3.1

WALL MODEL DEFINITION

The wall resistances and capacities are adjustedigh afrequency characteristic analysis
for a 24h time period sinusoidal solicitation, ged of a step solicitation. Sinusoidal 24h time
period solicitation is more realistic than stepi@tdtion because it is closer to the daily
variations the model will be submitted to: soladiation, night indoor temperature setback
and occupancy schedules are all 24h time periotitsdlons (not always sinusoidal but
periodical).

3.1. Wall frequency analysis

3.1.1. Wall admittance matrix

A wall including n layers of material is submitted to sinusoidal temapure or heat flow
variations as function of the time, on both sides @.1) (ref.[25],[26]).

1 2 n
di1 |\ s
t]_ <> t2
d>

Fig.3.1. Temperature and heat flow variations agcfion of the time, on the two sides of a
wall including n layers

The temperature and heat flow variations are cated|by:

L).(A BYA B) (A BYE -
al ) Cl Dl C2 D2 ) Cn Dn aZ ()

t,t, :Temperature variations expressed as complentijies °C
0,.0, :Heat flow variations expressed as complex dtieswV/nt

The matrixes appearing in the product of (3.1)camposed of complex quantities defined as
follows for each wall layer.

A =coshyT,.w]j B = R —sinh,/T,.«.]

T,.0.]

C, :#sinh T,.00.] D, = coshy/7,.c.] (3.2)
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2
Ri = i Ti = d_' ai = A
Ai i pi Ci
w: Pulsatiorrad/s d;: Layer thicknessn
a;: Layer thermal diffusivitym?/s A Layer thermal conductivitv/m.K
pi:  Layer mass densityg/nt c;;  Layer specific heal/kg.K

The matrix product of equation (3.1) yields tiegerse transfer matrix

@ ) (2 EEJ (3.3)

The reverse transfer matrix is also no@d

(e

The determinant o equals 1.

Equation (3.4) can be transformed in order to esgpteeat flows as function of temperatures,
through aradmittance matriy':

HE

Where:
Q _ 1
Y11 Y12 - Q12 Q12 (36)
Y21 Y22 i —&
Q. Qp

Equation (3.4) can be also transformed in ordegxpress temperatures as function of heat
flows, through anmpedance matri¥:

B I8

Where:
Qu _ 1
le 212 — Q21 Q21 (38)
ZZl 222 i —%
Qu  Qu
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3.1.2 Wall boundary conditions
3.1.2.1 Imposed temperature

The external walls or the walls in contact with eighbor ‘cold’ zone are submitted to an
outdoor imposed temperature on side 1. The heat dio the indoor side 2 can be computed
from (3.6):

~ 1 - Qll"'
, = — ——tz 3.9
T, ©9)

The external walisothermal transmittances defined as the ratio of the indoor side heawfl
variation to the outdoor side temperature varigtfona constant indoor temperature and for a
given frequency

c  — azj
K, =|2 (3.10)
[tl E:O

The external wallsothermal admittancés defined as the ratio of the indoor side heavfl
variation to the indoor side temperature variatfona constant outdoor temperature and for a
given frequency :

A - [i} (3.11)

From (3.9):

K: —&

1
—_— 3.12
’ Q. Qw ( )

B
Il

3.1.2.2 Imposed heat flow

The internal walls entirely included in a zone aressed by a null heat flow plane. The wall
is then subdivided into two parts, each of thermpeinalyzed as a wall with an imposed null
heat flow on the “outdoor” side 1. The temperatuagiation on the indoor side 2 can be
computed from (3.8):

Rt (3.13)
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The internal walladiabatic admittances defined as the ratio of the indoor side heaivfl
variation to the indoor side temperature variatifmn,a constant outdoor heat flow and for a
given frequency :

A = (%l (3.14)
270,=0
From (3.13):
A Q21
=_ =21 3.15
A 2, (3.15)

In case of a homogenous or symmetric internal wadl,null heat flow plane is the plane of
symmetry, while if the wall isn’t symmetric, the Ihbeat flow plane position is defined by

equalizing the dampening factors of two sinusoidadperature solicitations acting separately
on each wall side. The dampening factor of a sigradsingn wall layers is equal to:

