur

changements de phase

transport transfert 100 g/h tlrggzr;ﬁrqz,
150 g/h 0.5g/h % 0.6 mg/h production
I de vapeur
B diffusion
b condensation 0
é é évaporation 0
absorption
1000 g/h desorption transport 100 g/h
humidification \,200 g/h

d

vap,i . .
dt o Z [m vap, j—li ]_ Z [mvap,i—>j ]+ Dproduction int Dsorption/desorption T Dhumidication
] J



Comportement hygrothermique des batiments —

Couplages Energie — Humidité



Energy Balance

Energy balance at material scale

thermal conductivity

T 0
= v {(aT) - mﬁ

C_
Pop ¢

Latent heat of sorption

Energy balance at room scale

z[Hjﬁi] _ Z[Hiﬁj] + Pinternal load
J J

CI)envelope

/

[/]: total enthalpy

Air transfer :-‘5:?3’" e e sttty 5927
/ Impact on HVAC load 100 g/h

I m pa Ct on ; transport transfert e i gt'

150 g/h 03gh  Foemem  BOUL e
Room Temperature diffusion
(free ﬂoatlng) : absorption é é é
oh désorption trankbort
un:i(c)l(i}t('l}ciition \_200gh 10 (}pg/h "

32

Rammed earth walls

tran:
150 g/h

N\

condensation 0
évaporation 0

N

100 gh




Impact on Material Properties

Rise in Moisture

Rise in
Thermal Conductivity

o 2 4 9

water dry air  solid liquid
vapour matrix water
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Le Duong Hung Anh, Zoltdn Pdsztory, An overview of factors influencing thermal
conductivity of building insulation materials, JoBE, vol 44, 2021,

Polystyrene insulation

At 80% moisture content at 24 °C (as compared with dry material)
+ 12%, cooling load the wall transmission
+ 25%, cooling load roof transmission
+ 13% cooling load, and the total zone load,

=> Large impact on cooling loads in hot-humid climate

Maatouk Khoukhi, The combined effect of heat and moisture transfer dependent thermal conductivity of
polystyrene insulation material: Impact on building energy performance, Energy and Buildings, Vol 169, 2018



Experimental results — impact of mass on heat transfer

S EEEEEE LR EEEE R R EEEE R N R E R
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o 1500
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" TOcm - T16cm
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Impact of moisture on urban scale ? R 4.

Excellent capabilities to mitigate heat island efect due to moisture: plants, lakes,
watering....

Aclowr ' Frédbie Roussema, UNR LENSS Universid La Rocheds / CNRS. 2012

35 Different sources from internet



Impact on HVAC Loads

, 250
i

5 Air exchange 32.4m*
3 75.6m*

: 20% - 171.6m?
1

.,‘,"( -------------- 8.0m +mmmmmmmmm e
s e I Titter gatn Moisture buffering
Q((\ (heat ;md moisture) o\fr h""’r,“,"ﬁ' sigll B 1
4 15%
",

Fig. 3. IEA BESTEST base case building.

Office building:

- occupation 09:00 - 17:00
- HVAC: T between 20°C and 26°C, RH < 65% 5% 1
- different moisture buffering materials

10% -

Energy-saving ratio

Concrete Gypsum board Aerated Concrete  'Woodfiber board

Energy-saving rates in Paris case
=> energy savings up to 25-30% when using proper hygroscopic
materials temperate climates and semi-arid climates

Mingjie Zhang, Menghao Qin, Carsten Rode, Zhi Chen,
Moisture buffering phenomenon and its impact on building energy
36 consumption, Appl. Therm. Eng. Vol 124, 2017



Impact on HVAC Loads

N7L

2,6m |
3,5m

2,5m

Parameters of calculation:

37

Room in block of apartments
Heating season for Warsaw (Poland)

Buffering material: 30 m? of gypsum board
Standard occupancy

Moisture gains [g/h]
BoeomoN

Test cases:

Two ventilation strategies: 1

“reference”: neglecting moisture buffering of the materials

“gypsum”: including moisture buffer effect, but neglecting
hysteresis in sorption isotherm

“gypsum hys.”: including moisture buffering effect and
hysteresis in sorption isotherm

