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ABSTRACT

The INCERC Bucharest experimental house is
equipped on the Southern fagcade with aventil ated
solar space. The solar space ensures the
ventilation of the entire building at a constant rate
of 0.60 exchanges/h during the cold season, by
inletting the pre-heated space in the greenhouse
space. In the hot season the system ensures the
building reversible ventilation by providing the
freshair rateby air suctioninthe building Northern
zone, a consequence of the natural draught effect
ensured by the solar space. This report presents
the experiments performed in the season 2008-2009
and the experimental vaidation of the mathematical
model used in assessing the solar space energy
performance in the heating season.

Key-words: energy performance of buildings,
ventilated solar space, building ventilation,
mathematical model for performance evaluation of
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1.INTRODUCTION

Theuseof solar energy inspacesconditioningin
theform of passiveand activesysemswastheobject
of an important nationa research programme
coordinated by INCERC Bucharest and carried out
in the period 1972-1985. A combination of the
characterigticsof two passivesol utionsexperimented
onthesupport of the 2 solar houses: CS1 Campina
(1974) and CS 3 Bucharest (1982) (modified Trombe
and unventilated solar space) isrepresented by the
Controlled ventilation solar space, whichistheobject
of this report. The solution was experimentally
validated on the support of the CE INCERC
Bucharest experimenta building. Thereport amsto
present the cal cul ation method proper for dimension-
ingandfor ng theenergy performanceof the
Ventilated solar space as a part of anew building
whichiseffidentintermsof energy performance. The
meathematical modd isdetailed anditsvalidation on
the support of theexperimentd buildingintheseason
September 2008 —March 2009 ispresented aswell.

REZUMAT

Cladirea experimentald din incinta INCERC
Bucuresti este dotata pe fatada sa sud cu un spatiu
solar ventilat. Spatiul solar asigura integral
ventilarea cladirii la o ratd constanta de ventilare
de 0,60 sch / h pe durata sezonului rece, prin
introducerea aerului preincalzit in spatiul serei. in
sezonul cald sistemul asigura ventilarea reversibila
a cladiri prin asigurarea cotei de aer proaspat ca
urmare a aspirarii aerului din zona de nord a
acesteia, consecintd a efectului de tiraj natural
asigurat de spatiul solar. Lucrarea prezintd
experimentdrile realizate in sezonul 2008-2009,
precum si validarea experimentald a modelului
matematic de evaluare a performantei energetice a
spatiului solar, In sezonul de incélzire.

Cuvinte cheie: performanta energetica a cladirilor,
spatiu solar ventilat, ventilare cladire, model
matematic de evaluare a performantei energetice a
spatiului solar, energie solara

1.INTRODUCERE

Utilizarea energiei solare in scopul climatizarii
spatiilor sub forma sistemelor pasive si active a
constituit obiectul unui important program national
de cercetare coordonat de INCERC Bucuresti si
desfasurat in intervalul 1972-1985. O combinare a
proprietatilor a doud solutii pasive experimentate pe
suportul caselor solare CS 1 Campina (1974) si CS
3 Bucuresti (1982) (Trombe modificat si spatiu solar
neventilat), o reprezintd Spatiul solar cu ventilare
controlata care face obiectul lucrarii de fata.
Validarea experimentald a solutiei s-a realizat pe
suportul cladirii experimentale CE INCERC
Bucuresti. Scopul lucrarii consta In prezentarea
metodei de calcul adecvata dimensionarii si estimarii
performantei energetice a sistemului Spatiu solar
ventilat, ca parte a dotdrii unei cladiri noi performante
din punct de vedere energetic. Se prezinta detaliat
modelul matematic, precum si validarea acestuia pe
suportul cladirii experimentale in sezonul septembrie
2008 —martie 2009.

"National Building Research Ingtitute — INCERC, Bucharest, Romania; e-mail: dan.constanti nescu@incerc2004.ro

CONSTRUCTII —Nr. 1/ 2010

53



D. Constantinescu

2. MEASURED THERMODYNAMIC
PARAMETERS

The INCERC experimental building[1], [3]
assigned to the experimental validation of the
Buildings Energy Performance cal cul ation methods
is equipped with a ventilated solar space. The
function of the solar spacein ensuring the occupied
gpacethermal comfortisreversible. Infact, inthe
hot season, air istaken out from the occupied space
and exhausted outside which allows the natural
ventilation of the rooms by taking over air from
outside; inthecold season it entirely substitutesthe
function of admitting freshair inthe occupied space
by forcedly introducing pre-heated air in the
occupied space. Thepre-heating functionistaken
over by the solar radiation collecting unit
(areinforced concrete 0.20 mthick wall) aswell as
by thetripleand selective glazing of the collecting
greenhouse. Theair flow isensured by two venti-
lators providing a constant air flow-rate which
correspondsto aventilation rate of 0.6 exchanges/
hspecifictothedwe ling building, properly supplied
withfreshair. Theair entirdy takenfromtheoutsde,
thetemperature of whichist_(t) flowsalongthe
collecting greenhouse space height and isflowninto
thedwelling space a atemperatureof t_ (t) >t_(t).
Infact the solar spacetakesover apart of the heat
quantity tobesuppliedtothefreshairtoletit reach
the indoor air comfort temperature, t_ (t), but in
many hoursof the cold seasonit a so ensures space
heeting, entirdly or partly, replacing the conventiond
hesting source.

The long-term experiment (since 2005)
emphasizestheimportant function of thesolar space
in reducing the heat demand (by about 30 %),
correlated with the high rate of the building thermal
protection. The solar space becomesthereforean
active-passvecomponent (mixed) inefficiently using
solar radiationin ventilation aswell asin reducing
the building heat / cold consumption.