_r 4 | @
fq = Dex;{ d. 2 J (3.16)

w: Pulsatiorrad/s
d;: Layer thicknessn
a;: Layer thermal diffusivitym?/s

3.2. Wall network model

The building walls can be modeled throl2R1C networks.e. including two resistances and
one capacity, or througBR2C networksThe wall resistances and capacities can be adjust
through its Heavysidstep responsesr through arequency characteristic analyssich as
that performed in 83.1 (ref. [13],[18],[25],[26]).

The following choices are made:

» The wall resistances and capacities are adjustedigh afrequency characteristic
analysisfor a 24h time period sinusoidal solicitation, teed of a step solicitation.
Anyway a traditional external wall, whose 2R1C natkv is modeled through
sinusoidal solicitation, will be further submittemlan indoor heat flow step solicitation
(see chapter 5, 810, fig. 5.29), and the one zoodem adjusted through sinusoidal
solicitation, will be validated through experimdntsults for an indoor heat flow step
solicitation (see chapter 5, §11).

* Internal wallsare modeled througBR2C networksthose being reliable enough to
reproduce the wall behavior over the whole rang&exfuencies [18], [13] (see also
Bode diagrams in 84.2 fig. 3.8 and 84.3 fig. 3.40¢d conclusions related to model
validation in chapter 5, 85.1). As internal walle anodeled with adiabatic boundary
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3.5

conditions, they must be shared in two parts bulbhheat flow plane, each part being
associated to its related indoor zone. As each peaft is then modeled through a
2R1C network, and both 2R1C networks are equivateone 3R2C network. All the
2R1C networks related to a zone will be gathereshie indoor branch.

» External wallscan be modeled throuddR1C networksthose networks are quicker to
compute than 3R2C networks, but less reliablegtt fiequencies (see Bode diagrams
in 84.1 fig. 3.7 and chapter 5, 810, fig. 5.30).1ZRnetworks are chosen anyway
because they can be generated through two paraéeterd¢ (§ 2.1)instead of four.
As there is a wider variety of external walls, cared to internal ones, the definition
of parameters default values is easier with twoapeters instead of four (85).
Moreover, if the zone model must be further imphvie is preferred to add more
branches instead of one more capacity on each loraec it is preferred to share the
whole 2R1C networks, related to different extemvalls surrounding a zone, in more
categories before gathering them in separate begn@mne branch for each category).
That process will be used to improve the model biehavhen submitted to opaque
wall absorbed solar gains and infrared lossesdlsapter 5, § 7.2)

The resistances and the capacity of the 2R1C nardathosen in order to reproduce the wall
admittance and transmittance for a 24 hour period.

R; R,
_/\\N__ N\ \_
A — A
t, d1 c, —— dz t,
i i e,

Fig.3.2. 2R1C network
The reverse transfer matr@X of the 2R1C networis:
(Ej :(Qn lej(fgjz(&clw.j +1 RRC@|+R + RJm 3.17)
al QZl Q22 aZ Cle RZCla)J +1 aZ
3.2.1. Imposed temperature
The networkisothermal transmittancef the 2R1C networis given by:

R = [%J - ! _ (3.18)
Y 't;:o R +R, +R.R,Cw]

The networkisothermal admittancef the 2R1C networls equal to:
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A :(qu R T (3.19)
% ﬁ =0 R +R, +R.R,Cw]
3.2.2. Imposed heat flow
The networkadiabatic admittancef the 2R1C networks computed from:
A =% . Gl (3.20)
t, )= _ 1+ R, Cw]
q =0

3.3. Wall network adjustment process

We already distinguished two types of boundary d@ants for walls: eitheisothermal when

walls are submitted tamposed temperatudeoundary conditions, adiabaticwhen walls are
submitted toimposed heat flovboundary conditions. An adjustment process isneeffifor

each type of wall.

We will latter define criteria to classify the difient building walls intasothermal and
adiabaticcategories.

