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ABSTRACT

This paper presents the analysis on mathematical
models of two passive solar heating systems:
— INCERC system with air natural flow in
the collecting greenhouse;
— Solar space system without air flow.

The results supplied by the analysis and pro-
cessing of the experimental data obtained in CS 3
Bucharest solar house (INCERC) are also
presented; these results prove the theoretical ones
valid. The paper also includes adescription of the
transient mathematical model specific to the
analysis of solar space system without air flow in
various constructive variants.

|. Introduction

Passive solar heating is presently a major
concern of Romaniagroupsworking on building
research and design. The first theoretical and
experimental research studieswereworked out in
INCERC and used thefollowing experimentd bases
the INCERC 1 solar cabin (1974), the Campina
solar houses (1976, 1977), the solar apartment
buildingsin Medgidia(1981) and CS 3 Bucharest
solar houseat INCERC (1982). Threepassive solar
hesting systemswere analysed:

— the INCERC system, similar to the
Trombe system with air flow through the
greenhouse space collecting solar radiation;

—theTrombe systemwithout air flow;

—thedirect gain syssemwithtripleglazing.

This paper introduces the theoretical and
experimentd analysisof thefirst two syssemswhich
arepresently used in Romaniatypified projectsfor
dwellingandindustrid buildings.

REZUMAT

Lucrarea prezintd modelarea matematica a
proceselor termice specifice pentru doua sisteme
pasivede utilizare aenergiei solare:
— sistem INCERC cu vehiculare naturala a
aerului Tn sera captatoare;
— sistem spatiu solar neventilat.

Se prezinta validarea experimentald pe suportul
casei solare CS 3 Bucuresti.

TheINCERC passivesystem differsfromthe
traditiona Trombesystem both by thecollectingwall
material and by the position of air flow dots. The
collectingwall used in the INCERC systemisof
double-layer type. Theoutsidelayer iscovered with
black paintismadeof 0.15 mthick ALC! and the
insidewall adjoining the dwelling spaceis made of
0.25mthick hollow brick. Consderingthefact that
ALC is a heat insulating material, the wall is
characterized by aquick thermal response, namely
by high temperature values on the collecting wall
whichisaconsderablethermd protectionfor sunless
hours. Theair naturd circulationdotsalow thequick
damping of air movement under conditions of
turbulent flow and thusthe convective component
of theuseful heat flow isconsiderably increased as
compared to the Trombe solution. The paper
presentsthe basic mathematical modelling of heat
transfer process specific to thistypeof wall. The
transient analysis of the thermal response is
performed analytically and is based on a few
hypotheses proved valid experimentally.

! Autoclaved lightweight concrete

“National Building Research Institute— INCERC, Bucharest, Romania

CONSTRUCTII — Nr. 1/ 2007



D. Constantinescu

Air natura flow in the vertical collecting
greenhouse is described in areduced number of
studies that have already been published. The
aspects concerning the devel opment of thevel ocity
andtemperaturefield at laminar flow arestudiedin
[1] and[2]. Turbulent naturd flowisstudiedin[3].
The above mentioned papers, mainly [1] and [3]
use avery accurate mathematical model and the
resultsthat are obta ned are probably the closest to
the convective heat transfer theory. Neverthel ess,
thetrangent character generated both by thetherma
capacity of the collectingwall and by variation of
thedimaticfactorsisnot sufficiently put into evidence
asthecdculationsysemisnotincdudedinatechnicd
solution. Paper [4] suggestsatransient cal culation
method without performing adetailed andyssof the
natural convection phenomenonin the collecting
greenhouse. Inpapers[5] and [6] thecollectingwall
isintegratedin astructurewithout therma capacity
and space heatingis performed only by convection.
Our study suggestsamethod of andyticd caculation
and theanalysisof convective and conductive heat
transfer phenomenon includesthevariation of the
ar flow-ratecirculated inthe collecting greenhouse.
A smplifiedcdculationmethodisgenerated[7]. The
theoretical results are presented together with the
onesexperimentally obtained a the CS3 Bucharest
solar house.

