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In this study we analyze the inversion model
ABSTRACT assessment for numerical simulation data and for
The objective of this work is to present an inverse experimental data. In both cases, there is a nufdel
method solving the transient heat-transfer proklem transient wall with or without temperature-depertdan
walls aiming to estimate its thermal propertiese Th thermal properties. We also try to extrapolate the
procedure uses a finite difference numerical scheme method of application for another kind of problem
simulated in the environme®MSPARK that is non such as a whole building ventilation rate calcolati
object oriented and allows solving highly non linea Finally, an investigation on a multilayered wall
problems. A method aiming to estimate building subjected to modification of its thermal properties
envelope thermal characteristics is elaboratedwill show the possibilities for the method to beeds
knowing experimental in situ measurements. The for a real case of study.

results present a good agreement between the

forward and the inverse method respectively on a

high-weight concrete and then on a Phase ChangdNVERSION MODEL FROM

Material wall. Extrapolation of the method on a NUMERICAL SIMULATION DATA

\t;ggg:;go??gi}l ]lzrrgaé'j;dmtec; 223 ;hsviﬁgrﬂcr:ﬁ(rjnaﬁg. This section deecribes an inversion method based on
Finally, the procedure is applied on a multilayered a heat (_:onductron transfer _through a smgle—_laye_red
wall to’ estimate the U-value using real experimenta Wa"'. This Wal.l Is a separation between an interior
data. The study shows clearly the possibility to amblance malnt_alned at a _constant temperature and
id rify 2 modification occurred on the wall the outside er_rwronment. F|rst we _c0n5|der the case
iaen of the wall being made of high-weight concrete and

comdr;e&:ron hand theThmomeﬂtdat V\E)h'Ch Ejhlfs then the case of a wall made of Phase Change
modification happens. The method can be used for, ... \"\\ “iboard.

different applications and provides a good accuracy _ ) ) )
on the results. In this part, no real experimentation was carriatl o

the results come from direct classic simulation or
“forvard model simulation”. First, we treat the
problem with the forward method in order to collect
INTRODUCTION simulation numerical data. This output data will be
Since the mid eighties, building energy simulation introduced as an input to the inverse model where w
tools have been developed very rapidly, in direct can set system parameters as unknown.

relation to the calculation performance of compaiter The procedure developed is a numerical model
At the early stages of design, they are more adapte programmed and simulated in the environment
and. more accurate to perform estimations on energysg,yspark (SIMSPARK platform is the tool used for
saving and thermal comfort. Due to this progress, t hese simulations). It is based orASK, an object-
_srmulatrorl of burldrng models by the inverse method riented equation-based environment (Lawrence
is becoming easier. Berkeley National Laboratory and Ayres Sowell
One application of the inverse heat conduction Associates Inc, 2003). The interest of this
problem is to assess the wall thermal propertes fr  environment in our case is that it is non-orienfEue

a measured temperature profile (Antonopoulos andinversion of a problem is made easier, it being
Vrachopoulos, 1995; Chang and Chang, 2009) unnecessary to reprogramme the entire model. Also,
The present study elaborates an inverse method€ use of graph-theory to decompose the problem
aiming to estimate building envelope thermal iNto strong components and the robustness of the
characteristics, knowing experimental in situ Solver (Sowell et al., 2004) allows it to solve Hiig
measurements  (given indoor and outdoor Non-linear problems.

temperatures and heat fluxes on surfaces). Once the

method is operative, it could be used for optinmarat

purposes.
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Figurel: Interior and exterior conditions on the wall

M ethodology

The transient one-dimensional heat conduction in a «

single layered wall may be expressed as

aT (x.t)

02T (x,1)
A ot

o0x2

= Osx<lL, t>0, (1)

Where qu_ 1j and (qji +1 are respectively the

conductive fluxes entering and exiting the elenient
at the time step, p;, ¢ is the thermophysical
properties element, andn.w, the wall section
dimensions.