Intermsof quantifying the solar spacethermal
responseg, itisinteresting to know thetemperature
variation of the pre-heated/hot air flowninto the
occupied space, the thermal flow specific to the
collector inside surface and the building heat
consumption reduction during long periods (week,
month and season) in the cold season. We

2.PARAMETRI TERMODINAMICI
MASURATI

Cladirea experimentala [ 1] amenajata in incinta
INCERC, destinata validarii experimentale a
metodelor de calcul a Performantel Energeticea
Cladirilor, este dotatd cu spatiu solar ventilat.
Functiunea spatiului solar in realizarea confortului
termic al spatiului ocupat este una reversibila. Practic,
in sezonul cald este extras aer din spatiul ocupat si
evacuat in exterior, ceea ce permite ventilarea
naturald a incintelor prin preluarea aerului din exterior,
1ar in sezonul rece substituie integral functiunea de
introducere a aerului proaspat in spatiul ocupat prin
introducerea fortata a aerului preincalzit in spatiu
ocupat. Functiunea de preincalzire este preluata atat
de elementul de captare a radiatiei solare (perete cu
grosimea de 0,20 m, confectionat din beton armat),
cat side vitrajul triplu si selectiv al serei captatoare.
Circulatia aerului este asiguratd de doud ventilatoare
care asigura un debit de aer constant, corespunzator
asigurdrii ratei de ventilare de 0,6 sch / h, proprie
cladirii de locuit, corect alimentata cu aer proaspat.
Aerul preluat intotalitate din exterior, cu temperatura
t_ (t), strdbate in inaltime spatiul serei captatoare
si este introdus in spatiul locuit cu temperatura
t_ () >t_(t). Practic spatiul solar preia o parte din
cantitatea de caldura care trebuie sa fie furnizata
aerului proaspat pentru a fi adus la temperaturade
confort aaerului interior, t_(t), dar inmulteoredin
sezonul rece asigura si partial sau integral incalzirea
spatiului inlocuind sursa conventionala de incélzire.
Experimentul de lunga durata (incepand din anul
2005) releva functia importanta a spatiului solar la
reducerea necesarului de caldurd (cca. 30 %),
corelata cu gradul ridicat de protectie termica a
cladirii. Spatiul solar devine astfel o componenta
activ-pasiva (mixtd) de utilizare eficientd a radiatiei
solare 1n scop dublu de ventilare, dar si de reducere
a consumului de céldura/ frig al cladirii.

Din punct de vedere al cuantificarii raspunsului
termic al spatiului solar prezintd interes cunoasterea
variatiei temperaturii aerului preincélzit / cald introdus
in spatiul ocupat, fluxul termic caracteristic suprafetei
interioare a elementului captator, precum si
reducereaconsumului energetic d cladirii pe durate
lungi (saptdmand, lund, sezon) din sezonul rece.
Acesti parametri permit dimensionarea corecta si
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emphasize that the solar space provides to a
significant rate the hot water demand in the hot
season by simply fixing a collecting areain the
collectingwall zone.

The measurement chainthat isused includes
three dataacquisition systems: onefor monitoring
the solar space operation and the thermodynamic
parameters specific to the heated space, the second
for monitoring theindoor hegting system operationa
parametersand thethird for measuring therel evant
climatic parameters. Themeasurements performed
in the INCERC experimental house allow the
acquigtion of thefollowing values:

Monitoring system — solar space:

a t (o — outdoor air temperature[°C],

G t () - indoortemperatureof theairinthe
livingroom (diningroom) [°C],

G t, () - indoortemperatureof theairinthe
SW bedroom [°C],

G t () - indoortemperatureof theairinthe
kitchen[°C],

a t., () — temperatureof theair flowninthe

dwdling spaceby ventilator 1—-SW
bedroom [°C],

a t ., — temperatureof theair flowninthe
dwelling space by ventilator 2 —
livingroom[°C],

Ut () — solar spaceair temperature—zone
1-h=05m[°C],

Ut (t) — solar spaceair temperature—zone
1-h=15m[°C],

Ut .4, () — solar spaceair temperature—zone
1-h=3.0m[°C],

U t,,,,(t) — solar spacear temperature—zone
2—h=1.0m][°C],

Ut (t) — solar spacear temperature—zone
2—h=25m][°C],

Ut (1) — temperatureof theinsidesurfaceof
thewall facing thesolar space—leve
0.00mfromtheinside[°C],

Ut (t)— insdetemperatureof thewdl facing
the solar space—Ilevel 0.15mfrom
theinsde[°C],

eficientd economic a sistemului spatiu solar. Subliniem
faptul ca spatiul solar asigurd intr-o proportie
semnificativa necesarul de apa calda in sezonul cald
prin simpla amplasare a unei suprafete captatoare
Thzonaperetelui captator.

Lantul de masurare utilizat se compune din trei
sisteme de achizitie a datelor: primul pentru moni-
torizarea functionarii spatiului solar si a parametrilor
termodinamici caracteristici spatiului incalzit, cel
de-al doilea pentru monitorizarea parametrilor
functionali ai instalatiei de incdlzire interioard, iar cel
de-al treilea pentru masurarea parametrilor climatici
relevanti. Masurdrile efectuate 1n casa experimentala
INCERC permit achizitionarea urmatoarelor valori:

Sistem de monitorizare — spatiu solar:

a t(t) — temperaturaaerului exterior [°C],

G  t,(t)— temperaturainterioarda aerului din
cameradezi (sufragerie) [°C],

O  t,(t)— temperaturainterioard a aerului din
dormitor SV [°C],

Ot (t)— temperatura interioard a aerului
bucatarie [°C],

u tVENT.1 (t) — t_emperaturq aerului introdu_s n
spatiul locuit prin ventilatorul 1 —dormitor
Sv[°C],

Uty (- temperatura aerului introdus Tn

spatiul locuit prin ventilatorul 2 — sufragerie

[°Cl,

t.s105 (1) - temperatura aerului din spatiul

solar—zonal—h=0,5m[°C],

a  tg,.(t)—temperaturaaerului din spatiul
solar—zonal—-h=15m][°C],

Ut ., (1) - temperaturaaerului din spatiul solar
—zonal—h=3,0m[°C],
U tg,,(t)- temperatura aerului din spatiul

solar—zona2—h=1,0 m[°C],
U tg,(t)- temperatura aerului din spatiul
solar—zona2—-h=25m[°C],
ton0) (t) — temperatura suprafetei interioare
aperetelui catre spatiul solar [°C],
Ut (t) —temperatura interioara a peretelui
catre spatiul solar— cota 0,15 mde la interior
[°Cl,
Uty 50 (t) —temperatura interioard a peretelui
catre spatiul solar — cota 0,30 mde la interior

[°Cl,
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U 1,050 (1)— insdetemperatureof thewal facing
thesolar space—level 0.30 mfrom
theingde[°C],

U 1,05 (1)— insdetemperatureof thewal facing
thesolar space—level 0.36 mfrom
theinsde[°C],

U 1,046 (1)— insidetemperatureof thewal facing
thesolar space—level 0.46 mfrom
theinsde[°C],

Ut osee (t) —temperature of theoutside surface
of thewall facing the solar space—

level 0.56 mfromtheinside [°C],

— thermd flow a thelevd of theingde

surfaceof thewall facing the solar

0 g (t)

space[W / n].