The second passive solar heating system was
necessary as frequent practical imperfections
occurred in the INCERC system, mainly at the
collecting greenhouse. Thegreenhousebuilt ongtes
proved leaky which hasanegativeinfluenceonthe
energy performanceof thesystem. Inorder toensure
the possibility of the beneficiariesto tighten the
greenhouses, they areplaced a 0.60 m off theblack
surface of thecollectingwall. Thewal isnolonger
suppliedwithair flow dotsand the heet flow-rateis
purely conductive. Theanalysis presented hereis
theresult of modelling thetransitory condition for
two structures (concrete and ALC) of glazed wall
with and without thermal protectioninthesunless
hours. The results of this solution (0.30 m thick
concretewith thermal protection) are compared to
those obtained experimentaly intheINCERC solar
cabin|[8].

1. Mathematical model used in the
analysisof theINCERC heating
system

Theworking hypotheses part of mathematical
model ling of thermal processesof CS 3 Bucharest
solar housearethefollowing:

—the collecting greenhouseistight against
outside;

—air flowisturbulent;

—air temperaturevariation on the height of
thecollecting greenhouseislinesr;

—theair volumeflow-ratecirculatedinthe
greenhouse varies linearly with the average
temperatureof thecollectingwall black surface.

Theca culation schemeispresentedinfig. 1.

Theheat baance equations specificto the heat
transfer processesarethefollowing:

—for thewindow surface(S):

a, (J|x=D _tG) = a?v(tg -t)+ Kg(tG _te)

(1)
—for thecollecting wall surface(Sp):

p 1J
(@)1 =al(] -0 +a, (3, -to) + -

ﬂX x=D

)

—for thehest carrier:
GCaa(t] y-n=1) = S, [a5(3 xop - D) +

+ag,(fs - )] 3)

______________

Banll

G, 1
Fig. 1. Calculation scheme
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VIS, =AxJ| _+A (4)
t=By(t)ry+t, 5)
—for thecollectingwall insdesurface:
J
ﬂX x=0

The bar-marked symbols stand for average
valueson surface. The equation of the conductive
transfer through the collecting wall is Fourier
equation:

19 12
A ™)
1t 1%

In the equation written above, parameters

(at), l andt_aretimevariablefunctions.

The convection heat exchange coefficient is
determinedusingrelaion[9]:

a,, =1.601Dt%* (8)

A set of a, vaueswas numerically tested and
the hypothesis of accepting aunique vaue a, =
=6.96 W/ m%K resulted.

The temperature of the window surface is
provided by equation (1) taking into account the
possibility of expressingtheconvectivethermd flow
by atemperaturedifferencelinear function (error
sS=24%).

a,J| o +474+Ket, +17.70

r

©)

tG
a, +4.74+Kg

Relation (2) isalll™typeboundary condition
for equation (7). Relation (2) iswrittenasfollowsin
termsof thenumerica vauesof therma conductivity
I =041 W/ mK and of the collecting wall
absorptivity:

L -2319x(J| _,-H (10
ﬂX x=D

where:
t= 0.16t (t) +0.84t +3.11 (11)

t- (t) having the function of an equivalent

temperature.
Taking into account (3) and (4) balance
equations, theresultis:

341|,__ -3.93 +0.517t; -14.64
B,(t) = -

0.2233|  +319
(12)

By replacing in relations (11) and (10) the
followingrelaionisobtained:

13
—|  =-231909|,, - f(y. 1)) (13)
ﬂX x=D
whae
f(y, t) @ 0.16t (t) + 0.84t; + 3.11+

+yx(0.1927| __ -434) (14

whichisobtained by linearizing asagaingt variable
J ‘ (D) (error s =5.71 %). Using thefollowing
asagang dimensionlessnotations

y

at X
Fo=— and k=— §=—
D? D H

theproblemisstated asfollows:

ff(y.Fo) 1Q _TQ
Fo fFo %

E =0

Tk %=0
00, 2319xQ|,_ =0 (15)
%]y

Qle = f (1) - F(¥,0)
where

Q=J-f(¥, Fo)

and f (%) is the function of temperature field
digributioninthecollectingwall thicknessat theinitia
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moment. Congdering that thislinear distribution has
theform

f (k) =Dx+D,
thefoll owing sol ution being obtained by integrating
system (15):
J(% ¥, Fo) =f(¥, Fo) +
, 2[B+Dy)im xsim - Dys (- cosn))Jrcodm )
j ) (m) +sinm cosr))
sinm; cos(m; %)