The numerical resolution is based on an implicit
differencing scheme for the second order using a
variable time step (Tittelein, 2008Yhe numerical
procedure is written below for the inverse
determination of the specific heat using measured
values for the temperatures and heat flows.

dTI J _ TI J _2Ati2 _(Ati +Ati—l)2-Ti J _l+ (At, _12 + 2At| Ati—l)
Ati Atl _12 + Atl zAti -1

™ 6

o= | [#—u _#,i +1]'(A';AL_12+An s .
,q.hWAX(TiJ —2A1.i2_(Ati +Ai;_1)2.'l'i"1+(ﬂta-12+?ﬂﬁ AtH)TIJ]

Wherex andt are the space and time coordinates Defined in this way, the inverse method avoids the

respectively T(xt) is the temperature, an p, c and
L the thermal conductivity, the density, the specifi
heat and the thickness of the wall respectivelye Th

boundary conditions at the outdoor and indoor wall

surfaces and the initial conditions may be writien

G(t)=h[To®)-T(Ot)]+al t)  t>0, @)
G (t)=h[T(Lt)=T;(t)] t>0, 3)
T(x,0)=F(x) (4)

whereT,(t) and T(t) are the outdoor and indoor air
temperatures respectivelgy(t) and h, are the heat
flow and the heat-transfer coefficient at the ooido
wall surface respectively,gi(t) and h, are the
corresponding quantities at the indoor wall surface
and F(x) is the initial temperature field(t), and a
are the incident total solar radiation and the rtfer
absorptance of the outdoor wall surface respegtivel

The conduction equation is solved following the
finite difference method using a uniform
computational mesh af nodes.
According to equation (1), for an elemdanbf the
wall of width dx at the time step

j

| ' dT
q‘fj_l,i a (l{{i +1=AG 'h'WAX'T{ )

iteration process encountered necessary when
minimizing the difference between calculated and
measured temperature at specific points on the wall

Application of the method for wall models

Case of a structural concrete wall

We consider the case of a 10 cm thick high-weight
structural concrete wall. The material specificthea
980 J/°C.kg, the density, 2300 kg/rand the thermal
conductivity, 1.8 W/m.K. The indoor temperatureis
constant and equal to 20°C. The outdoor temperature
has a periodic variation according to the relation:

(8)

whereT,, andT, are respectively the mean value and

the amplitude temperature fluctuation, through a
period T equal to 24 hours. For the first example,

temperature oscillations occur between 0 and 15°C,
meaning thaf,, =7.5°C andr, =7.5°C.

We performed a simulation on the forward model to
collect temperature and heat flux values through th

wall over a period of 30 days.

Fig. 2(a) represents the temperature profile within
wall during the first 3 days. At t=0, the temperatu
field is initialized for indoor and outdoor
temperatures respectively equal to 20°C and 15°C so
the temperature field F(x) is linear.

As stated above, the wall is defined under trarnsien
heat transfer conditions.

From the simulation output are collected the inside
and outside surface temperatures. Adding those

To(t) =Tm+Ta CO{Z?”t +¢0]
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values to the outdoor and the indoor temperatures i W00 F e o measurements
input, the “inverse simulation” is performed sedtin vonp |~ mode] 7’}\
the heat capacity as an output and keeping theofest - ! \!
the system parameters as known values. 12000 |- / Sk
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-4 i i
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12 24 ijrs 8 €0 2 Figure 3: Experimental results and model used by
Kumik et al (2008)

Figure 2: Calculated values of specific heat for the
case of concrete wall.