Thediagramin Fig. 1 presentsthe variation of
the daily average outdoor temperature, t, of the
temperature of the fresh air pre-heated in the
ventilated solar spacegreenhouse, t | ., -and of the
daily heat consumption in the period September
2008—March 2009. Thesengtive effect of thesolar
space and itsimpact on the heat consumptionis
clearly noticed. ThediagramsinFig. 2and 3 present
asexamplestwo operationd details, namdy thedays
of 05.01.2009 and 12.01.2009 which clearly show
the pre-heating of thefresh air flowninonthesunny
dayswhenthedaily averagetemperatureis—3,5...
—5°Candthat of thefreshairis6...8°C, with hourly
valuesupto 20°C.

Thediagramin Fig. 4 presentsthesunlight rate
variation of thecollectingwall bl ongingtothesolar
space, during thewholeyear.

3.DETAILEDHOURLY STEP
MATHEMATICAL MODEL

Inthe phase of anew building designing, the
mathematical modeling of the heat transfer
processes, at an hourly pace requiresto simulate
thethermal response of the solar spacein thecold
season. Themonthly pacemodeling, thesameasin
the case of space heating, proves to be a non-
recommended procedure because of the significant
variation, during the daytimecycle, of thevirtual
outdoor temperature specific to the outdoor
environment adjoining thesolar space.

U oo (t) —temperatura interioara a peretelui
catre spatiul solar — cota 0,36 m de la interior
[°Cl,

U toou (t) —temperatura interioara a peretelui
catre spatiul solar — cota 0,46 m de la interior
[°Cl,

U tF)A(O,56)—e
a peretelui catre spatiul solar —cota 0,56 m

(t)—temperatura suprafetei exterioare

delainterior [°C],
0 g, (t)— flux termic la nivelul suprafetei

interioare a peretelui catre spatiul solar

[Wind.

Ingraficul dinfig. 1 se prezinti variatia valorilor
medii zilnice ale temperaturii exterioare, t, ae
temperaturii aerului proaspat preincélzit in sera
spatiului solar ventilat, t_ . ., precum si ale
consumului zilnic de caldura in intervalul septembrie
2008 martie 2009. Se constata efectul sensibil al
spatiului solar i impactul asupra consumului de
cildura. In graficele din fig. 2 5i 3 se prezinti, cu
titlu de exemplu, doua detalii functionale respectiv
zilele de 05.01.2009 si 12.01.2009 din care se
observa clar preincalzirea aerului proaspat introdus
zile insorite in care temperatura medie zilnica are
valoareade—3,5... —5°Ciar cea aaerului proaspat
de6...8°C, cuvalori oraredepanala 20°C.

Ingraficul dinfig. 4 seprezinta variatia gradului
definsorire a peretelui captator din compunerea
spatiului solar, pedurataanului.

3.MODELUL MATEMATIC CUPAS
ORAR

Modelareadinamica aproceselor de transfer
de caldura, cu pas orar, implica, in faza proiectarii
unei cladiri noi, simularea raspunsului termic al
spatiului solar in sezonul rece. Modelarea cu pas
lunar, ca §11n cazul racirii spatiilor, se dovedeste a fi
o procedurd neindicatd ca urmare a variatiei
semnificative, pe ciclul diurn, a temperaturii
exterioarevirtuae, propriemediului exterior adiacent
spatiului solar.
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Fig. 1. Data recorded in the 2008-2009 cold season in the CE INCERC Bucharest experimental building
(Date inregistrate in sezonul rece 2008-2009 n cladirea experimentala CE INCERC Bucuresti)
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Fig. 2. Operation of the ventilated solar space on 05.01.2009 — CE INCERC Bucharest experimental building
(Functionarea spatiului solar ventilat in ziua de 05.01.2009 — cladirea experimentalda CE INCERC Bucuresti)
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Fig. 3. Operation of the ventilated solar space on 12.01.2009 — CE INCERC Bucharest experimental building

(Functionarea spatiului solar ventilat in ziua de 12.01.2009 — cladirea experimentald CE INCERC Bucuresti)
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Fig. 4. Direct sunlight coefficient of the collecting wall of the solar space attached to the CE INCERC Bucharest
experimental building (Gradul de insorire al peretelui captator al spatiului solar atasat cladirii
experimentale CE INCERC Bucuresti)
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Thevariation of thetemperaturerangesignificant
for the solar space reveal sthefollowing functions
which benefit from themain smplifying calculation
hypotheses:

— t(xy, t)—artemperatureinthecollecting
hall, where the coordinates x and y mean
the height and the depth of the greenhouse
respectively. The greenhouse span may be
cons dered asnot generating disturbances
of theair temperaturerange aslong asthe
outdoor air inlet israther uniform and not
punctud,;

— J(x, t)—temperatureinsidethecollecting
wall which may be considered one-
dimensional because of the thermal
conductivity of the material used for
the collecting component, namely
reinforced concrete, thevaue of whichis
1=174W/m-K.

We previoudly detailed the main simplifying
hypotheses substanti ating the mathematical modd.
As concerns the greenhouse air temperature, its
variationin the greenhouse depth isnot significant
because of the heat transfer concentration in the
boundary layer zoneneighboring thetwo boundaries:
the collectingwall and the glazing. Therefore, the
proper ssimulation model isthe onespecifictothe
control volumedevel oped inthe greenhouse depth,
characterized by theair averagetemperatureof leve
y.Asconcernsthethermally significant boundary,
the solar radiation collectingwall, themost proper
model isthat of the temperature uniform on the
surfacewithreferencetothetemperaturedistribution
ontheheight. Weemphasi zethat thishypothesisis
supported by the rather low intensity of the heat
transfer between the area absorbing the solar
radiationtoair andto theglazed area.