-24 —{f(¥, 0)exp(-n 1 Fo) +

im sin m; cosm,

Foqf(¥, S T
+ ) Lgl)xexp[—ijX(Fo -9)] dsg
0
(16)
Function J |,_,(FO) isdeterminedintermsof
expression f(¥, Fo) (relation 14). The integral
equation isobtained:

J| . (FO) = 1.238x{E (Fo) +

[(D,+Dy)xm xsinny —QX(l—cosn)]xcosqiyf_

+&
i m X(rr] +sinrr] xcogr]) b
-1.23& }.E(O) xY(FO + T‘)O TE® xY(Fo-9) dSl‘,} _
1 o IS b
~0238) \ (o)xY(Fo)+ MS)XY(FO_S)@T
T o IS |5
17)
withthefollowing solution:
j‘ﬁzl(FO) =
by

xé[(D1 + D,)m; sinm; - D (1- cosmy;)] cosm X

J m; (m; +sinm; cosm;)

B(p;) 1
1Qmi + §——"x—exp(p, xFo) +
j i R(p;) p;

+5.208x{ E (0) * P(Fo) +

Foq E u
+9 TEE xP(Fo-5) dsBl/ (18)
0 s L

where
P(Fo)—ﬁ+ AlPy) xiexp(pJ xFo)
by i R(p;) p

A(p) = &a;p’
J

R(p) = &b; p’
J

and values p, are the roots of the characteristic
equation.
R(p)=0
Solution (18) isvalidfor thecaseof a2.00 m
high greenhouseinthe CS 3 Bucharest solar house.

If expression J|__ (Fo) isknow, function

B, (Fo) and further the function of heat carrier
temperature distribution on the greenhouse height
may be determined using relation (12).

If temperature distribution J (%, ¥, Fo) are
know, the convective heat flow may be cal cul ated
(relation (3)) aswell asthe conductive heat flow:

13
Qconp = - 'Xﬁ rS, (19)

=1

whereQ

o IStheaveragevaueasagaing § . Sum

(Qeony T Quonp) representsthe useful flow of the
collecting greenhouse in sunny hours. For the
remaining hours, the cal culation method whichis
used in the case of unvented wall is used. The
mathematical mode wasused in processingthedata
supplied by the experimental whichis presently
carried out in CS 3 Bucharest solar house.
Theprocessng wasperformed for long periods
(» 30 days) and a more efficient simplified
mathematical model was obtained; it isbased on
thetheory of steady-state heat transfer. Thismodel
allowsto estimate the energy performance of the
house but not to determinetheinsidetemperature
level sgenerated by the solar passive hesting system.
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[11. Experimentsperformedin CS3
Bucharest solar house

CS 3 Bucharest solar house has groundfloor
and one storey with 4 gpartments each of 3 rooms.
Two bedrooms of each apartment are on the South
facade and supplied with solar passvehegting. Two
rooms were arranged as measurement rooms in
order to determine the collecting wall energy
performance. Thedotsfor ar flowinthecollecting
greenhouse are differently arranged. In the storey
standard room (SSR), the bottom s ot admits cold
air (at atemperaturegpproximately equal tot) ona
linepardld tothecollectingwall and the upper dot
is normal in the wall surface alowing hot air
admissionintheroom. Intheground floor standard
room (GSR) both dotsare placed similarly to the
bottom dotinsolution (SSR).

Thetestsonvisudizingair flowinthegreenhouse
clearly put into evidencethe advantagesof the (SSR)
system. At the same time, visualizing testswere
performed inaroom supplied with norma dotson
thecollectingwal surface. Indl cases, laminar flow
was noticed in this type of greenhouse. In the
collecting greenhouseworkinginthestorey sandard
room (SSR) flow usudly wasturbulent theair bathing
thewholesurfaceof thecallectingwal (fig. 2) unlike
the (GSR) case where only 60 % of the collecting
asurfaceisactive(fig. 3).
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Fig. 2. SSR greenhouse air flow
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Fig. 4. The SSR system air flow rate
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Air volumeflow-rate valueswere measured
by hot wire anemometer. After dataprocessinga

curvefamily V = f (J ,+hi) resuitedwhichis

plottedinfig. 4. May wementionthat theinfluence
of outside temperature is not significant. The
experimentd correlaionisaccurately checked using
the data supplied by the preliminary model. The
energy equation is solved under the compul sory
condition of equality between pressure dropsand
avallablepressure.