_(22.6—Tj2

As we can see in fig. 2, the estimation of the Hjgec 4250+ 10750 4 if & 22.6°

heat is very stable and near 979.9 3.Kg (the C= )

theoretical value is 980 J.kd&K™) with a standard _[22-&Tj

deviation of 6=1.33. The results sequence show 4250+ 107502 3 if T>22.6°
periodic oscillations appearing each time the wall

temperature derivative is equal to zero. Considesin

single interval of 12h, for example t=24h to t=36h, Thermal conductivity is considered as constant (0.2
the mean value for the specific heat becomes 979.98V/(m.K)). Heat transfer in the board is modeled
and the standard deviation 0.33 which is acceptable using the classical finite difference scheme preesen
Therefore, the oscillations effects are negligible. above, but in each node, heat capacity is linketi¢o
Consequently, we can say that the inverse methodnode temperature by equation (1).

show a good agreement with the theoretical value As for the case of the structural wall of concréte,
used in the forward model. wallboard is submitted to a periodic temperature
oscillation on one side and to a constant temperatu
on the other (Fig. 1). In order to scan the entire
Case of a PCM wall phase-change temperature zone, the temperature
We expect that the inverse method that we arevaries from 0 to 40°C on one side of the wallboard
developing will be a way of determining an and is maintained at 24°C on the other side. Then
appropriate wall material combination (for given inside temperatures of the PCM are evaluated by a

environment conditions), the possibility to have a forward model simulation and considered as
Phase Change Material should not be rejected.ihis experimental results for the rest of the study.

why in this section we are interested in applyihg t

previous method for this kind of material. It also
allows us to test the validity of the method for a
highly non-linear problem. 16000

The product studied here is commercialized by the| <]
company DuPont de Nemours. It consists of 60%
microencapsulated PCM, which has a melting
temperature of 22°C. The final form of the PCM
material is a 5 mm-thick flexible board with a diéns

of 1019 kg/r.

The law of PCM behavior used here is the one ‘ ‘ ‘ ‘ ‘ ‘ ‘

proposed by Kuznik et al (2008). It is based on a 5 10 15 20 25 3 3 40

Gaussian curve of the specific heat according to Temperature €]

temperature fitted on experimental measurement (cf. Figure 4: Comparison of the theoretical heat

Fig. 3 and equation (9)). capacity and heat capacity evaluated by the inverse
method

« Inverse method
— Forward method

e
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These “experimental” results are used as inpub¢o t A standard forward model simulation is performed
inverse model simulation in order to find the heat with the SvSPARK platform. This model considers
capacity of the wallboard at each time step. Tlmesa heat transfer across the walls with the method
numerical scheme as for the concrete wall has beemresented above. Indoor radiation is evaluatedgusin
followed. The PCM heat capacity over time for the fictitious surface method and considering sunspot
forward and the inverse model can be seen on Fig. 4evolution on the inside walls (Tittelein et al.,0&).
The heat capacity evolution can be subdivided in Ventilation control is provided by a mechanical thea
three intervals, respectively for T<16°C, then recovery ventilation system and is based on the
16°C<T<26°C and finally T>26°C. evolution of which acts onhe inside and outside

For the first and the last intervals, it is visidleat ~ temperatures. Over-ventilation can be forced by
like for the previous case, the PCM model behavesbypassing the heat recovery system when it is

quite similar to concrete and becomes less accurate need_zd. dC“mat'C conditions of Chambéry are
considered.

The indoor temperatur§ (t) and the heating power
P(t) are then considered as “experimental” results.
The aim of the inverse model simulation is to fihd

air change rateQ(t). In order to do that, the
regulation system has been removed and the
differentiator presented in equation (6) is used to
calculate the indoor air temperature derivative.
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Figure 5: Heat capacity in a node of PCM

Fig. 5 shows that numerical problems can occur
when the derivative of the material temperature
becomes equal to zero. Equation (5) shows thaa for
temperature derivative value near to zero, hea
capacity would be infinite. In order to avoid this
numerical problem and continue the simulation after
this point, an infinitely small number (£8) is added

to the derivative of temperature in the programe Th  Figure 6: 3D view of an experimental building of
deviation observed over this interval is 25.693.kg INCAS project

which represent 0.6% of the mean value. As shown,
the inverse method is providing results that are
practically the same as the forward method. 0.60 1
Furthermore, the model developed could be used tg
make a better characterization of the PCM wallboard
and improve the analysis of its thermal behavioa at
macroscopic scale.

