TRANSIENT HEAT TRANSFER AT THE
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ABSTRACT

The heat flow-rate transferred through the ground
represents an important rate of the heat flow-rate
dissipated to the outside by the buildings, mainly
by the low ones. The buildings architectural
solutions associated to the structural solutions,
meant to carry out buildings with a low energy
consumption used by thethermal utilities (heating/
cooling) emphasize the impact of the building —
ground boundary on the building thermal
response. Thisarticle presentsahybrid calculation
model of the ground thermal responseto theindoor
and outdoor random thermal loads, based on the
combining the model specific to the steady-state
solution by the conforming transformations
method used in the case of the previously
mentioned boundary and the Unitary Thermal
Response (RTU) method specific to the impulse
thermokinetics used in the case of virtual similar
environments operating as a model, which
substitutes the real environment (ground).

The article also presents the results of the
experiments performed on the CE INCERC
Bucharest experimental building in the cold
seasons 2003 and 2004. The deviations between
the heat flow-rate experimental values and those
theoretically determined by the INVAR software,
ranging between 2.48 % and 5.45 % certify the
proposed calculation model. The practical use of
the calculation model is meant for the boundaries
between the building and ground in several
variants; it is included as a calculation method in
the Romanian EPB (building energy performance)
calculation method, Mc 001 / 1-2006.

Key-words: conform transformation, virtual
outdoor temperature, similitude criteria, hybrid
mathematical model, boundary conditions, homo-
geneous and non-homogeneous environments

REZUMAT

Fluxul termic transferat prin sol reprezinta o cota
importanta din fluxul termic disipat catre exterior la
nivelul constructiilor, In special a celor cu nivel
redus de 1naltime. Rezolvérile de arhitectura
asociate cu rezolvarile structurale ale cladirilor, care
vizeaza realizarea unor cladiri cu consumredus de
energie, aferent utilitatilor termice (Incalzire / racire),
aduc in prim plan impactul frontierei cladire-sol
asupra bilantului termic al cladirii. Lucrarea de fatd
prezintd un model de clacul hibrid al raspunsului
termic al solului la solicitarile termice aleatoare
interioare si exterioare, bazat pe combinatia
modelului propriu rezolvarii in regim stationar prin
metoda transformarilor conforme aplicata frontierei
susmentionatd, si metoda Raspunsului Termic
Unitar (RTU), proprie termocineticii impulsionale
aplicatd mediilor similare virtuale cu functie de
model, care substituie mediu real (solul).

Se prezinta rezultatele unor experimentari realizate
pe suportul cladirii experimentale CE INCERC
Bucuresti in sezoanele reci 2003 si 2004. Abaterile
intre valorile experimentale de flux termic si cele
determinate teoretic prin utlizarea programului de
calcul INVAR, cuprinse intre 2,48 % si 5,45 %,
certificd modelul de calcul propus. Aplicarea
practicd a modelului de calcul se adreseaza
frontierelor dintre cladire si sol in diferite variante
de realizare si este inclusi ca metoda de calcul in
metodologia autohtond de calcul al PEC, Mc 001/
1-2006.

Cuvintecheie: transformare conforma, temperatura
exterioara virtuala, criterii de similitudine, model
matematic hibrid, conditii la limita, medii omogene
si neomogene
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1. GENERAL PRESENTATION

The heat flow-ratetransferred through ground
represents animportant rate of the heat flow-rate
dissipated to the outside at thelevel of buildings,
mainly of thosethat are not too high. Theliterature
inthefidd esimatesthat for suchabuilding, properly
insulated inthe upper part (namely over the ground
level) and which has componentsin contact with
the ground which are not insulated, the heat flow
transferred through thegroundis60 % of thewhole
flow yielded to theenvironments.

Most of the cal cul ation methods deal with the
flow throughtheground inanimproper manner, usng
the steady-state or quasi -steady-state heat transfer
conditions. The heet transfer Seady-state conditions
might beconsdered only if theground layer thermal
capacity isvery low and the temperatures of the
dwelled and outdoor environmentsare constant for
long periods of time (whichisnot the case). The
indoor temperature varies in time in the case of
dwelled spaces equipped or not with continuoudy
operating air conditioning systems. The outdoor
temperature hasboth daily and seasond variations;
moreover, the solar radiation influence must be
added here. Therefore, thisisanother parameter
which doesnot meet the conditionsof steady-state
heat transfer through the ground. The cal culation
methods used in Romania do not take into
consideration this temperature variation of the
environments, between which the heat flow-rate
occurs, or the phase lag or the damping of the
thermal waves generated by the ground thermal
capacity. The proper use of certain transient heat
transfer models leads to technical solutions of
building componentsthermal configuration aswell
asto values of the occupied spaces heat demand
whichvary intime; both have consequencesin the
economic sector as well as in the operation of
buildingsand their corresponding systems.

This article presents a hybrid method of
trang ent hegt transfer through ground, based onthe
analysisof thehest transfer and of the spectrum of
isothermsspecificto thetransient conditions[1, 2]
associated to thevirtual outdoor temperatureof the
adjoining natural environment, which variesbothin
timeand according to the hest flow-ratelineslength.
Thecaculationmodel of thethermd flowsthrough

ground usesthe geometry of theflow lines specific
to the steady-state conditions and is supported by
thetransient heat transfer through flow channels.
Actually theheat flow-ratelinesareassmilated to
tubular linesof flow, generating flow channdswhich
areinfinitely thinand with alength equd totheflow
line, which connectsthe point on theroom floor to
the outdoor environment. Themateria structure of
theflow channdl containsall thematerial structures
included inthefloor and ground structures. Theflow
channd saredisplayed on theentireareaadjoining
the ground on theouts deof thebuilding component.
Suchadjoiningflow channds eechinfinitdy thin, are
characterized only by heat transfer along them as,
consequent to thereduced temperature difference,
theradial heat transfer isconsidered negligible. A
samplified mode resultstherefore, characterized by
one-dimensional heat transfer aong the flow
channds; theadjoining areas of two successveflow
channelsare adiabatic aress.