Taking into account the elements describes
above, it resultsthat the simulation model consists
inthefollowingtherma bal anceequations:

- the equation of the one-dimensional heat
transfer by conduction through the collectingwall,
with solution J (x, t):

— the equation is solved in terms of the
singenessconditions, namdytheinitid condition
J (%, t = 0) which will be represented by a

Variatia campului de temperaturi semni-
ficative la nivelul spatiului solar releva urmatoarele
functii, care genereaza principalele ipoteze de
cdeul:

— t(x,y, t) —temperatura aerului din sera
captatoare, in care coordonatele X si y,
semnifica Indltimea, respectiv adancimea
serei. Deschidereaserei sepoate considera
caneproducand perturbatii ale cAmpului de
temperaturi ale aerului atat timp cét
introducerea aerului exterior se realizeaza
relativ uniform i nu punctual;

—  J(x t)—temperaturaininteriorul peretelui
captator care se poate considera de tip
unidimensional ca urmare a conducti-
vitdtii termice a materialului din care
este confectionat elementul de captare,
respectiv betonul armat cu valoarea
1=174W/m-K.

Cele de mai sus reprezinta principalele ipoteze
simplificatoare pe care se bazeaza modelul mate-
matic. In ceea ce priveste temperatura aerului din
serd, variatia sa pe adancimea serei nu este
semnificativa ca urmare a concentrarii transferului
de caldura in zona stratului limitd din vecinatatea celor
doua frontiere: peretele captator, respectiv vitrajul.
In consecintia modelul de simulare adecvat este cel
propriuvolumului decontrol dezvoltat peadancimea
serel, caracterizat detemperaturamedieaaerului in
raport cu cota y. In ceea ce priveste frontiera
semnificativa din punct de vedere termic, peretele
captator al radiatiei solare, modelul cel mai adecvat
este cel al temperaturii uniforme pe suprafatd, cu
referire la distributia temperaturilor pe naltime.
Subliniem faptul ca aceasta ipoteza este sustinuta
de intensitatea relativ redusa a transferului de caldura
dintre suprafata absorbantd a radiatiei solare cétre
aer g1 catre suprafata vitrata.

Avand in vedere cele de mai sus rezulta ca
modelul de simulare consta in urmatoarele ecuatii
de bilant termic:

- ecuatia de transfer de caldura unidimensional
prin conductie prin peretele captator cu solutia
J (% t):

—ecuatia se rezolva In raport cu conditiile
de unicitate, respectiv conditia initiala

J (X, t=0) care va fi reprezentata de o valoare
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random value J, taking into account the
ergodicity characteristic of the heat parabolic
equation aswell asthe boundary conditions
expressing thethermal flow continuity at the
boundaries of the collecting component,
expressed by the Ill-rd rank boundary

arbitrard J,, data fiind proprietatea de
ergodicitate a ecuatiei parabolice a caldurii, si
conditiile la limita care exprima continuitatea
fluxului termiclafrontierele elementul ui de
captare exprimata prin conditia la limita de
speta a [ll-a;

condition;

- ecuatia de bilant termic global al aerului din
serd pe volumul de control desemnat de adancimea,
inaltimea si deschiderea serei, cu solutia t (t);

- ecuatia de bilant termic a suprafetei vitrate
cusolutia J_ (t).

- the equation of the greenhouse air global
thermal balance onthe control volume determined
by the greenhouse depth, height and span, with
solutiont (t);

- the glazed area thermal balance equation,
withsolutionJ_ (t).

Fig. 5 presentsthe cal cul ation concept. Infig. 5se prezinta schema de calcul.

l—

Volum de control

Control volume

Fig. 5. Ventilated solar space calculation concept

(Schema de calcul al spatiului solar ventilat)

a. Greenhouse air thermal balance a. Ecuatia de bilant termic al aerului din
equation: serd:

GxCpa ¥te(t) + a4, S*[J (X =D, 1) - t(1)] = GxCp, 1 (1) + @, SHE(T) - 1,(0)] @

Equation (1) is expressed according to the
hypothesis of the air incompressibility and
overlookingtheinner energy of theair inthecontrol
volume. Level x refers to the collecting wall
thickness.

b. Glazing thermal balance equation

8, [3,(X=D, 1) -1, (O]xS, + ag, [t () ~t, (OIS, =[t,(1) - t.(OIRS, @

din care rezulta expresiatemperaturii medii aaerului
t (t) in functie de temperaturile conturului

Ecuatia (1) este scrisa in ipoteza simplificatoare

..........

energie interneaaerului dinvolumul decontrol. Cota
x serefera lagrosmeaperetelui captator.

b. Ecuatia de bilant termic al vitrajului

which providesthe expression of the air average
temperaturet (t) according to thetemperatures of

€0 CONSTRUCTII —Nr. 1/ 2010



Assessment of the energy performance of the solar space system

the control volumethermodynamic outlineand to termodinamic al volumului de control si de
the outdoor temperature: temperatura exterioara:
t(t) = AJ,(x=D, ) + A, (1) + At (1) ©)
Reation (3) introduced in thebd ance equation Introdusa in ecuatia de bilant (1) relatia (3)
(1) dlowsusto definethegreenhouseglazing surface conduce la determinarea expresiel temperaturii
temperature: suprafetei vitrajului serei:
t,(t) = BJ,(x=D, 1) + Bit,(t) (4)
Equations (3) and (4) are processed and Prelucrarea ecuatiilor (3) si (4) genereaza:
generateasfollows:
t() = CJ,(x=D, 1) + Cpto(t) 5)
c. Thelll-rd order boundary condition at level c. Conditia la limita de speta a Ill-a la cota
x=D of thecollecting wall generatesthefollowing X =D aperetelui captator conduce la ecuatia de
therma balanceequation: bilant termic:
13(x t
ISR s @il () + 0-0) (01 S, = 2,8, 13, (x= D, D - (D] +
x=D
+arSpX[Jp(X:D!t)_tv(t)] (6)
i =b ismarked. Se noteaza i =b.
S S,
The processing of equation (6) generatesthe Prelucrarea ecuatiei (6) conduce la relatia:
followingrdation:
1J,(x,t
IO cfar0-0) va, (- BINI,70,0 - (o) )
x=D
wherethe equiva ent outdoor temperature hasthe in care temperatura exterioarda echivalentd are
followingexpresson: expresa
é U
() z—0% B L A g ©
ay*1-C)+a,*(1-B) ga,C,+a,B, ]
where: (ol
(1) = ¢ 1 (1) + (A-c5)x 14 ()
where coefficient ¢, was used according to the incarecoeficientul ¢ s-autilizat conformfig. 4.
diagraminfig. 4.
Relation (7) representsthel11-rd rank boundary Relatia (7) reprezinta conditia la limita de speta
condition at level x=D. alll-alacotax=D.
d. Thelll-rd order boundary condittion at level d. Conditia la limita de speta a Ill-ala cota la
x = 0isexpressed by thefollowing relation: cotax= 0 se exprima prin relatia:
J, (Xt
IO - 3,000 ©
ﬂ X x=0
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Thefollowing notationsare used:

d.=a, (1-C)+a x(1-B);

wherem-—indicator for thelayersforming the solar
radiation collecting unit, characterized by alow
thermal capacity, othersthan thereinforced concrete
collectingwall (thestructural component made of
BCA —autoclaved lightweight concrete—plusthe
thermdl insulationlayer); thetwo boundary conditions
becomeasfollows:

and are associated to the heat parabolic equation
with referencetothe collecting wall structure.