0.55

0.50

* Forward method — Inverse method
0.45

Application of theinver se method for a building

Air change rate in winter [vol/h]

model
The results presented befolead us to think that e 49 50 51 52 53
direct inversion of the problem as done earliertfar Day of the year [day]

concrete and PCM walls could be applied to a larger
problem such as a whole-building simulation.

The building studied here is a two-storey low-egerg
consumption house that is to be built in grounds of _. L »
the National Institute for Solar Energy (Chambéry, Fig. 7 ShOWS that, In winter, when no over—verr_tnlat
France). This building is part of an experimental S required, the air change rate found with the
platform called INCAS. Its net floor area is about forward model simulation is very close to that lo t

100 m2. The envelope is made of 20 cm of heavyinverse model. Inversion in this case is then very
concreté and 20 cm of insulating material. efficient. During the summer, when over-ventilation

is required, Fig. 8 shows that the inverse method

Figure 7: Air change rate with forward and inverse
methods during winter
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allows following air change rate even if it changes
very quickly. However, it will be noticed that the

inverse method generates discontinuities and gives 2o

results that do not exactly correspond to the fodwa
method. These differences are due to numerical
difficulties in evaluating temperature derivatives
when high change-rates occur.

5.0 7

o Forward method — Inverse method

4.0 1»1 o

3.0

2.0

1.0

Air change rate in summer [vol/h]

0.0

125 126 127 128 129 130
Day of the year [day]

Figure 8: Air change rate with forward and inverse
methods in summer (with over-ventilation)

INVERSION FROM EXPERIMENTAL
DATA

Estimation of a multilayered wall U-value

In the context of the System Identification
Competition 1ll  (SIC |ll) organized by the
DYNASTEE (DYNamic Analysis, Simulation and
Testing applied to the Energy and Environmental
performance of buildings) network (Enriquez et al.,
2008), a considered case study is presented and mad
available on internétIt consists of a monitored wall
in a residential building. The wall is multilayeress
shown in Fig. 10, is built with lightweight conceet
block and a cavity providing the insulation. The
objective is to improve the wall thermal performanc
by filling the cavity with insulating material. Tdi
should result in lower energy consumption and
improved comfort for the occupants.

Experimental data corresponding to the wall case
study (cf. Fig. 9) is also accessible. Monitoringsw

25 ——T_outdoor 30
—=T_indoor
— Heat Flux

iy
3}

Temperature [C]
Heat Flux [W/m?]

0 100 200 300 400 500 600 700 800
Time [days]

Figure 9: Heat flux, inside and outside temperatures

A temperature sensor was mounted in the room and
an external air temperature sensor in a solar tiadia
shield fixed to the exterior of the north-facinglwa
Measurements were logged at 1minute intervals and
hourly averages recorded. 817 hours of data was
collected.

The main goal of this part is to see how far the
inverse method described above can determine the U-
values before and after filling the wall cavity. We
assume that neither layer thickness nor thermal
conductivity is determined.

Inside Chutside
N

Lightweight i

concrete r -

block  ~—] | - _
. N
v ]
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medwitn | Lot ¢

“dabs” of ] v
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Figure 10: Section of the monitored wall

Here, the inverse problem is solved in a different

carried out during the winter. A heat flux meterswa Way: according to the available experimental data,

fixed to the internal surface of the wall. the boundary conditions are the heat flux entettireg
inside environment and the indoor and outdoor
temperatures. We estimate the wall U-value at each
time step.