Inorder to usethe Unitary Thermal Response
Method (RTU), thecriteriaof similitude between
thereal processand themodd areused. Thetransent
heat transfer method was validated by comparing
theresultsprovided by thisca culationmode tothose
provided by the programme of experiments
performed on an INCERC Bucharest testing
building; anumber of measurementswereperformed
herein the 2003-2004 winter, focused on the hest
flow-rate dissipated on the floor. These
measurementswere performed in two rooms, one
West directed and the other North-West directed
(thedirectionsrepresent marks of themain facades).

Thecomparison of themeasured and cal cul ated
values proved errors ranging between 0.6 % and
6.23 %. The use of a method described in the
Romanianliteraiureinthefid d area inthesamecase,
generated values more than twice higher for the
thermal flow, thereforeavery important deviation
compared to reality (100 %). This value can be
explaned by theuse of thesteady-state heet trandfer,
which correlates the indoor and the outdoor
temperatures, a hypothesis which is entirely
contradicted by theandys sof thespecific heat flow-
ratemessured values.

Thepracticd importanceof thenew caculaion
method isthe possibility of optimizing the costs of
the protection of the floors placed on ground by
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accurately knowing the variation of the values
specificto the heat flow diss pated through ground
aswdl asanew gpproach of theworksof upgrading
exiging buildings. Thethermd systemdimensioning
and the heat consumption areequally influenced by
theaccuratequantification of theheet flow diss pated
through ground.

Thecalculation method isbased on acommon
smplification of dl thecalculation modelsusedin
assess ng the Buildings Energy Performance (EPB),
namely one-phase heat transfer, but expressly
cons dering thethermophysica parameters specific
to humid ground, dry or frozen according to the
ground water content and to thethermal conditions
specificto the heat flow-ratelinesvirtual paths. In
the case of processes characterized by phasechange
(e.g. ground frost / thaw), the model takes into
account the thermophysical propertiesof ground
following the previously mentioned processes
(equivalent thermal conductivity consequent tothe
use of Stefan equation).

2. IMPULSIONAL THERMOKINETIC
ELEMENTS-THE UNITARY
THERMAL RESPONSE METHOD
(RTU)

The mathematical modeling observing the
impul sethermokineticsisusedin order to solvethe
problemsinvolving variableparametersand random
climatic loads. The thermal response based on
steady-state heat transfer in 2D space, one of the
hypotheses extensively used in modeling the heat
transfer through[ 1, 2] and which benefitsfromthe
conform depiction method, leads to the
determination of the heet-flow rate curvesintheform
of dlipsesegmentsperpendicular on theisotherma
curves. Thehest flow-rate*lines’ may beassmilated
toavery good approximation of circlearcs, which
offer thepossibility of providinganumber of practicd
solutionsusedinthe ca culation methods specificto
the building-ground boundary heat transfer. The
hypothesis of steady-state heat transfer through
ground, impossibleto argument phenomenologicaly,
hasthe advantageto facilitate al gebrai c solutions
eedly ussbleand highly versatilefromthe operationd
point of view, whichisacons derableadvantagein
engineering cdculations.

But thelack of phenomenologica conformity
abolishesthequalitiesto be considered inusing the
solutions specific to the heat transfer steady-state
conditions. A compromising sol ution between the
previoudy described simplification, specifictothe
steady-state solution and the sol ution specificto the
real conditions, variablein termsof heat transfer
involvestheuseof thevirtual outdoor temperature
specific to the outdoor environment instead of the
outdoor environment temperature.

Thistemperatureisafunction varigbleinterms
of spacewhichisrepresented by thevariablelengths
of the heat flow-ratelinesand in termsof time, a
consequence of thetransfer function specifictothe
ground massive defined between theinsdethermo-
dynamic outline (adjoining the building) and the
outs dethermodynamic outline(adjoiningthenatura
or built outdoor environment). Thetheory of the
virtual outdoor temperature defined asaspaceand

timefunction, t,, (s, t) [3] provesthat itisallowed

to usethe mathematical formalism specifictothe
steedy-state heat transfer by conductionintransent
heat transfer problems. Based on solution g, (t) -
heat flow density value at level x = 0 — avery
important thermodynamic parameter may bedefined,
whichwill befurther usedinthisarticle, namely the
virtual outdoor temperature.

Temperature t_ (t) represents a virtual
temper ature of the outdoor environment in terms
of which, at any moment, the heat flow-rate
dissipated to / coming from the outdoor
environment may be determined by the
mathematical formalism specific to the steady-
state heat transfer.

Themain characteristic of thevirtua outdoor
temperature is its invariance in terms of the
variation of theindoor temperature, t. According
to theimpul se ther moki netics method, the solution
of the conduction equation isbased onthethermal
responsein theform of thermal flowsand field of
temperatures in flat and isotropic structures, at
impulsive outdoor loads. An impulsiveload isa
sudden modification of aclimatic parameter, which
isalso accompanied by an energy impulseapplied
on the flat component under analysis. The heat
parabolic equation in one-phase and isotropic
environments, if indoor heat sourcesarelackingisa
linear equationwith partia derivatives. Thetherma

CONSTRUCTII —Nr. 2/ 2010

53



D. Constantinescu

response hastheform of avariablefunctioninterms
of timeastheresult of thelinear system loading by
animpulse-typeexcitation. Theoutlet functiony (t)
isthe consequenceof usingtheinlet function z (t);
thelink between thetwo functionsis performed by
means of the Unitary Thermal Response (RTU)
function[3]:

y®)=z®*r @) (6)

where (*) represents the convolution product of
functionsz (t) andr (t).

Functionr (t) representsthe Unitary Thermal
Response (RTU) asitisan outlet function of the

linear system characterized by the y (t) transfer

function under Diracimpulsiveload.