Let’'s first describe the adjustment process astfancof boundary conditions. Isothermal
boundary conditions walls are modelled through daReell (fig. 3.2), while adiabatic
boundary conditions walls are first shared in tvaotp (eq. 3.16) both being modelled through
a 2R1C cell, thus providing a 3R2C model for theolghwall.

The wall resistanc® and capacityC are calculated from a complete description ofayers.
The total resistance of the model equals the ineérthe wall U-value. Other model
parameters are deduced from the frequency analyals behaviour. The adjustment is
performed for a 24h time period solicitation, fargosed boundary conditions related either
to temperature (then called isothermal) or to fleat (then called adiabatic).

3.3.1. Modélling isother mal boundary conditionswalls

For isothermal boundary conditionghe adjustment process consists in equalizing the
magnitudes of the wall isothermal admittarﬁé@{ and transmittanc#(v

, computed for a 24

hours time period (equations 3.12), with the cqroesling 2R1C network values (equations
3.18 and 3.19).

The adjustment provides two resistances and orecgfR:, Rz, C1) which can be expressed
as fractions of the wall total resistance and cipathrough not dimensional facto and

@(fig. 3.3):
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‘A‘:_|Q11|:_| 1+dl_‘9)RC(‘j | %4 :| 1 |:| 1 |
‘le‘ ‘R"'W(J-_Q)RZCC‘J.‘ ’ |Q12| ‘R+¢‘9(1_6)R2CC‘“]| (3.21)
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Fig.3.3. Adjusted 2R1C network for an isothermalrmtary conditions wall

Equation (3.21) yields the parametésand ¢:

1-0).w.

Factor ¢ defines the proportion of the whole wall capa@tcessed by a 24 h time period,
while factor @ gives the position of that capacity on the wholdl wesistanceR. Factoré is
commonly calledaccessibility though its value decreases as the wall capacdgrbes more
accessible from the model internal node.

3.3.2. Modelling massive isothermal boundary conditions walls when highly insulated
from the outside

Ground contact walls are considered as reinforcgda Hictitious outdoor resistive layer
modeling the ground insulation effect. For thosdlswaith a high mass and highly insulated
from the outdoor, the adjustment process can peotad high capacity values i.@> 1. The
capacity is then limited to the total wall capacgy 1, and the adjustment process consists
only in equalizing the 24 h wall admittance magdéu Thus, the adjustment doesn'’t
reproduce the exact value of the 24 h wall trartamdée magnitude, which is quite low, as the
wall is submitted to almost adiabatic boundary ctols.

The adjustment process requires solving"adegree equation in order to g@tparameter.
The equation is provided by the admittance mageitexpressed from (3.21) with= 1:

6*(1-6)|A| R'C?a? - (1- ) R*C?e +|A | RE -1=0 (3.23)

or 92:'3222?2;:)72 with f=RC« and y= RW (3.24)
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~ 1
As ‘A,‘>U with U ==, y>1 (3.25)

Considering the following functiog(x), with x=1-8 and XD[O;].[, which is the right hand
side of expression (3.24):

2,2
1
y(x)= ﬁ};”z V(=5 (3.26)
Functiony(x)is an increasing function with:
Rcw) +1-(R|A |f
lim y(x) = —oo lim y(x) = ( )~ ( JM) (3.27)
x-0 x-1 GA/‘RCC‘))
lim y(x)>0 it C%f+U-|A| >0 (3.28)
X-1
As p= 1.
‘A,‘ K, =@1-6)(wRC)IK,
And as:
~ 2 ~2_"Z»‘2_U2 ~ . _1
‘A/‘ - —W KV <U with U —E
A -u?=(1-6%)a-6) (wRCYIK,| <c?er
So limy(x)>0 (3.29)

X-1

On the other side, considering the functi(®), with x=1-6 and xD[O;l], which is the left
member of expression (3.24):

2(x) =(1-x)°
Functionz(x)is decreasing fronz(x) =1for x=0, to z(x) =0for x=1.