The solar house energy performance was
determined usingthemathematica modd and proved
valid by the rooms energy balance equation for

80

Q,x=0(fig. 5). Theinsdefreerunning temperature
and outs dedimateva uesspecificto the cold season
arepresentedinTable 1.

Tabelul 1.
I n t t te &
Month | /2] | h iy [oeé] [02] ra | Fa
X | 510 | 59 | 166 | 100 | 116 |22
X | 463 | 25 | 72 | 39 | 43 |15
XI | 464 | 15 | 28 |-10 |-o08
| | 47 | 21 |-38 |-68 |-65
I | 512 | 48 |-45 |-88 |-80
W | 463 | 25 | 37 | 11 | 14 | 8
v | 44 | 71 | 185 | 123 | 141 |20
AVE | 480 | 33 | 61 |-02 | 067 |103
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Fig. 5. Energy performance experimental validation

A reduction of about 60 % of the heat
consumption is noticed thanks to the improved
insulation and to the solar heating passive system.
Theheat collected by passive systemisabout 30 %
in caseof (SSR). Aswe have already mentioned,
the correct service of the system depends on
greenhousetightening against air leskage.

V. Mathematical model used in
analysing passive systems without
air flow

For practical reasons, thesystem hasa0.60 m
wide passage between the collecting wall and the

glazing. Thisspaceisnot connectedtothedwelling
rooms. In the closed space adjoining the collecting
wall natura convection currentsare devel oped, flow
being usually turbulent. The valuesof number Gr
are higher then 2 ~ 107 in the range of useful
temperature. Relation (20) isused in determining

the convectivetranster coefficients[10]:
Nuy = cx(Gry »Pr)¥3 (20)
where

c=0.065¢(H /d) ™ xpr=1/3

TheUnitary Thermd Response (UTR) method
isused ascaculationmethod[11]. Themathematicd

10
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modd includesthebdanceequationsof thecallecting
wallsthat are considered homogeneous. The heat
trandfer isone-dimensiona, the boundary conditions
being of Dirichlet typevaridbleintimet__(t) andt,,
(t). Heat flows are determined using thefollowing
rdaions

- doubleoutsideglazing (2G);
- night protection with blinds made of
expanded polyurethane (P):
—with automatic control;
—with manua control;

- night protectionwithreflecting screen (RS):

dpr (1) ={tp (O} { X} +{tpe (O} {Y} —with automatic control;
(21) —withmanud control;

Ope (1) ={tpe (O} { X} +{tp (O} {Y} - without night protection (WP).
(22)

where: { X}, {Y} — matrices specific to the
thermophysical characteristicsof the structure under
study and to theresponseof sructuresa impulsiond
thermd excitation (Dirac functions).

As the conductive flows are equa to the
convectiveandradiativeflowsin caseof x=0,D
areasof thecollecting wallsunder sudy, temperature
valuest (1), t, (t) may beexpressed in terms of
instantaneous values | (t), t, (t), t (t). In the
mathematical model that was worked out, the
condition of thermostati c temperature control of the
dwelling space, namely t = 18°C is raised.
Temperaturet, isactually determined by theroom
heat balance; situationswhen t. > 18°C may also
occur. Conditiont = 18°CimpliesQ-, , £ 0 and
therefore the possibility of dwelling space air
conditioning. Thethermal response of the concrete
andALCwallswasdetermined using thefollowing
possibilitiesof carrying out and putting into service
thesystem:

The automatic control impliestheexistence of
devicesrequiting collectingwall protection at the
moment when d_ (t) < 0. The manual control
impliesthe occupants decision on protecting the
outs de surface of wallsduring afternoon and night,
asindaytime hours (7°-16%) the surfaceisfreely
exposed no matter the direction of the heat flow
qPE (t) -

The climatic datathat are used represent the
hourly values of solar radiation intensity | (t), of
outside temperature t_ (t) and of wind velocity
w (t) for a5 yearsperiod (1978-1982) recording
in Campina (at CS 1 and CS 2 Campina solar
houses). Theresultsobtained are presented in Tables
2 (concrete) and 3 (ALC).