Thethermd responseisrepresented by thevaue
of thespecific heat flow-rateat levelsx = 0and x =
é1=D(r, (), namdyr,, (V).

n(t) © X (1) )
r(0) °Y (1) ®)

Therefore the final solutions of the heat
conduction problem with Dirichlet boundary
conditionsarewritten asfollows;

Ha (O} _aX (O (Y(0)7 0 ali, (0}
B0} SY ) (X @) i)

(1)
where: { }T—linevector; { } —column vector

Theresultisthat the solution of any conduction
heat transfer problem isreduced to knowing the
value of the line matrix elements { X (t)} T and
{Y (1)}, these values representing exactly the
Unitary Thermal Response.

Inthe case of amulti-layer flat structure, the
problemiscompleted by the IV-th rank boundary
conditions at the contact between the material
structurescharacterized by aD, thickness, Ijthermd
conductivities, r; densitiesand ¢, massspecific heet
aswell asby thelll-rd rank boundary conditionsat
the contact with theadjoining outdoor environments.
It results that for aflat environment formed of n
materia structures, two equationswill bewritten,
representing thelV-th rank boundary conditions. A

system of n equations with n unknown values
is generated; the latter items represent the
temperatureson the surfacesbordering the material
layers. According to the Ill-rd rank boundary
conditions, linear or nat, alinear or non-linear system
of algebraic equationsresults, whichissolved by
specific methods. Thethermal balance of amulti-
layer structurewith nmaterid layersiswritteninthe
form of thefollowing equations.

}ai[ti (8-t (0]-[ A X,(t- 0D 15, (kD) +
T+ Y,(t-kDY)xJ, (KDY)] =
k=0

m
X, (t - kDt)xJ, (kDt) + éYl(t - kDt) sty (kDt) =

o3

— o —— — — - -
=~
1l
o

= aXz(t kDt)xJ, (kDt) + aYZ(t KDt)xJ,(kDt)

s -

X, (t - kDt)xJ,(kDt) + éYz(t - kDt)xJ, (kDt) =
k=0

0

m m

éxg(t - kDt)xJ, (kDt) + & Y,(t - kDt)*J4(kDt)
k k=0

— " — ——
=
1l

1]

o

Z:Z%ixna— D) itog (KDE) + ALY, (t - KDE)xJ,y(KDE) +
Iy=0 k=0
a, Tte(H) - te(H] = 0

(12)

the unknown values of which are t (1), J,(1),
J,(0), ..., J__ (1), t_(0).

I the building materia sthermal conductivity
varies according to thetemperature, any structure
may bedividedinto aninfinitenumber of layers. The
solution isobtai ned based on the method that has
been presented, by iterative ca culation; itsindicator
istheconvergenceof thetemperatureva uesin eech
layer, in terms of the law on the variation of the
therma conductivity according to thetemperature.

A useful characteristic of RTU isprovided by
thefollowingrdations:

m

-'éX(t th)+aY(t kDt) = 0

-Ik 0

L& x(t- th)| aY(t |<Dt)|:l
e D
L

TA X (t-kDt)>0

Tk=0

(13)
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Based ontheUnitary Thermd Response (RTU)
theory, the INVAR software was conceived [4],
aimed to determine the heat / cold demand of
dwelled/ occupied spacesaswel| asthevariation of
thesignificant indoor temperaturesinthedwelled /
occupied spacesbothinthecold and inthe hot season.

Figures1...3 present graphically the unitary
thermal responses X (t) and Y (t) of a0.25 mthick
reinforced concrete plate, a materia frequently
included in the structure of opaque closing
components. In order to validate the calcul ation
method, the results obtained by the RTU method
(analytical) were compared to those provided by
thenumerica software by thefinitee ement method
—ANSY S, anumerica anaysis softwarebased on
thefiniteelement method, considered areference
softwarein the field of mechanical and thermal
smulationsin dynamic or steady-state conditions.

Figure 2 presentsthetemperaturevariation on
theinsideand outside surfaces of theplate. A very
good correlation isnoticed between temperatures
t (t) and te (t) provided by ANSYS and the
temperaturesdetermined andytically (convol ution).

Veification:

X==-3Y:=

!
.

(lé Q)o:s
g Q,)o:s

d/1 d/l rea o
numerical (analytical) Error [%]
0.14367952 | 0.143678161 | 0.00094578

Analytical: Unitary heet flow-rateintegrated for 24 h
stabilized conditions[KWh/ m?]: 1.28411

Numerical: Unitary heet flow-rateintegrated for 24 h
stabilized conditions[KWh/ m?]: 1.28912

Deviation: [%0]: 0.39000

Thediagraminfig. 3 presentsthevariation of
the outdoor temperature and of thevirtual outdoor
temperature during 24 h of thermal loading. The
virtua outdoor temperature was determined based
onthevariation of the density of the heat flow-rate
dissipated at level x = 0, both by the convolution
anaytical method and by thetwo software: INVAR
andANSY S. Theresultsproveto be properly close,
whichisamutual validation of theanalytical and
numerica cal culaion methods.

Moreover, thevariationintimeof thevirtual
outdoor temperature clearly emphasizes the
damping and phaselagging propertiesof thethermal
wave of theanalyzed structure (in thiscasethe 25
cmthick reinforced concreteplate). Itisnoticed thet,
unlike the results provided by the analysis of the

= "2
>
- -0,2

==X analitic —

X ANSYS
K -#-Yanaltic — | .06
/ Y ANSYS s
--1,0
Y ; ; g 1:0 1:1 1:2 1:3 1:4 1612

1,4

--1,6

-30

--1,8

-2,0

time [h]
Fig. 1. Unitary Thermal Response of structure 1
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Fig. 2. Variation of the temperature of the flat plate surface (t,, = 20°C)

time [hours]
Fig. 3. Virtual outdoor temperatures variation in terms of outdoor temperature
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harmonic functions as excitation and response
functions, the RTU based analysis emphasizes
different phaselagsfor thetemperatures minimum
values (5.5 h) and for thetemperatures maximum
vaues(7.5h).