Thus, a value ok exists,xD[O;]{, for whichy(x)= z(x) This means that a value @fexists,

HD[O;]{, which is a solution of expression (3.24). T#ealue,solution of expression (3.24),
is found by approximation.
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An interpolation is first performed through thre@mis in order to get an approximation of the
right hand side of equation (3.24):

_B-6f +1-y
y(6)= - 6F (3.30)

The points are namé&l,yl),(ﬁz,yz) and,,y,). Function y(&)is approximated by
interpolation through Lagrange polynomials:

— (9_92)(9_53) (5_51)(9_53) (5_51)(5_52)
O e-eNa-e) Te-ale o) le-a)e-6)”

(3.31)

Function y(H) can be reduced to:
y(6)=a6?+bb+c (3.32)
Wherea coefficient is equal to:

Vi .\ Y .\ Ys
6 -6, )(61 - 93) (62 - 61)(92 - 93) (63 - 61)(63 - 62)

1

And solving equation (3.24) comes to solving'adegree equation:
y(0)-6?=(a-1)6?+bB+c=0 (3.33)

For the three chosen poiis= 0.1,6, = 03and 8, = 05

,_531281-p%)

as y>1 from (3.25)
By

The solution of (3.33) to be considered is:

gz—b—w/b2—4(a—1)c (3.34)

2(a-1)

3.3.3. Modélling adiabatic boundary conditionswalls

For adiabatic boundary conditionghe adjustment process concerns both parts ofvtie
shared by a null heat flow plane whose positiordesined by equalizing the dampening
factors of two sinusoidal temperature solicitatiasting separately on each wall side (3.16).

The adjustment consists in equalizing the magnitadd angle of the wall adiabatic
admittanceA,, computed for a 24 hours time period (equatior3)3.with the corresponding
two-port network values (equation 3.20).
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The adjustment provides two resistances and onacigp{R;, R, C;) which can also be
expressed as fractions of the wall total resistaswog capacity, through facto®@ and ¢
(fig. 3.3):

~ 1 _ Ca
A»:_Q ___ ¢Cy

: (3.35)
Q,, 1+@pb.RCu

The resistancél- )R, located on the null heat flow plane sidmn be erased from the
model, as there is no heat flow passing throughrietwork connectio(fig. 3.4).

R

_.’ A
oC —— Qin t

e

Fig.3.4. Adjusted 2R1C network for an adiabatic maary conditions wall

Equation (3.35) yields the parametésand ¢:

\D(M Wz

= p= = (3.36)
wClO(A,

‘Definition and Validation of a Simplified MultizenDynamic Building Model Connected to
Heating System and HVAC Unit’ G. Masy



3.11

3.4. Building walls classification

Building walls surrounding a zone or included imtoneed to be shared in bogothermal
andadiabaticcategoriesThree types of wall are related to a building zander study:

» External walls surrounding the zone and in contact with the ootd
* Internal walls i.e. internal walls entirely involved in the zomeder study
» Partition walls i.e. internal walls dividing the building intoftéirent zones.

External wallsare modeled witlisothermal boundary conditiongalls. They include external
walls surrounding the zone, including walls in @mttwith ‘cold’ neighbor zones, such as
outdoor car parks, whose temperature is strondglyenced by the outdoor temperature.
Isothermal boundary conditions are also associatedhlls in direct or un-direct contact with
ground (through cellars and crawl spaces). In tltases, the wall U-value is reduced through
a weighting factor ranging from 1/3 to 2/3, dep&gdon the type of ground contact: this is
equivalent to adding an outdoor pure resistiveraye

Internal wallsare modeled witladiabaticboundary conditions. They include walls and floors
entirely included in the zone under study, or piarti walls when in contact with neighbor
zones heated or cooled following a schedule sindahe zone under study. As those walls
are submitted to similar temperature profiles omhbiaces, they include aull heat flow
plane The { parameter, comprised between 0 and 1, definegdsiéion of the null heat flow
plane in the internal wall. This plane shares ttadl W two parts, both being modeled with
adiabatic boundary conditions through a 2R1C néiwsw that the model of the whole wall is
a 3R2C network (fig. 3.5).