An acceptable solution of the problem of the
heat transfer through the solar radiation collecting
unit may be provided by theheat conductionintegra
equation [2]. The heat transfer intensity at level
x = 0 (adjoining the occupi ed space) isdetermined
by thefollowing rdation:

G (x=0, 1) = g (t = 0)rexp(M;t) +%x[exp(mlt) -1 +%x[exp(Mlt) -1+ M,B)]

1

Theexpression of the collecting wall tempe-
rature at level x =D, J, (x=D, t) isdetermined
by thefollowing rdation:

1+ Bix(1+Bi™)
=y

J,(k=11)= ‘Rg (1) -

e

Whereﬁzl.
D

The collecting unit thicknessD aswell asthe
thermd diffusivity aaredetermined by theprocedure
of generating theequiva ent homogeneous structure
[1]. Thefollowing notationswere used:

Ble1[t,(6) - tea (0] - Ry (0114 BiY)

Cunotatiile:

&—1:i+ é%do

Py (10
n care m este indice pentru straturile din com-
ponenta elementului de captare a radiatiei solare
caracterizate de capacitate termica redusa, atele
decét peretele captator confectionat din beton armat
(elementul structural confectionat din BCA lacare
se adauga stratul de izolatie termica); cele doua
conditii lalimita devin:

IO - 9,x=0,0) ©
|, ﬂX x=0

1

T WA OSSR ) (10)
T x x=D

s se asociaza ecuatiei parabolice a caldurii cu referire
lagtructuraperetelui captator.

Orezolvare acceptabila a problemei transferului
caldurii prin elementul de captare a radiatiei solare
se poate obtine utilizand ecuatia integrald a caldurii
[2]. Intensitatea transferului de caldura la cota
X=0 (adiacenta spatiului ocupat) se determina cu
relatia:

(12)
2

Expresiatemperaturii peretel ui captator lacota
x=D, Jp (x=D, t) se determina cu relatia:

Bi, (13)

" X
incare k=—.
D

GrosimeaD adlementului de captare, precum
si difuzivitatea termica ase determind prin procedura
degenerareastructurii omogeneechivaente[1].

S-au utilizat notatiile:

1 a  ni[1+Big(1+Bi")] Bi,

[ ) . ,

i, = D? n+Bi, M, = (1+n) (n+ Bi,)

! Num Num

: a, n:Bi, (14)
.I. - . ._1 .

M, = D’ n+Bi, . Num= 1+Bi 1+ Bi") 050- B!

+

Num (1+n) (n+Biy,)

62 CONSTRUCTII —Nr. 1/ 2010



Assessment of the energy performance of the solar space system

TN, = -gM o
|, 1 @ 2 Dt

|

T tE- _tE-
=N, = M. i j-1
T2 Dt

Relations (12) and (13) can beused by means
of therecurrence procedureinfinite (hourly) time-
lags, Dt. Identifier j definesthe current cal culation
interva and j — 1, thepreviousinterval modified by
Dt.

Theaveragetemperature of the control volume
ar isdetermined by relation (5) according to value
J, (x=D, t), determined by relation (13) and by
the outdoor temperaturet, (t). Thear temperature
variation aong the control volume height (of the
collecting greenhouse) may be expressed by the
followingrdation:

j-1 l;J
+Mgx(t, _tEj_l)E

(15

Relatiile (12) si (13) sunt aplicabile prin
procedura de recurenta pe intervale de timp finite
(orare) Dt. Indicativul ] desemneaza intervalul de
calcul curent, iar j — Lintervalul anterior decaat cu
Dt.

Temperaturamedieaaerului dinvolumul de
control se determina cu relatia (5), in functie de
valoar ead, (x=D, t), determinata cu relatia (13),
si de temperatura exterioard t_(t). Variatia
temperaturii aerului pe indltimea volumului de control
(a serei captatoare) se poate exprima prin relatia:

t(y, 1) =to(t) +[J,(x =D, 1) - to(O]*[1- exp(-ay)] (16)

The expression of the greenhouse height
averagetemperature, t (t) alowstheidentification
of coefficienta:

t(t) - to(1)

J,(x=D, 1) ~t(t)

where t (t) is determined at each moment t by
relation (5).

Thecons stency condition of thismethodisthat
valuea=ct. a any t moment.

Thusis determined the temperature val ue of
the air exhausted in the occupied space at each
moment t:

Expresia temperaturii medii pe indltimea seret,
t (t), permiteidentificareacoeficientului &

_,_1-exp(-aH) Y

aH (17)

ncaret (t) se determina la fiecare moment t cu
relatia (5).

Conditia de consistentd a metodel este ca
valoareaa = ct. laoricemoment t.

Cu aceasta se determind valoarea temperaturii
aerului refulat in spatiul ocupat, la fiecare moment t:

s (O =t (y=H, ) =t(0) +aH x[J,(x=D, ) -t (1)] (18)

Another item used inidentifying the verifying
the consistency of solution (12) of thehesat integra
equationisthevaueof thenumerica coefficient n
of the spline function which represents the
temperaturevariaioninthecollectingwal thickness,
J (X, )). Its values should be constant and
independent of moment t. Values a and n are
experimentally determined by the procedure of
validating the mathematical model presented,
particul arized for the constructive solution of the
collecting greenhouse bel onging to the solar space.