According to the rel ations specific to the heat
transfer steady-state conditions, if the indoor
temperaurevaridionintime, t. (t) isknownaswell
asthevirtua outdoor temperaturevariation, t_ (t)
and the building component thermd resistance, the
heat flow-rate of the area adjoining the indoor
environment isdetermined by thefollowing relation:

S
Q (1) =—x[t; (t) - t, (V)] 14
R (14

wheret_ (t) isdetermined based on value g, (t),
usingthefallowingreation:

te, (1) = tio - Rxq; (t) (15)

where g, (1) is determined by relations (12)
according to the temperature values resulted by
solving theabove mentioned system.

3.SMILITUDE CRITERIA

Theuseof theINVAR softwarein the case of
massive multi-layer structuresimplies significant
calculation time. The working time is reduced,
without atering theresult accuracy, by using virtua
calculation structures of the “model” type, the
thermophysical characteristics of which are
determined by usingthesimilitudecriteria.

Thefollowing equationisconsidered repre-
sentativefor themodel (m) andfor redlity (r):

J 2]
:T]Tmzamx%)(zm (16)
and: ,
13, __ 199,
qt =ax .sz (17)

Any of theequations (16) and (17) isintegrated
in afield x T [0, D], defined by the flat plate
thickness. Thedimens onlessthicknessof theplate
isdefined:

X

k= (19

Consequently, theequationsbecome:
TIm _ 8, 173
= Dyx—— 19
Tt, D5 1% 19)
13 _a 13,

Thefundamenta conditionof usngequation (19)
instead of equation (20) is that the temperature
should resultinthesameform J (%, t) andwiththe

samevauesbothinthemodel caseandintherea
process case. Theuseof modeling by similitudeis
useful mainly intwo cases, asfollows:

- in the case of numerical modeling of the
building componentswith avery high thermal
capacity (ground), when the solution based on
the redl structure reguires a large quantity of
memary;

- in the case of preparing “in vitro”
experiments.

Each of theequations (19) and (20) arewritten
inthefollowingform:

T - 19 (21)
fFo, 7%
13, _ 127,
1Fo %2 (22)

Taking into account the remark on the
temperaturefield solution, it resultsthat thefollowing
conditionisimposed:

Fo, = Fo, (23)

where FoisFourier dimensionlessnumber defined
according totime, materia thermal diffusivity flat
platethickness.

Thesolution J (x, t) isobtained by attaching
the boundary conditions to the heat parabolic
differentia equation. Thecaseof aflat plateand of
amulti-layer flat structure arefurther considered.

a. In the case of aflat plate, the Ill-rd rank
boundary conditions, which connect the plate
adjoining environmentsand the plate lead to two
conditions, each of them specific totheadjoining
environments contact boundary:
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Bim|,o = Birl 0 (28)
Bin|,., = Bi |, (29)

Equation (23) becomes:
(rc!)rrtxr D (r:):tXmD?n &

If aR vaueisimposedtotheratio:
_ tt—f >>1 (31)

m

the time used in the model is “compressed”
compared toreality. Equation (30) becomes:

—MxR, =1 (32

Equations(28) and (29) consequently become:

AimD - a; D,
Im Ir
AenDim — ag D,
I I

Conditionedby a, =a,, a,,=a, theresult
will be

Dm II’
Zmyr =g 33
5 (33

By introducing equation (31) in(33), thevaue
of thetherma conductivity of themodd materia is
obtained:

U (3)

m " (rc)m

The second important unknown value is
obtained aswell:

D, =D x((rc))r (R (35)

Basedonvaluesl andD_, themodel similar
toredity intermsof phenomenol ogy can bebuilt.

b. Thesecond caseinvolvesn platesin therma
contact; thewholestructureadjoinstheenvironments
at temperaturesa and a_. Taking into account the
elementsabove, thefollowing equationsare obtai ned:

u
1 XRt_J':]_
o
u

(36)

e

‘eD 0 p
eg_z I_mu XRt'l:l
6 D, ; r

8 r g (C)r rH(n)

towhichthelll-rd rank boundary conditions (33)
areattached:

)

a®> D> D~
DOO
O
3
(SEREH
=
L}
-
ﬂ:} [ i et
11
[EEN

=

(1)

b ] ] ! ] o/

(37)
62 0 U

e§Dm_xl -

1€ 0r 5 T,

ThelV-th rank boundary condition, specificto
therma contact problems, is imposed for the
successonof layers(l), ..., (n), inthefollowingform:

=...= e _X—r' (38)

By associating system (37) to system (38), a
number of 2n equationswith 2n unknown values
results, namely D, ., ...,D ,and ... 1o
Thesolutionsresulted aresimilar to solutions (34)

and (35):

e(rc) -
Im(j) II‘(]) e( C)rﬂ XRtl (39)
mu(j)
_ e(rc) y -1
Dmciy = Drj) ¥ e(rc)r H *Re (40)
mu(j)

wherej T [1, n].
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It is noticed that the model dimensioning
depends on the rc ratios the val ues of which may
bearbitrary.

Two numerica examplesarefurther presented,
onerepresented by an extremely massive structure
of 2mthick stone and the other amassivetri-layer
structure made, from the outsideto theinside, of
1 mthick brick, 0.01 m thick thermal insulation
(expanded polystyrene) and 0.20 m thick reinforced
concrete.

VaueR o = 360 isadopted for thefirst case,
which meansthat atime-lag of 1 hinthemodel is
equivaentto 360 hinredity (15days). Thereforea
simulation of 24 h onthemodd isequivaent tothe
therma responsefor aperiod of 12 months(1 year).

Inthefirst case, thered characteristicsare:

D, =2.00m

I =255W/mK
r =2,420kg/ m
¢ =920J/kgK

Thecharacteristics of themodd become:

Dpn= O,OOZ??BX&XD,

(ro)m

1, =0002778 ey

(ro)m

If the arbitrary values are chosen, r =
=70kg/ m*andc_=1,460J/kgK, theresultis:

D,=0.12m
I_=0.055W/mK

(thermophysical characterigticsof polyvinyl chloride
foam).?

The procedureissimilar in the second case.
Theresultsare presented in Table 2, mentioning that

Ri) = 0.125.