layers upside t2
| .
I 9 = = mm—— = =« =« Null heat flow plane
3
4 .
Null heat flow plane downside t1
R
— — —
R]_:ZR Rzz(l- Z)R
A I A
— ~ — ~
R, (1-0)R; (1-0)R2 OR,
@Cy T : @C> T
T T T 7 P 7 T T
Ci1=¢C Null heat flow plane C.=(1-¢)C

Fig.3.5. Null heat flow plane for an homogenousiinal wall (upside left), for a multilayer
internal floor (upside right) and scheme of theennial wall model (below)
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Partition walls can be shared byraill heat flow planalefined as for internal walls, but they
are modeled through a 2R1C network, the networlkaci&p being equal to the whole wall
capacity and located at the level of the wall inglat flow plane.

Null heat flow plane

R : R;
NMN_ M MM\
C,+C, ==

e A

Fig.3.6: Model 2R1C of a partition wall.

3.5. Examples of adjusted wall network models

3.5.1. External walls

Table 3.1 displays the parameters resulting froradjastment performed for different
external walls, modeled with isothermal boundamyditions.

Table 3.1. Adjusted parameters for a set of extenads

External walls a 1/R C Q 0
W/m2K| J/m2K

Concrete bloc, insulation, brick 1 0.39 | 290190 0.64 0.0
Wooden wall, insulation, brick 1 0.30 | 235321 053 0.1
Wooden structure insulated roof 1 0.28 215521 0.74 0.0
Concrete flat roof, external insulation 1 0.37 | 455924 1 0.0
Floor in contact with outdoor 1 0.64 | 364884 0.6 0.1
Floor on crawl space 1 0.59 | 364882 1 0.1
Floor on cellar 2/3 0.40 | 364887 1 0.0
Ground contact floor 1/3 0.22 | 391764 1 0.0
Ground contact wall 2/3 | 0.38 | 3206527 1 0.0
Internal wall in contact with unheated room| 2/3 0.93 | 304661 0.9¢0 0.1
Internal wall in contact with heated room | 1/3 0.62 | 304661 1 0.1

"2 o o = "ZNA AN ZI - A Y- A — eS|

Fig. 3.7 compares the exact values of the trananués and admittances magnitudes
computed for different walls, with the corresporglimalues yield by adjusted networks.
Transmittances and admittances magnitudes arerpeglsas function of frequency, on Bode
diagrams. The full line displays the exact valuenpated from the wall layer description,
while the dotted line represents the response ®2R1C network adjusted for a 24 h time
period. The horizontal line represents the statipbahavior of the wall.
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Fig.3.7. Transmittance and admittance Bode diagréons traditional external wall modeled
with isothermal boundary conditions (left) and goground contact floor (right).

Fig.3.7. displays comparisons for an external wallpdeled with isothermal boundary

conditions, and for a ground contact floor. Growodtact walls are considered as reinforced
by a fictitious outdoor resistive layer modelingethround insulation effect. The boundary
conditions associated to those walls are nearlgbedic, though there still exists a small heat
flow crossing them.

For a 24 h time period, the curves provide the saahges of admittance and transmittance as
the adjustment is performed to do so. The extemadll network adjustment is reliable for low
frequencies, but discrepancies are observed fdn Figquencies. The adjustment is less
reliable for the ground contact floor but this wallcrossed by a much smaller heat flow
compared to other building external walls.

3.5.2. Internal walls

Table 3.2 displays the parameters resulting froradjustment performed for different
internal walls, modeled with adiabatic boundaryditans.