Undt dement deidentificaresi deconsistenta
a solutiei (12) a ecuatiei integrale a caldurii Tl
reprezinta coeficientul numeric na functiei spline
carereprezinta variatia temperaturii Tn grosimea

peretelui captator, J(x,t)). Valoarea acestuia

trebuiesi fiecongtanta si independenta demomentul
t. Determinarea valorilor a si n se face pe cale
experimentala prin aplicareaprocedurii devalidare
amodelului matematic prezentat, particul arizat
pentru solutia constructiva aserel captatoaredin
componentaspatiului solar.

pe - Jp(X=D.9-t(0) £ - 1-exp(-aH)
J,(x=D, 1) -t () aH
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4, EXPERIMENTAL VALIDATION OF
THEMATHEMATICAL MODEL ON
THE SUPPORT OF THE CEINCERC
BUCHAREST SOLAR SPACE -
winter 2008-2009

The experiment was performed in the 2008-
2009 cold season; in this period the solar space
operated and thus contributed in providing thefresh
ar rateto CE INCERC Bucharest.

Thetwo ventilatorssupplying pre-heated fresh
air inthe solar space greenhouse are characterized
by volumeair-flowsof 44.5 m*/ hand57.6 m*/ h,
atotal of 102.1 m*®/ h. Compared to the building
total volumeof 167.8 m?, thisflow-rate represents
0.61 exchanges/ h.

Thefollowing validation periodswere selected:

1) 01.10.2008 — 10.10.2008 — 15 days

(232 hours)

2) 15.11.2008 — 25.12.2008 — 41 days

(976 hours)

3) 13.01.2009 — 04.03.2009 — 51 days

(1217 hours)

atotd of 107 days (2,425 hours), asignificant period
for thevalidation of the ca cul ation method.

Thevalidationindicatorsused include beside
the anaysisof the hourly differencesbetween the
exhausted air temperature, measured, t__  (t) and
the exhausted air temperature determined by
calculationt_, (1), (18), thedifferencesduringthe
above mentioned periods between the solar space
energy performancedeterminedtheoreticaly andthe
cdculated one:

4.VALIDAREA EXPERIMENTALA
A MODELULUI MATEMATIC PE
SUPORTUL SPATIULUI SOLARAL
CEINCERC BUCURESTI -
iarna 2008-2009

Experimentul s-a desfasurat in sezonul rece
2008-2009, timp in care spatiul solar a functionat
contribuind la asigurarea cotei de aer proaspat a
CE INCERC Bucuresti.

Cele doua ventilatoare care refuleaza aer
proaspat preincalzit in sera spatiului solar sunt
caracterizate dedebitelevolumicede 44,5 m*/ h
si 57,6 m3/ h, in total 102,1 m3/ h. Tn raport cu
volumul total al cladirii de 167,8 m3, debitul
mentionat reprezintd 0,61 sch / h.

S-au selectat urmatoarele intervale de validare:

1) 01.10.2008 — 10.10.2008 — 15 zile

(232 ore)

2) 15.11.2008 — 25.12.2008 — 41 zile

(976 ore)

3) 13.01.2009 — 04.03.2009 — 51 zile

(1217 ore)

intotal 107 zile (2425 ore), interval semnificativ
pentru vaidareametode decalcul.

Indicatorii de validare utilizati includ pe langa
analiza diferentelor orare dintre temperatura aerului
refulat, masuratd, t _ _(t) si temperatura aerului
refulat, determinatd prin calcul t_ (t), (18),
diferentele pe intervalele mentionate intre
performanta energetica a spatiului solar determinata
teoretic si cea calculata:

sts(t) = GCpa X[tas(t) - te(t)] (19)

According to theelementsmentioned above, a
characteristic of thehesat integral equation solution
is represented by the determination, meaning
identification, of then exponent specifictothespline
function which describes the space variant of the
temperaturein theopague collectingwall thickness.
Thevalidationimpliesthefact that during all the
support periods, the same value n should be
preserved. Vaue n does not influencetheresultin
termsof energy performance. Theonly influenceis
noticed on the amplitude of the oscillation of the
temperature of the air exhausted from the solar
space.

Conform celor mentionate, 0 particul aritatea
solutiei ecuatiei integrale a caldurii este reprezentata
de determinarea cu caracter de identificare a
exponentului n propriu functiei spline care descrie
variatia spatiald a temperaturii pe grosimea peretelui
captator opac. Validarea presupune ca pe toate
intervalele suport sa se mentina aceeasi valoare n.
Vaoarean nu influenteaza rezultatul din punct de
vedere al performantei energetice. Singura influenta
se resimte asupra amplitudinii oscilatiei temperaturii
aerului refulat din spatiul solar.

64
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4.1. Theoptimum valuefor thefirst periodis
n = 0.65. As the phenomenon is the same, the
other periods should also lead, theoretically, to
thesameresult. Thediagram in Fig. 6 presentsthe
function:

4.1. Valoarea optima aferenta primului interval
esten = 0,65. Fenomenul fiind acelasi si celelalte
intervale de timp trebuie sa conduca teoretic la
acelasi rezultat. Tn graficul dinfig. 6 se prezinta
functia:

Sla®) - ¢ (20

as
which confirmsvauen=0.65 astheoptimumvaue.
For theperiod of timeunder andlys's, equation (17)
providesvaluea H = 3.106; both values haveto
be confirmed in the under periods of time under
andyss.

0,00675

care atestd valoarea n = 0,65 ca valoare optima.
Pentru intervalul de timp analizat ecuatia (17)
conduce la valoarea a, = 3,106, valoare care
trebuie confirmata in celelalte intervale analizate.

0,006625 \

\

0,0065 \

9 0,006375

0,00625

square standard deviation/theoretical average temp
ab.med patratica/temp.medie.teor. [ - ]

 0,006125 N //
0,006 //
7 ~
0,005875 \ e

\h____ [

0,00575

0,2 0,25 0,3 0,35 0,4 0,45 0,5 0,55

0,6 0,65 0,7 0,75 0,8 0,85 0,9 0,95 1
n

Fig. 6. Determination of exponent “n” value — period 01.10.2008 — 10.10.2008
(Determinarea valorii exponentului n — interval 01.10.2008-10.10.2008)

Intermsof the Energy Performancecriterion,
thespecificvauesare 3.66 kWh / m?(accordingto
the measurements) and 3.92 kWh / m? (according
to the theoretical model) respectively, which
generates a global deviation of 7.26 %which is
considered acceptable. Thediagramin FHg. 7 presents
the hourly variationst_, (), t_ (1), t, (t) for the

period of timeunder analyss Vauest,._, =28.1°C,
f.s-m = 27.3°C resultfromaveraging.