Themost useful gpplicationsareon buildings
withextremdy massveenve ope(eg. churches) and
on hesat transfer through ground.

4. RESULTSOBTAINED ONTHE
SUPPORT OF THE INCERC
EXPERIMENTAL BUILDING

Withintheexperimenta programmecarried out
intheINCERC Bucharest test buildingintheseason
2003-2004, a number of measurements were
performed on the heat flow-rate dissipated at the
level of thefloor. Themeasurementswere performed
in two rooms, one West-directed and the other
North-West directed (thedirectionsrepresent marks
of themain facades). We mention that theinside of
thetest buildingwaspreserved inthecold season at
athoroughly controlledindoor temperatureand was
continuously monitored. In order to provide
objectiveresults, the perturbing influence of human
activity wasminimized.

4.1. Description of the measurement chain

Thelong-term usua measurements performed
inthe INCERC experimenta buildinginthecold
season 2003-2004 allowed us to obtain the
folowingvdues

Pe (t) — dectric power at the energy source
W]

E (t) — dectric power consumed between
two successivereadingsat thelevel
of theenergy source[KWHh;

G, (t) — heat carier volumeflow-rateat the
level of the heating energy source
[m®/h[;

t., (©) — indoor temperature of the living
(dining) roomair [°C];

Table 2.
Characteristics of the model and of the real structure
Layer D 1 r Cr Dm In Im Cm
1 1.00 0.800 1,800 870 0.125 0.1000 1.800 870
2 0.10 0.045 20 1.460 0.007 0.0021 70 750
3 0.20 1.740 2,500 840 0.100 0.8700 700 750

Y If aphysical model isperformed, I , r_and ¢_should characterize amaterial.

CONSTRUCTII —Nr. 2/ 2010

59



D. Constantinescu

« Thermal flow
variation

Regression
line

R?= 05973

N VA

15

14 &

o L4 . mo\

13
T 12 T 1
-10 0 10 20

te(t)

Fig. 7. Correlation dissipated heat flow-rate — outdoor
temperature for the outline strip. Correlation
heat flow-rate —t_ for the outline strip
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Fig. 8. Correlation dissipated heat flow-rate —
outdoor temperature for the central zone
of the flat plate on ground. Correlation
heat flow-rate — te for the central zone

Table 3.

R? correlation rate specific to the linear
regression heat flow-rate — outdoor temperature
for 5 cm wide strips at different levels
on the thermodynamic outline

Strip located between R?
the levels as against correlation
the plate edge [cm] rate
0-5 0.9200
5-10 0.7616
10-15 0.6360
15-20 0.5269
20-25 0.4472
25-30 0.3800

t_, (t) — indoor temperature of the NW

bedroomair [°C];

t () — indoor temperature of the NE
bedroomair [°C];

t_,(t) — indoor temperature of thekitchen
ar[°Cj;

t (t) — outdoor air temperature[°C];

5 14(t) —intensity of global, respectively
diffusivesolar radiation[W / m?;

to (1), te (t) — globe thermometers
temperature[°C].

The equipment used for the measurements
conggsinthefollowingitems:

- Aquametro turbine flow-meter, PMG
Dn 32, with RH impulsetransmitter;

- TPM-79 dectronictransducer for dectric
power measuring;

- Sauter EGT 420indoor air temperature
probeswith PT 100 sensors, + 0.12 % error
—for measuring temperaturest__,t__,t_.and
t

acl’ “ac2! t

ac4’

- Sauter EGT 300 outdoor air temperature
probewith Ni 1000 sensor, £ 0.12 % error —
for measuringtemperaturet,;

- CMP 6 pyranometer — for measuring
global solar radiation and the solar radiation
diffusecomponent;

- DataTaker 50 automatic data recorder
with aprocessor.

The heat flow-rate dissipated through the
building componentsin contact with ground was
measured with acalibrated flow-meter strip. The
hest flow-rateva uewasexperimentaly determined
in two spotsdistinctly located at the level of the
outline strip of the investigated rooms. One
measurement point islocated inthe central zone of
the outline strip and the second initscorner. The
two positionsaresignificant for the heat transfer to
theoutside.

For theoutlinestrip (fig. 7) thecorrelationis
only qualitative, as the calculated value of the
correlation coefficient (R=0.5973) indicatesthe
lack of apossihility to expressthehest flow-ratein
termsof the outdoor temperatureintheform of a
linear function, specificto the heet transfer steady-
state conditions. For thecentral zone(fig. 8), located
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between al m distance from the thermodynamic
outline and the symmetry axis, the correlation
coefficientisR= 0.1299. Thevariaion of thelinear
regression correlation degree, R?, accordingtothe
level of the strip (as against the thermodynamic
outlineedge) issynthetically presented intable 3.

These values prove that the heat flow-rate
dissipated through the building components in
contact with ground cannot be accurately
determined using the heat transfer steady-state
conditions.

5. AMATHEMATICAL MODEL OF
HEAT TRANSFER THORUGH
GROUND IN TRANSIENT
CONDITIONS-APPROXIMATE
METHOD

The mathematical model is ahybrid model
combining thestructure of the heat flow-ratelines
specific to the steady-state heat transfer by
conduction on one hand and the Unitary Thermd
Response (RTU) method, specific to thetransient
heet transfer by conduction, on theother. Themode
takesinto account thevariaionintimeof theindoor
temperaure. Actudly, in the cold season, theindoor
temperatureispreserved at aconstant vduewhile
inthehot season it marksavariation characterized
by a maximum in July-August. Therefore the
mathematica modd of heet transfer through ground
to theoutdoor environment and to thewater bed in
thegroundwater or to the constant temperature layer
will takeinto account thevariationt, (t).

Both analysis methods, to the outdoor
environment and to the congtant temperaturelayer, will
usetheRTU method by usngthecriteriaof amilitude
between theRed processandtheModd (item 3).

5.1. Heat transfer to the outdoor
environment

1. Theflow channel lengthisdetermined by the
followingrdation:

dg =h+bxr
where: b —angleonthearc of cirdeuniting the point
onthefloor and theoutside plane[radians]; r —arc

of circleradius[m]; h—distancefrom thefloor to
the Systematized Land Level, SLL[m].