Table 3.2. Adjusted parameters for a set of intewslls

Internal walls 1/R C [0) 0
W/m2K| J/m2K

Internal concrete bloc 5.02 | 81480 1 0.80
Massive wooden wall 2.07 | 48504 1 0.50

Concrete partition wall 1.85 | 152331 0.9¢ 0.30
Internal concrete floor (upside part) 3.79 | 180600 1 0.75
Internal concrete floor (downside part) 4 178920 1 0.75
Internal wooden floor with screed (upside part) | 4.67 | 71904 1 0.75
Internal wooden floor with screed (downside part) 3.47 | 38528 1 0.75
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Fig.3.8. displays comparisons of admittances forirdarnal wall, modeled with adiabatic
boundary conditionsThe quality of the adjustment is better for thesinal wall than for an
external wall (fig. 3.7) because both parts ofititernal wall are modeled by a 2R1C model,
which means that the whole internal wall is modetsda 3R2C network (82.2.3). That
conclusion was already observed by M. Kummert smthesis work: a 3R2C model is reliable
enough to reproduce the wall behavior over the e/hahge of frequencies [18],[13].

i /AV' al
Ty
r o 24 h
" 6 /‘ % N
E L
¥ 5[-A \‘
< model \y
= \
g 4 \
E \
5 ° \
g, \
i \
1 \
L \\\_
o —
1 10 100 1,000
Time period [h]

Fig.3.8: Admittance Bode diagrams for half an im&rhollow concrete wall modeled with
adiabatic boundary conditions.

3.5.3. Partition walls

Partition walls, as already mentioned, are modéhedugh a 2R1C network, the network
capacity being equal to the whole wall capacity kwdted at the level of the wall null heat
flow plane (fig. 3.6 and fig. 3.9, left).

A 3R2C network of the partition wall could also dgtained by connecting the 2R1C models
associated to both parts of the wall when it igasthavith a null heat flow plane and modeled
with adiabatic boundary conditions, (see fig. 3ight). Fig. 3.10 displays the Bode diagrams
corresponding to both models of fig. 3.9.

Null heat flow plane Null heat flow plane

Rl . R2 BR]_ (1-9)R1 (1-9)R2 eRz
MN_ /M /MM VA VAVANEEEVAVAVAN VAVAVANEERY 4 VAVANEE

Ci+C, == pCi—— . @pC, ——
e Z 7

Fig.3.9: 2R1C network (left) and 3R2C network (t)ghf a partition wall.
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The 3R2C model resulting from the connection of 2R1C models is more reliable than the
2R1C model of the whole wall. Anyway, the 2R1C miqutevides a sufficient approximation

for partition walls when they are integrated in adal representing the whole building
behavior.
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Fig.3.10: Admittances and transmittances Bode diagg for the partition wall (exact value
in dotted line) for a 2R1C model (full line leff)éfor a 3R2C model (full line right).

3.6. Wall parameters default values

A wall catalog was established and listed in anheXhe adjustment process described in 8
3.2.2 was performed for each wall of the catalogrder to provide their non dimensional
parametersdd and @ Those parameters were represented on a grapfien t make appear
different wall categories and to assign them defaalues. Two examples of results are
presented here: those related to external wallsraaf$. The complete list of wall default
parameters and associated graphs is included exahn

3.6.1 External walls default parameters

Figure 3.11 shows the graph related to externallswalhree wall categories can be
distinguished:

Category A includes:
- concrete or clay blocs, insulation and stronglytiated air layer
- massive wooden structure, insulation and stronghtilated air layer

- cellular concrete with outdoor insulation

Default values: 6 =0.10 ¢ =1
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Category B includes:

- concrete or clay blocs, insulation and outsidekoric
- notinsulated cellular concrete

- triple panel with two insulation layers

Default values: 6 =0.10 ¢ =0.70

Category C includes:

- massive wooden structure
- wooden structure

- sandwich panel

Default values: 6 =0.10 ¢ =0.50
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Fig.3.11: External wallgpand @ parameters
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3.6.2 Roofs default parameters
Figure 3.12 shows the graph related to roofs. Thweecategories can be distinguished:
Category A: includes precast concrete roofs with outdoor letsan

Default values: 6 =0.10 ¢ =1

Category B: includes wooden structure insulated roofs
Default values: 6 =0.10 ¢ =0.85
Category C : includes precast concrete roofs with indoor liatson

Default values: 6 =0.40 ¢ =0.20
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Fig. 3.12: Roofgpand & parameters
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