4.2. Thesecondtime-lag, 14.11.-25.12.2008
confirmsthe preservation of valueaxH = 3.106
andthereaching of valuen=0.60. Thediagramein
Fig. 8 presentsthevariation of function f (n) (20),
which providesn =0.60.

Din punct de vedere al criteriului Performanta
Energetica valorile specifice sunt de 3,66 kWh / m?
(conform masurarilor), respectiv 3,92 kWh / m2
(conform modelului teoretic), ceea ce genereaza o
abatere globald de 7,26 %, pe care o consideram
acceptabila.

Ingraficul dinfig. 7 se prezinti variatiile orare
t . (0.t (D), () pentruintervaul andizat. Prin

mediere rezultd t,,_, = 281°C, t,,_,, = 27,3°C.

4.2. Cel de d doilea interval cuprins intre
14.11.2008-25.12.2008 atesta mentinerea valorii
a, = 3,106 si realizarea valorii n = 0,60. Ingraficul
dinfig. 8 seprezinta variatia functiei f (n) (20), din
care rezulta n=0,60.
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Fig. 7. Temperatures specific to the operation of the ventilated solar space — 01.10.2008-10.10.2008
(232 hours) CE INCERC Bucharest

(Temperaturi caracteristice functionarii spatiului solar ventilat — 01.10.2008-10.10.2008 (232 ore)
CE INCERC Bucuresti)

\.._‘./

0,2 0,25 0,3 0,35 04 0,45 05 0,55 0,6 0,65 0,7 0,75 038 0,85 0,9 0,95 1

n

Fig. 8. Determination of exponent n value — period 15.11.2009-25.12.2008 (Determinarea
valorii exponentului n — interval 15.11.2009-25.12.2008)
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Interms of energy performance, the specific
values are 9.53 kWh/ m? and 9.83 kWh/ m?
respectively, which generateagloba deviationin
thetime-lag of 3.16 %, confirming thevalidity of
thecaculationmode.

ThediagraminFig. 9 presentsthehourly values
t .. (0, (O fortheanayzedtime-lag. Values

f.1 =11.7°C, f,_,=11.5°C are provided by
averaging.

4.3. Thethird caseis characterized by values
n=0.55 axH =3.106, g, =15.26 kKWh/m?,

o, =15.84 KWh/m?, e =3.63% , Which represent
a clear validation. Values t, , =12.5°C and

t,s.m =12.2°C dsoattest thevery good estimation
by thetheoretica moddl.

ThediagraminFig. 10 presentsf (n) and the
diagraminFig. 11vauest_ (1)t (t),t_ (t).

Thisanaysisshowsthat thehourly calculation
model usedfor thetemperature of theair exhausted
intheoccupied spaceprovidesresultsalowing their
inclusonintheca culation dgorithm of thethermd
response of theentirebuilding, if theaveragevalue
n = 0.62 is used (an average rated with the

30

Din punct de vedere al performantei energetice
vaorilespecificesunt de 9,53 kWh / m?, respectiv
9,83 KWh/ n?, ceea ce genereaza o abatere globala
pe interval de 3,16 % care atestd valabilitatea
modelului decalcul.

Ingraficul dinfig. 9 se prezinta valorileorare
t . (D), t_ (t) pentru intervaul analizat. Prin

mediere rezultd: t,_, =11,7°C, t,,_, =115°C.

4.3. Cel de al treilea caz se caracterizeaza prin
vaorilen= 0,55, a, = 3,106, g, =1526kWh/rf,
q, =15,84 kWh/m?, e = 3,63 %, ceea ce repre-

zintd o validare sigura. Valorile t,_; =12,5°C si

t.o.m =12,2°C atestd, larandul lor, estimarea foarte

buna prin modelul teoretic.

Ingraficul dinfig. 10 se prezinta f (n), iar in
graficul dinfig. 11 vdorilet  (t),t_ _(t),t_(t).

Din analiza prezentata rezulta ca modelul de
calcul orar al temperaturii aerului refulat in spatiul
ocupat ofera rezultate care permit includerea in
algoritmul de calcul al raspunsului termic al
ansamblului cladirii, cu conditia utilizarii valorii medii
n= 0,62 (medie ponderata cu duratele intervalelor

|
28 i = t-vent.m [°C]
26 t-vent.t [°C]
" lﬂ —&=te [°C]
22 Il ! i
I [ 1P —
T DL | bl
T 18 1= L{ﬁg | L B
= 1 LA [ | 4 4 4 l | L
1T \ P o : FJ r
£ 14 R Skl 1 T * S ut
;12.';\‘7&;:1 AW LR o LELRERY
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£" \' - Falt Yy i
z 8 N ALl
6
4
2,
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-4

0 48 96 144 192 240 288 336 384 432 480 528 576 624 672 720 768 816 864 912 960

momentul [h]

Fig. 9. Temperatures specific to the operation of the ventilated solar space — 15.11.2008-25.12.2008
(976 hours) CE INCERC Bucharest (Temperaturi caracteristice functionarii spatiului
solar ventilat — 15.11.2008-25.12.2008 (976 ore) CE INCERC Bucuresti)
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Fig. 10. Determination of n exponent values — period 13.01.2009-04.03.2009
(Determinarea valorii exponentului n — interval 13.01.2009-04.03.2009 )
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Fig. 11. Temperatures specific to the operation of the ventilated solar space —
13.01.2009-04.03.2009 (1217 hours), CE INCERC Bucharest
(Temperaturi caracteristice functionarii spatiului solar ventilat —
13.01.2009-04.03.2009 (1217 ore), CE INCERC Bucuresti)
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measurementsdurations) aswel asthedirect sunlight
coefficentsresulted from theandysisof thesunlight
coefficient of the solar radiation collecting surface—
natura and artificia obstacles—andfromtheglazing
rate of thecollecting greenhousefront surface.

5.METHODOLOGICAL SYNTHESIS

It requires considering the solar radiation
collecting unit as a homogeneous flat plate with
material geometrical and thermo-physical
characteristicswhich aredetermined asfollows:

5.1. Determination of the equivalent
homogeneous structure of the solar
radiation collecting unit

5.1.1. Real component — structure, thermo-
physicd characteritics, thermd resistance(thelayers
aremarked fromtheoutsdetotheingde) (Tablel).

de masurare) si a coeficientilor de insorire rezultati
din analiza Insoririi suprafetei captatoare a radiatiei
solare — obstacole naturale si artificiale — si din
raportul de vitrare al suprafetei frontale a serei
captatoare.