2. Values R > 1 are chosen in order to use
d,, <d inthecaculation.

5.2. Heat transfer to the waterbed in the
groundwater

Two ground layers the thickness of which
frequently exceeds the value of d,= 4 m are
considered. Thetimescalesinglevalueof R =360
isadopted. Theoutdoor environment of theplateis,
infact, the dwelled space characterized by variable
temperaturesduring oneyear (thehourly vadueinthe
model ist average for aperiod of 15 consecutive
days). Thesolar radiationintensity isnull andthevirtual
windve ocity isse ected so asto provide coefficient
a specifictotheheat transfer on thefloor surface,

accordingto Jurgesrelation[18]:
ajpg = a+bw (41)
whichprovides:
w= % [/ (42)

whichisfurther introduced inthe* outdoor climate”
fileof theINVAR soft.

For theconstant temperaturelayer assmilatedto
the environment where the temperature t =
oL S ispresarved, vauesa, =a >200W / nvK
arechosenwhich actudly generateaDirichlet type
condition (I-¢t rank) at the level of the constant

temperaturel ayer.

Followingtherunning of theINVAR soft, va ues
g, (t) andt_, (t) wereobtained for thetransfer to
the outdoor environment and for thetransfer tothe
constant temperaturelayer respectively.

Theuseof valueR, = 360 generatesadesign
climate expressed by mean valuesfor 15 days of
the outdoor temperature; this design climate is
formed of themulti-annual meansfor eachlocdlity.
In order to verify thissimplifying hypothesis, the
thermal responsewas analyzed intheform of the
heat flow-rate density on thefloor, for the case of
thermal excitation caused by the variation of the
actual outdoor temperatures, compared to the heat
flow-rate specific to the thermal excitation
represented by the multi-annual monthly mean
temperature, as aclimatic parameter variablein
time
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For instance, during 312 consecutivehoursin
March 2003, thethermd flow, aresult of theoutdoor
temperaturevariation wasdetermined and compared
to the value specific to March of the thermal
responseto theload generated by the sequence of
the year days characterized by the multi-annual
monthly mean temperature. For the case of the
thermal excitation specifictothetimelagin May
2003, the heat flow-rate density varies between 15
and 18 W/ m?, themeanbeing 16.5 W / m?. Inthe
ca=of theexcitation based on multi-annua monthly
meansfor March, themean value of the hesat flow-
rate dissipated to theoutsideis 15.6 W / m?.

The heat flow-rate density values were
determined by theINVAR soft usingthered climate
intheperiod 1-14.03.2003, with outdoor temperature
vauesaswdl astheannud climateand modding by
gmilitudefor L = 0.50 m. Themean vaue provided
by the measurements (flow-meter stripinthe 15-20
cmoutlinezone) was 16.1 W / m2 Themaximum
deviation of 5.45 % between the cal culated val ues
isconsidered acceptable, the more so astheflow
channel length of 0.50m makesthestructurerather
sengitivea outdoor temperaturevariationsin rather
short time-lags (10- 15 days) and the accuracy of
theca culation modd isconfirmed by themeanvaue
provided by the experiment (error of 2.48 %). For
longer flow channels, the deviation isreduced, so
that the correlation g, =f (L), determined based
on similitude modeling may be used. For oneyear,
functionq_, =f (L) ispresentedinfig. 9.

Inorder to usethisca culaionmodd, eech flow
channel isassociated to the corresponding virtua
outdoor temperature. Thisincludestheeffect of dl
the material layers on the flow channel line and
synthesi zesthe phaselag corresponding tothisline.
Thevirtud outdoor temperatureinvarianceinterms
of the indoor temperature allows the tracing of
cd culation nomogramsexpressing the variation of
thediss pated heat flow according to the period of
the year and to the flow channels length,
particularized for the specific conditions of each
locality. The use of these nomograms avoidsthe
necessity of determining the virtual outdoor
temperauresinusud cases, asitispossbletosmply
useacd culation method specifictothe steady-state
conditions. Fig. 9 presents such a nomogram
reflecting thevariation of theunitary heet flow-rate
dissipated to the outside, according to the flow
channelslength, for aperiod of oneyear.

Thecurvespresented arevdidfor thestructure
of most of thefloorson ground. It isinterestingto
noti cethefunction of damping and phaselagging of
the outdoor temperature oscillation performed by
the ground, emphasized by the virtua outdoor
temperature variation according to thered outdoor
temperature variation. The diagram in fig. 10
presents the variation of the virtual outdoor
temperatureintermsof thevariation of theannua
outdoor temperature and of the flow channels

length.
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Fig. 9. Variation of the heat flow-rate dissipated to the outside through the floor on ground,
according to the period of the year and to the flow channels length
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Therelation used in determining the phaselag Thehest transfer from thedwelled spacetothe

according totheflow channelslengthis: groundwater usestheanalysismodel in transient

D =0,0295x L4—0,8387 x L2 + conditions based onthe similituderelations. The

, diagraminfig. 11 presentsthevariation of theground

+7,9482x1°-6,989+ L (43) under thefloor inthe significant daysof the heeting

season. The aspect of the temperature curves

supportstheuse of thetransent heet transfer through

ground. Thespexific hegt flow-rateonthefloor varies
intimeasinthediagraminfig. 12.

Thereation used in determining the outdoor
temperature oscill ation damping according to the
flow channdslengthis.

A=-936x10"5xL*+3,6104x 10-3x L3 —

413441 10-2x L2 + 6.4258 x 10-21 L + 1 Based on the values of the specific heat flow-
’ ’ (44) rate dissipated to the constant temperature
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Fig. 11. Variation of the temperature in ground under the floor, towards
the constant temperature layer — cold season
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groundwater, the equival ent outdoor temperature
tey, (t) isdetermined by relation:
te, (1) =t = Ry xqpq (1) (45)

whereR isthetherma resistance betweentheroom
(enclosed space) and thefina receiving layer.