! www.dynastee.info
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CONCLUSION

Methods have been developed for the estimation of
the thermal properties of structural elements under
real, transient, non-periodic conditions using
simulated or “taken on-site” temperature and heat
flow measurements. The accuracy and robustness of
R the present method have been verified successfully
A the case of the transient wall heat-transfer prable

o
w

o
N

o
a

Thermal conductivity [W/m.K]

: i S 3 L nt . . R
IR NG T A TR regarding the possibility of a non-constant thermal
00 ‘ ‘ S S S S properties material like the PCM. It has also been
0 100 200 300 400 500 600 700 800 e g . .
Hours verified for the case of a whole building ventitati

study. Finally, further investigations could be
undertaken on the model considering the air
circulating interaction in the wall cavity layer.

. _ _ Despite its lack of accuracy, the model gave a
The results of the simulation shown on fig.11 are satisfactory estimation.

mainly divided in two sequences: for the first 390

hours, the U-value was initially estimated to beaiq

to 0.63 W/m2 doing an average calculation. To REFERENCES

exclude the values that are not representative

(extreme and negative values) we made a selection

keeping the sets of data betweeg-26 and Uy+2. Antf)nopoulps, K. A. an(_:i M. Vrachopoulos (1995)_.

Then the average and the standard deviation were ON the inverse transient heat-transfer problem in
recalculated in order to have a more accurate Structural elements exposed to solar radiation.”
estimation. The modified average for the U-value  Renewable Energ§(4): 381-397.

gives 0.59W/m2 and the standard deviation 0.29. AtChang, C.-L. and M. Chang (2009). "Inverse
t=390h, there is a significant break in the results determination of thermal conductivity using semi-
succession. The wall properties have been modified discretization method.”_Applied Mathematical

by the introduction of the insulation material hist Modelling 33(3): 1644-1655.

time stage. Doing the same procedure as before tEnriquez, R., M. J. Jimenez and M. R. Heras (2008).
estimate the U-value after t=390h, we find a mean |dentification of a change in the thermal dynamics
value of 0.26 W/m2K with a standard deviation of of a wall. The 29th AIVC Conference on

Figure 11: Estimated value of the multilayered wall
thermal conductivity

0.5. Advanced Building ventilation and environment
Nevertheless, the simulation result also showsl la technology for addressing climate change issues,
of accuracy: the scattered calculated values reteal Kyoto (Japan).

effect of the air circulating inside the air-cavitjhe Kuznik, F., J. Virgone and J.-J. Roux (2008).
physical interaction of the naturally ventilated & "Energetic efficiency of room wall containing
directly affecting the measuréemperatures and heat PCM wallboard: A full-scale experimental

flux values. The mathematical model developed at jnyestigation.” Energy and Building®(2): 148-
the beginning should be improved by considering the 156,

natural ventilation inside the wall.

Lawrence Berkeley National Laboratory and Ayres
Sowell Associates Inc (2003). SPARK 2.0
As shown, the inverse method can reproduce the reference manual

experimental behaviour of the wall. Despite the sowell, E. F., M. A. Moshier, P. Haves and D. Qurti
dispersion of the simulation results, it provides a  (2004). Graph-Theoretic Methods in Simulation
good estimation of the thermal properties of thd wa Using SPARK High Performance Computing
before and after the change of wall composition.  Symposium of the Advanced Simulation
However, it also identifies the day on which the Techno|ogies Conference, Ar|ington, VA.
insulation material layer was added. Nevertheless
the mathematical model of the wall must be
improved by taking into consideration the natural
ventilation effect to improve the accuracy of the
inverse model. Also, the application of the inverse
model can be further investigated to appreciate the_ i

effect of the added insulation on the thermal respo  Tittelein, P., E. Wurtz, G. Achard and L. Stephan

of wall (capacitance, time constants etc.). (2008). Distribution of beam solar radiation in
buildings. Effect on heating demandhe first

international Conference On Building Energy and
Environment, Dalian (China).

'Tittelein, P. (2008). Environnements de simulation
adaptés a l'étude du comportement énergétique
des batiments basse consommation. Chambéry
(France), Université de Savoeh.D Thesis: 220
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