5. SINTEZA METODOLOGICA

Aceasta implicd tratarea elementului de captare
aradiatiei solare sub forma unei placi pane omogene
cu caracteristici geometrice si termofizice de material
care se determind dupa cum urmeaza:

5.1. Determinarea structurii omogene
echivalente a elementului de
captare a radiatiei solare

5.1.1. Elementul real — structura, proprietati
termofizice, rezistentd termica (notarea straturilor se
facedelainterior laexterior) (Tabelull)

Table 1.
Material | Thickness [m] | 1 [wW/mK] | r[kg/m? | c [0 /kgK] | a[m®/s]
Mat. 1 di 11 ri C1 a1
Mat. 2 do I r2 C2 az
Mat. 2 do I3 rs Cs as
Mat.n-1 dn_1 Ih_1 -1 Cn-1 an-1
Mat. n dn In n Cn an

5.1.2. Determinationof valuea,

s,

a; =ag +a X
5.1.3.Vaue &, isdetermined by relation (10).

5.1.4. Thermal resistance (thethermal bridges
areexcluded)

5.1.5. Random va ues of the density and of the

mass specific heat of the single materia (M) are
selected selected, namely r,, andc,,.

5.1.2. Determinareavaorii a

5.1.3. Se determind valoarea &, cu relatia (10)

5.1.4. Rezistenta termica (se exclud puntile
termice)

5.1.5. Se aleg valori arbitrare ale densitatii si
caldurii specifice masice ale materialului unic (M),
r,sic,.
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5.1.6. Theequivaent thermal conductivity is 5.1.6. Se determina conductivitatea termica
determined, I echivalentd I :
ty G O
| =6k ryCy +
M¢ o dy -
a-~— oz
k 1 K ﬂ
5.1.7. Thethickness of the equiva ent homo- 5.1.7. Se determind grosimea structurii
geneousstructureisdetermined for each layer: omogene echivalente, pefiecare strat in parte:
. 5050
dM ) = dk xg_Mxﬂ:
Iy TuCug
5.1.8. The total equivalent thickness is 5.1.8. Se determina grosimea totald echivalenta:
determined: _ o
dy =ady,
k
5.1.9. The equivaent thermal diffusivity is 5.1.9. Se determind difuzivitatea termica
determined: echivalenta:
ay = L
5.2. Theequivalent structuresthermal 5.2. Se determind rezistenta termicd a
resistance is determined: structurii echivalente:
R= i + i + d_M
a, &e I M
(equd totheredl structurethermal resistance). (egala cu rezistenta termica a structurii reale).

5.3. Thefollowing numerical coefficients

are determined: 5.3. Se determinad coeficientii numerici:

_S, , .
PTs, A= b Tha R p=D 2T BTR - ahiRy?
p Ay,
Bl:_ @Cpapl'l'acvx[bx'ol_(l_ AL)] . —_ @Cpax(%_l)'l'achSX(l'l'b) .
@CpaAZ'I'acvx[bX(Az_l)"'Az] @CpaAZ-I-acvx[bx(Az_l)-l'Az]
atb
C,=A+AB; C,= A+ AB,; D=— 22
1= A+ AB 2= At A, Yy
Bi; :aixd—M; Bie:&exd—’\";
1, "
n = 0.62 (for the solution of the CE INCERC n=0,62 (pentru solutia la spatiu solar CE INCERC
Bucharest solar space) Bucuresti)
M., M,, M,, Num, according to relation (14). M., M., M., Num, conform relatiei (14).
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5.4. The equivalent temperaturet_ () is
determined:

() =t () + Ot
a

(sC,=1-C;B,=1-B).

5.5.N,, N, are determined (according to 15)

Thecalculation rel ations necessary in deter-
mining the thermal flows and the temperatures
required by thedynamicsmulationare:

g (x=0,1) accordingto (12)
J, (x=d,, 1) accordingto (13)
t(t) accordingto(5)

t (Y accordingto (18)

Of these, g, (x=0,t) and t_ (t) are the
parametersrequired by the dynamic simulation of
themain zoneof thebuilding, whichisequipped with
aventilated solar space.

6. CONCLUSIONS

1. Taking into account the ventilated solar
gpaceof CEINCERC, amode specifictothehourly
pace heat transfer transient conditionswas carried
out, the object of which is the modeling of the
dynamic processof pre-heatingtheair exhaustedin
thebuilding.

2. Theexperimental validation testscovered
three periods of timetotalizing 104 days, anumber
sufficient for gatiticaly vaidating theresults.

3. The parallel analysis was focused on the
temperaturevariation of thehot air exhausted inthe
heated space and on the thermal flow supplied to
the ventilated solar space by aconvective effect.

4. The errors between the measured and the
ca culated val ues range between 3-8 % which con-
firmsthe satisfactory accuracy of the mathematical
modd specificto the ventilated solar space.
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CVCZ +arB

5.4. Se determind temperatura echivalentd

t. (0):

1Cs 17 (1) + L1x(1- c) ¥ 14 (T)]

(deoareceC,=1-C;B,=1-B).

5.5. Se determind: N, N, (conform (15))

Relatiile de calcul necesare determindrii fluxu-
rilor termice §i temperaturilor necesare simularii
dinamicesunt:

g (x=0,1) conform (12)
J, (x=d,t) oconform(13)
t(t) conform (5)
t_(t) conform (18)

Dintre acesteaq, (x=0, t) sit_(t) sunt para-
metri necesari simularii dinamice a zonei principale
a cladirii dotata cu spatiu solar ventilat.

6. CONCLUZII

1. Data fiind dotarea CE INCERC cu spatiu
Slar ventila s-aelaborat unmodd propriu regimului
variabil detransfer de caldura cu pas orar avand ca
obiect modelarea procesului dinamic al preincélzirii
aerului refulat in cladire.

2. Testele de validare experimentalad au cuprins
trei intervale de timp cu un total de 104 zile, numar
suficient pentruavaidastatisticrezultatele.

3. S-au analizat in paralel variatia temperaturii
aerului cald refulat in spatiul incdlzit si fluxul termic
fumizat de catre spatiul solar ventilat prin efect convectiv.

4. Erorile dintre valorile masurate si cele cal-
culate se situeaza in plaja 3-8 %, ceea ce confirma
corectitudinea satisfacatoare a modelului matematic
propriu spatiului solar ventilat.
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