The variation of t, (t)is presented in the
diagraminfig. 13.

(enclosed space) is determined based on itstwo
components, theflow dissipated to the outside and
theflow diss pated to the congtant temperature layer.

Note: The term dissipation does not compulsorily
mean the direction of the heat flow-rate to the two
previously mentioned environments.

Thetotal heat flow-rate ontheentireflooris
determined by thefollowing relation:

S
_ o X _
5.3. Determination of the heat flow-rate Q(Y) = "J?‘ R {t - tey, (O1+
. . X
on a building floor s : s
o _ At -t, (O]+ 824 -ty (D)]
Considering the e ements described above, the i Ry Iy i R s
heat flow-rate specific to the floor of a room (46)
24
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\
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Fig. 13. Variation of the virtual outdoor temperature corresponding to the ground
during the heat transfer to the groundwater
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Thefollowing e ementsaredefined:

_p 0
Ro=CL+ 1~ (47)
§Re R
D - S_oc D - S_oc
Rx_éiji Ry_ésiy (48)
i R i R

o Six o Sy
80, @+, (©
R

to (=
oC

Re

(49)

Theheset flow-rate diss pated to theouts deand
to thegroundwater through thefloor of aroomwith
thefloor area§ .isdetermined by relation:

Qe(D) = Sﬂg ([t (1) - t, (0] +

qOC
+ === (1) -ty ()] (50)
Rs s

The calculation based on the virtua outdoor
temperature is not changed if t =t (t). Values

tev, ., (1) do not change according to the modifi-

cation of valuest, (t). The values of the virtual
outdoor temperaturesisdetermined usingfig. 10

(te, (1)) andfig. 13 (te, (1)) . Thesevauessiowly

vary so that constant val uesduring oneday may be
considered inthepractica calculationsfor oneday.

6. PRACTICAL METHOD OF
DETERMINING THEINTENSVE
(TEMPERATURES)AND EXTENS VE
(THERMAL FLOWS) THERMO-
DYNAMIC PARAMETERSSPECIFIC
TOTHEHEAT TRANSFER
BETWEEN THHE BUILDINGAND
GROUND

Thefundamentd cal culation hypothesesarethe
following:

- Thehest transfer istrangent betweenthe
thermodynamic outline, represented by thearea
of the building adjoining the ground and the
natural outdoor environment, represented by
the outdoor air characterized by the virtual
outdoor temperature specific to the flow
channel s connecting thetwo geometric marks
previously mentioned as well as by the
groundwaeter.

- Theheat flow-rategeneratesflow channels
and dongthem ahest transfer occurs between
theindoor space (heated or not) and thenaturd
outdoor environment. Theconfiguration of the
heet flow-ratelinesisspecifictothe heet trandfer
steady-state conditions (arcsof circle). Theheet
transfer between two adjoining flow channels
isoverlooked.

6.1. Heat transfer characteristics
(one-phase material)

From any point on the area representing the
envel opein contact with the ground, a heat flow-
rate is propagated to the groundwater, the
temperatureof whichist,.

The heat flow-rate dissipated to the outside,
from any point on the envelope, observes the
principleof the“least resistance path”.

The occupied and unoccupied spaceswhose
elementsarelocated below the building perimeter
Systematized Land Level (SLL) arecharacterized
by ahest flow-rate dissipated to the outdoor naturd
environment or by aheat flow-ratereceived from
theoutdoor natura environment through theground
and the materia layers forming the perimeter
componentslower than SLL.

The influence of certain spaces nearby,
characterized by temperatureswhich are different
fromthoseof thenatura outdoor environment, may
be overlooked. Thetherma balancerelationsuse
modified outdoor temperaturesincluding the effects
of phase-lagging and damping of thethermal waves
specific to the extremely massive building
components. (Inthiscasetheground isassimilated
toabuilding materid).

Inall the cases, the heat flow-rate generated
by the heat transfer between the occupied or
unoccupied spaces and the outdoor air are
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determined aswell asthethermal flowsgenerated
by the existence of the groundwater in the ground.

Thefollowing casesare considered:

1. A space (occupied or unoccupied) characte-
rized by temperature t_ (constant or variable
according to the space thermal balance), confined
by thermally not insulated vertical wallsadjoining
theground, withaheight h_under SLL (systemétized
land level) as well as by a floor not thermally
insulated;

2. A casesimilar to the previousone, but the
vertica wallsand thefloor arethermaly insul ated;

3. Combinations between thesituationsspecific
to cases 1 and 2 with reference to the condition of
thevertica walsand of thefloor intermsof therma
insulaion;

4. A building onaplinthwithaheight h_ over
SLL, with sub-cases:

4.1 Plinth and floor with no heat insulation;

4.2 Thermally insulated plinth andfloor;

4.3 Combinations between the condition of
theplinthand floor intermsof thermd insulation.

Thereationsfor determining thetherma flow,
in the case of underground enclosures have the
following expressons.

at+Sar "
Q, :Sf&pdx(ts-te&) (51)

+S
Q, = Sa* Spad (t,-t,) (52)
Rf
and respectively:
Sparg + 402 -
QScek = thcx(ts - tess, ) (53)
S
Qfsck = F;)ard X(ts _ta) (54)

fsc

inthe case of the building on an earth plinth.

Thetemperatures of spaces, t, may beknown
based on the thermal and physiological comfort
conditionsandinthiscase:

ts :tio;

where t;, isthedesign conventional indoor tempe-
rature, according to the type of room (enclosed

space) or varies according to the spaces thermal
bal ance, and then:

1:s _tsk

The unoccupied spaces temperatures vary
according to the variation of the outdoor climatic
parametersand to thethermal flowsspecifictothe
equipmentsaswell asto the building components
adjoining the unoccupied spaces. Thefollowing
casesarenoticeable:

6.1.1. The unheated basement entirely
occupies the space under the
floor of the occupied spaces

Thetherma balanceequation, whichisalinear
algebraic equation with an unknown value,

temperature ty , isthefollowing:

ix(tio _tSk)+ 2pAdaX(tapa _tsk) - QeK - ka -
ReL

= 0,33n, Ve ¥ (s — o) - Spe “(ts —ta) =0
Reesy
(55
wherethethermd flows Q, and Qy, aredetailedin
theform of rlations (51) and (52).