The thermophysical characteristics used in
cdculationsareasfollows:

concrete: 1.62W / mK;

c=0.836 kJ/ kgK; r =2.400 kg/ m?

ALC: 0.35W/mK;

c=0.842kJ/ kgK; r =900 kg / m3.

- dmpleoutsdeglazing (1G);
Table 2.
Concrete collecting wall
Wall type C-2GWP | C-2GP | C-2GRS | C-1GWP | C-1GP | C-1GRS
D [m] 0.2 0.2 0.2 0.2 0.2 0.2
Daei [kgef / m? year] 2.88 13.68 15.07 -6.00 9.54 10.89
D [m] 0.3 0.3 0.3 0.3 0.3 0.3
Daei [kgef / m? year] 2,94 12.6 13.79 —4.09 9.32 10.54
Table 3
ALC collecting wall
Wall type ALC-2GWP | ALC-2GP | ALC-2GRS | ALC-1GWP | ALC-1GP | ALC-1GRS
D [m] 0.2 0.2 0.2 0.2 0.2 0.2
Daer [kgef / m? year] 5.36 10.11 11.02 1.77 6.96 7.82
D [m] 0.3 0.3 0.3 0.3 0.3 0.3
Dapi [kgcf / m? year] 6.00 9.68 10.41 3.40 7.14 7.88
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V. Interpretation of results

Thevariantimplying thehighest energy gainis
concrete with double glazing and refl ecting screen
protection, 0.20 m concrete thickness (Dg,, =
=15.07 kgcf / m? year; 1 kgcf = 21.506 kJ).

If automatic thermal protection is not
under service the energy gain is reduced up to
2.88 kgcf / m? year. The influence of thermal
protection automatic control isrendered evident by
thefollowingration:

RY =0.47

R® =0.73
where (1), (2) represent theglazing type.

Incaseof ALC thesameratiosare;
RY.=0.76
RZ. =0.82

Without thermal protection the thermal
performance decreaseis considerable; in case of
ALCitisof 50-70 % and in case of concreteitis
over 80 %.

Smpleglazingwithout thermd protectionisnot
recommended in any case.

VI. Conclusions

a. Thispaper presentsthe anaysison mathe-
matical model sof two passvesolar hegting systems:

—INCERC systemwith air natural flow inthe
collecting greenhouse;

—Trombesystemwithout air flow.

b. Starting from the cal culation models that
wereworked out, the experimental data supplied
by CS 3 Bucharest solar house (at INCERC) were
analysed and processed.

c. The measured data (air volume flow-rate
values, convective and conductive heat flows) are
inaccordance with those obtai ned by cal culation.

d. Thepaper givesadescription of thetransent
mathematical model specific to the anaysis of
unvented Trombewalls.

Symbols

t.—glazing areatemperature[°C]

t—air temperaturein collecting greenhouse [ °CJ
t_—outsidetemperature [ °C]

t | y=n —temperatureof air exhaustedinroom[°C]

{ —araveragetemperaturein collecting greenhouse
[°C]

t —insidetemperature[°C]

t.—equivalent temperature[°C]

t. —temperatureof unvented collectingwall outside
surface[°C]

t., —temperature of unvented collectingwall inside

surface[°C]

J|, ., —temperatureof vented collecting wall

insdesurface[°C]
a_—radiation heat exchange coefficient[ W/ nvK]
a,,—convection heat exchange coefficient [W / m?k]
k, —coefficient of glazing overal heat |osses
[W/mK]
| —solar radiationintensity [W / m?]
I —collectingwall thermal conductivity [W/ mK]
G—air massflow-rate[kg/ 9
¢, —specific heat of constant pressureair

[ kgd/kgK]

a—therma diffusivity of collectingwall materid
[m?/9]

Q,x—heat flow exhausted by auxiliary source
[kgcf / month]

t—time[s]

H —greenhousehigh[m]

D —collectingwall thickness[m]

d —greenhouse passage width [m]
m-— eigenvaues

Fo—Fourier dimeng onless number
Nu—Nussdt dimens onless number
Gr —Grashoff dimens onlessnumber
Pr—Prandtl dimensonlessnumber

12
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