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Abstract

Wall time varying conduction heat transfer investigations are very important for the prediction of heating and cooling loads in air
conditioning practice and absolutely essential to the passive solar heating design. The walls store heat, absorb and dissipate a fraction of
it and transmit the rest into the conditioned space at a later time, which depends on the wall thermal inertia. The present work aims at the
description of a developed numerical model, which is validated successfully against analytical results from the literature and allows the
prediction of transient and quasi-steady-state thermal behaviour of two basic structural wall design groups of a growing thermal inertia.
The model allows the calculation of the time varying conduction heat flux for a wide range of progressively heavier wall designs, under
the effect of time varying meteorological conditions, something which allows their design evaluation for a specific application. A drastic
reduction of the daily fluctuation of the quasi-steady-state heat flux would be possible by using a broad range of heavier walls, something
which can be quantified by the introduction of a dimensionless quantity defined as wall damping-out efficiency. This is attributed to the
thermal inertia of a specific wall design, which is also responsible for phasing-out of the maximum heat flux. Both phenomena, which
are comparatively investigated for the two groups of specified walls, are desirable particularly for the development of peak load control
strategies.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction considerably lag the maximum rate of radiation absorption at
the outer shell of the structure. Furthermore, owing to dissi-
The rapid expansion of climatic control technology in the pation and absorption of heat at the outer building envelope,
contemporary human society is associated with the grow- the maximum rate of heat conduction becomes a fraction of
ing level of living standards world-wide. The use of all-year the maximum heat input at the external wall surfaces. The
round air conditioning systems is widely spread over a broad walls store and dissipate a significant fraction of heat and
range of human activities. The strongly time varying mete- transmit the rest of it in the room after a time period, which
orological conditions and particularly the incident solar ra- is proportional to the heat storage capability of the room en-
diation and ambient temperature which are considered asvelope. When all the three load components are in phase, the
important driving functions in climatic control systems in- peak load may become excessively high, something which
fluence considerably the level of air conditioning load in may impose the selection of over-size mechanical equip-
buildings. Neglecting the gain from internal heat generation ment of significant capital and operational costs, since the
sources, this load can be seen as the contribution of threesystem is usually designed to meet the peak load. A signifi-
main components. The first is the solar radiation transmitted cant reduction of the maximum load is possible by damping
by glass known as direct heat gain, while the second is theand phasing-out the wall conduction heat flux, using heavier
energy required to heat the infiltrated ambient air, known as structural elements of substantial thermal inertia. Any effort
infiltration and ventilation gain. The third component cor- towards this aim may possibly lead to the reduction of peak
responds to the conduction heat transfer through the outerload, system capacity and cost of climatic control equipment.
shell of the conditioned space. Among these, the first two Additional economic and social benefits would possibly be
occur simultaneously with the meteorological driving func- available due to the reduction of the peak power demand
tions. Conduction heat transfer to the space, however, maywhich is attributed to the use of air conditioning systems.
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Nomenclature

total hemispherical absorptivity
numerical constant

Biot number

specific heat capacity (J/(kg K))
damping-out efficiency

Fourier number

convective heat transfer coefficient (WRi))
incident solar radiation (W/R)
thermal conductivity (W/(m K))
wall thickness (m)

heat flux rate (W/rf)

time (s)

temperature°C)

period (s)

time lag (h)

space co-ordinate (m)
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Greek |etters

o  thermal diffusivity (nf/s)
8 layer thickness (m)

A numerical constant

p  density (kg/ni)

o  angular velocity (s1)

Subscripts

amplitude

average

brick

concrete

convective, indoor surface
convective, outdoor surface
thermal insulation

indoor, initial

maximum

deviation from average
plaster

room

radiative, indoor surface
radiative, outdoor surface
summer

winter

ambient
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Athienitis et al.[4], employing equivalent electrical network
approaches. In these investigations, structural walls and me-
teorological driving functions are replaced by a combination
of electrical elements as well as voltage and current sources,
aiming to derive the time varying heat fluxes and calcu-
late the temperature fluctuations in direct gain spaces. The
present analysis is somewhat different in terms of purpose
and approach. A simple and flexible transient heat transfer
computer simulation model was developed, which allows the
calculation of the wall time varying conduction heat transfer
rate under the combined effect of time varying solar insola-
tion and ambient temperature under specified room condi-
tions for a wide range of practical wall designs. The transient
and quasi-steady-state temperature fields and heat fluxes are
calculated and the effect of a progressively increasing wall
thermal inertia on the load control is investigated.