6.1.2. The unheated basement partially
occupies the space under the
floor of the ground floor

Equation (55) isused, where S, ismodified by
adding the areaadj oining an occupied spacewhich
ispartially under the SLL level. The heat transfer
through the floor of this spaceto the unoccupied
basement isoverlooked.

6.1.3. The basement is heated at
temperature t |

Inthiscasethe heat flow-ratedisspated to the
natural outdoor environment is determined by
relations (51) and (52), wheret_ =t .
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6.1.4. The thermal flows dissipated form
the occupied space of a building on
ground at level h_ above SLL

Thethermd flowsdiss pated formtheocuupied
space of abuilding in ground at levele h_ above
SLL aredetermined by rdaions(53) and (54). Vaue

h. £0.
Wementionthat inal cases:
—Q>0meansdiss pated thermal flow;
—Q < 0meanspenetrated thermal flow.

If the unoccupied space neighbours a space
the temperature of which is unknown, the
temperatures of both spaces are determined by
solving thethermal balancelinear equation system
specific to each space. A simplified solution is
presented for the case of three categories of
unoccupied spaces (for instance basement, staircase
and attic).

1. The basement thermal balanceequationis
equation (55) which includes an additional item
generated by the heet transfer between the basement
and the unoccupi ed space adj oining the basement
and the occupied spaces. Thefollowing equation
results

i"(tio -tg) +§X[Elti0 +(E, -ty + Es]"'
L Ry,

+ 2pAdaX(tapa - tsk) - Qek - ka -

= 0,33n, Ve * (ts — te) = e Mt ~ta) =0
Reesy
(56)
whichissolvedintermsof temperaturet,.

2. Thetemperature of the unoccupied space 1
isdetermined by thefollowing relation:
t, = Efio+ Exitg +E; (57)

3. Thetemperature of the second unoccupied
space, 2, isdetermined by thefollowing relation:

t, = Bolig + Bits + B, (58)

Coefficients B and E aredetermined according
to the geometric characteristicsand to the thermal

coupling coefficients specificto the areas separating
theenvironmentsintherma contact.

7.CONCLUSIONS

1. Thisartideamsto present aca culation modd
necessary and proper to the assessment of the heat
flow-rate dissipated at the boundary between the
building and theground.

2. The mathematical model conceived is a
hybrid model combininginits structure both the
operational advantages of the steady-state
conditions of heat transfer through semi-finite
environments (ground) with local perturbations
(building) and the characterigticsof the hest transfer
by conduction in massive environments, with
reference at the damping and phase-lagging of the
thermal waves, both specificto theheat transfer in
transent conditions.

3. Theuse of the outdoor environment virtual
outdoor temperatureasadimatic parameter variable
inspace and time alowsthe use of the cal culation
model in the case of the transfer to the outdoor
environment, characterized by the air outdoor
temperature aswell asto the groundwater, charac-
terized by thewater temperature. Thevirtua outdoor
temperatureisdetermined by cons deringanumber
of concentric flow channelsdevel oped on theflow
lines assimilated to concentric circles, which
approximate, with no significant errors, the heat
flow-rate curves perpendicular on theisothermal
curves, a result of using the conforming
transformationsat theleve of thebuilding—ground
outline. Thevaueof thevirtua outdoor temperature
isdetermined following the use of the RTU model
for aflat plate defined by thelength of theflow lines
on the path between the building boundary and the
outdoor environment. Theboundary conditionsare
of thethird rank at theground-outdoor environment
boundary and of the fourth rank at the contact
between the successive ground layers, on the
mentioned path;

4. Theintegration of the conduction parabolic
equation was performed by using the INVAR
software on the support of a virtual equivalent
gructure (one-layer or multi-layer) identifiedinterms
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of geometry and of thethermophysical parameters
by usingthesmilitudecriteriaFo=id and Bi =id.
between a natural environment and a virtual
environment of themodd type.

5. Theverification of the essentially transient
nature of the heat transfer between the building and
ground wasbased on theexperimentsperformedin
the cold seasons of the years 2003 and 2004 inthe
CE INCERC Bucharest experimenta building. The
results obtained in ameasurement period of 312
consecutive hoursin March 2003 are presented as
well astheresultsof themodeingonasmilar modd
and the results obtained by using the multi-annual
monthly mean temperaturesas outdoor loading. The
error of 2.48 % between the experiment and the
calculation for the previously mentioned period,
associated to the deviation of 5.45 % generated by
using themonthly mean temperaturesasafunction
specific to theoutdoor environment, certifiesthe
adoption of thefina ca culation model based onthe
use of the monthly mean temperature as a
representativefunction of the outdoor environment,
regardiessof thered climatic characteristics(which
deviatefrom themulti-annual mean va ues), aswell
asof thesimilar virtual environment asamaterial
support substituting the ground. The result,
associ ated to the above mentioned experiment, is
gpecifictoazonerather closetothebuilding outline
strip and is accurately confirmed by the
measurements / modelings performed on the
experimental building floor, in zonesfar fromthe
outlinezone.

6. Based on the cal cul ation model, particular
cases of configuration of the building — ground
boundary were considered, whichimply directly
heated / unheated basements, equipped or not with
systemsflowing hot fluids, aswell asbuildingson
thermally insulated / not insulated over-ground
plinths. Thetherma correspondents between zones
with different temperatures are considered, as
secondary zones of the building, and their
temperatures are determined by solving thelinear
systems of algebraic equations based on the
independence of thevirtual outdoor temperature
va uesof thetemperature of the building occupied/
unoccupi ed spaces.

7.Alucrativepractical method wasconceived
based on the mathematical model presented; this
method iscurrently included in the Romanian EPB
(building energy performance) ca culation method,
Mc 001 / 1-2006.
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