CAV (constant air volume), ach=1 [h7]

RHS (relative humidity sensitive
ventilation), ach depending on RH

air change [1/h]

0 20 40 60 80 100

Relative humidity [%]

Kwiatkowski, J., Woloszyn, M., & Roux, J. J. (2011). Influence of
sorption isotherm hysteresis effect on indoor climate and energy
demand for heating. Applied thermal engineering, 31(6-7),



Impact on HVAC Loads

1400

— 1200 | e Moisture buffering materials
= 5 . . . . I
3 1228 — significantly improve the indoor conditions (regardless ventilation)
Q
= 600 e RHS ventilation strategy
o 400
S 500 — decrease the energy demand of the zone
0 e RHS ventilation strategy + Moisture buffering materials
— significantly improve the indoor conditions
c 100 — but also to slightly higher energy demand
E &0 . ..
% 60 e hysteresis of the sorption isotherm
% 40
E % — Very small effect on indoor condition
I
&
—> energy savings are very much depending Kwiatkowski, J., Woloszyn, M., & Roux, J. J. (2011). Influence of
Tl / SR SEE R sorption isotherm hysteresis effect on indoor climate and energy
38 ) U : demand for heating. Applied thermal engineering, 31(6-7)




Impact on free floating temperature (‘passive cooling’)

Cloudy Weather Sunny Weather
34 'i
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Very high thermal mass => stabilizing indoor climate (excellent in summer)
Impact of moisture difficult to assess
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Impact of hygroscopic materials

Number of hours the inside temperature_is larger than 28°C Classroom
. —_— 499
450
400
350
300
250
200

397

396

365

Painted
earth
walls|

\ \
€--F wrz <=~

Moisture buffering 150
over inner surfaces 100

50

B —

#MIXCC @ MIXLC =CONCRETECC &= CONCRETELC PAINTING MIX CC PAINTING MIX LC

- Classroom with rammed earth walls
- EnergyPlus simulations
- Lyon (France) and Casablanca (Marocco) climates

Annual Heating Classroom
150 143.17

?”//

130 7
Very high thermal mass => stabilizing indoor climate zg 228 %/’f 62.15
(excellent in summer) %0 36.34 nmed /yﬁ EIP R (Painted
Impact of moisture on energy difficult to assess b :ﬁ?% %4 Svaarltlz
High hygric mass => stabilizing relative humidity (not r liinins | ¥ ___x
shown) awm

#MIXCC =MIXLC #=CONCRETECC & CONCRETELC PAINTING MIX CC PAINTING MIX LC

40 PhD work by Alessia Losini, USMB



So, what do we know?

> Impact of moisture content on thermal conductivity

> High moisture buffering capacity stabilize indoor RH

» High thermal mass stabilize indoor Temperature

» High moisture buffering contributes to Energy Savings ?
RELATIONSHIP

and open research question

41



Comportement hygrothermique des batiments —

Hygrothermique et confort ?
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Wood and bio-based materials

Carbon storage ?

Warm ambience ?



Impact of wood on (hygro)thermal-comfort ?

44

raw spruce panelling painted plasterboards

Experimental house
(reference room)

(Chambéry, France)

Experiment

78 participants + questionnaire
Measurement during the tests

Very similar conditions in both rooms

Clothing recorded




Impact of wood on (hygro)thermal-comfort ?

Subjective perception:
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Clémence Legros, PhD, USMB
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Results

How are you feeling now ?

» Similar reported temperature

154 15.4
» Similar measured temperature
e » But more confortable thermal
mmm Meutral - -
== Slanty ool sensation in wooden room
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0 - 0-
PMY Plasterboards PMV Waad AMY Plasterboards AMY Waad

physical measurements

Pression de vapeur de |'air (hPa)

COURS 2

46 J Clémence Legros, USMB
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Pour finir....
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Pour finir....

Comportement hygrothermique des batiments —

Importance des données d’entrée - Atelier

Sorption isotherm 25°C Kinetics Water vapor permeability 25°C Moisture Buffer Value
25°C

25°C

B

33%RH 75%RH

A
gees .
15°C

Saturates Salt Solution

Tested properties
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