2. The development of the theoretical model

The heat flow in a plane wall of large lateral dimensions
at direction perpendicular to the wall surface is governed by
the one-dimensional conduction heat transfer equation:

3 ( oT oT
—k— ) = pc— 1
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Assuming that the co-ordinate system is located at the ex-
ternal wall surface of a thickneds separating a space at
an indoor temperatur§(t) and the environment at the tem-
peratureT»(t), the boundary conditions of the equation are
expressed in terms of the temperature gradient at the wall
surfaces:

3x x=0

=al(t) + (hco + hro)[Too (1) — T(0O, 1)] 2

and
q(L,t) = —k (£>
ox

where heo, hei and hyj, h are the convective and radia-
tive heat transfer coefficients for both the ambient and room
wall sides, respectively, anathe wall total hemispherical
absorbtivity. For practical multiple layer walls, the thermo-
physical propertie&, p andc are allowed to vary with the
co-ordinatex.

Although the analytical approach of the problem, at least
as far as the simple case of a solid medium with uniform

= (hei + hi)[T(L, ) —=Ti (]  (3)
x=L

The whole strategy represents significant demand-side manthermophysical properties is concerned is posgiblean-
agement advantages owing to the maximum power gener-alytical solutions involving usually infinite series are diffi-
ating capacity thread, that most of the generating utilities cult to obtain as well as inconvenient and time consuming
confront, especially in the summer early evening hours due to manipulate. It is broadly believed that numerical solu-

to excessively high air conditioning loads.

tions and more specifically the treatment based on the finite

The use of massive walls of large thermal inertia aiming difference method, which are easily adapted to the micro-
at the reduction of room temperature fluctuations in struc- computer technology, constitute a very powerful and flexible
tures is not new. The problem was previously investigated by tool for the solution of such problems under highly refined

Maloney et al[3], Duffin and Knowleq1,2], as well as by

boundary and initial conditions.
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For the development of the finite difference model, the ature[12,13] Since the exponential terms in the solutions
wall was subdivided into several uniform temperature and converge rapidly with increasing time, it could be possible
thermophysical property sublayer sections, at the centre ofto maintain only the first term of the series without signifi-
which a node of a thermal network was located. As soon cant sacrifice of accuracy, under the assumption of dimen-
as an initial condition was specified, a system of simultane- sionless time Fourier numbetsy = /L2 > 0.2, wherex
ous algebraic equations was then developed by translatingis the thermal diffusivity of the medium antl = 0.125m
the differential equation (1) and the boundary conditions (2) is now the half wall thickness. Neglecting all remaining
and (3) into a set of simultaneous algebraic equations, corre-terms leads to negligible (lower than 2%) errors, an as-
sponding to each inner and boundary nodes, using the alwaysumption which constitutes the basis for the development
inherently stable Laasonen implicit finite difference scheme of simplified solutions, the graphical presentation of which
[6-8]. Derived results from alternative calculations using the are known in the literature as Heisler chditd]. When the
same space and time intervals and the Crank—Nicholson apslab at an initial temperaturg is immersed at = 0 in a
proximation were always found to be practically identical. fluid of a fixed ambient temperatufie,, the transient tem-

The number of the simultaneous equations is equal to theperature distributions according to this analysis are offered
thermal network nodes. The specified time domain is also by the expression:
subdivided into a large number of time steps and the solu- T(x. 1) — To
tion of the set of simultaneous equations is carried out re- —
peatedly throughout the whole number of integration time :
steps. The accuracy of calculations is proportional to the The so calculated analytical solutions are strictly valid for
number of sublayer sections and integration steps, althoughFourier numberfo = /L2 > 0.2. Itis assumed, that a slab
their excessive increase may possibly lead to prohibitively at an initial temperature dfi = 60°C is subjected to cool-
lengthy computer simulation runs and large computer CPU ing at an environment of a constant temperaiige= 0°C
time. The optimum selection of the wall sublayer number with 7 = 20 W/(n?K). The slab is characterized by uni-
and time steps is a trade-off between CPU time and accuracyform properties ofp = 2300 kg/n¥, ¢ = 880J/(kgK) and
and was based on numerical experiments, which are dis-k = 1.4 W/(mK). The numerical constans and i1 are
cussed in greater detail by Tsilingifi@]. The typical range  functions of the dimensionless Biot numbBr,= hL/k. For
of sublayer section thickness and time step was selected bethe derivation of comparative results from the present anal-
tween 0.005 and 0.01 m, and 100 and 300s, respectively. ysis, the computer model was slightly modified to accept

The developed computer simulation code offers the flexi- the appropriate initial and boundary conditions, as well as to
bility of using any user defined time and space intervals and
sets of various thermophysical properties for the sublayer 60— _
materials. It also allows the incorporation of various user "=~ t = 1.9 h
selectable initial and boundary conditions. For the purpose :
of the present investigation, the thermal radiation effects are —~ i,
assumed to be negligible as compared to the convective heatg 50
losses from both wall surfaces. T

Referring to conditions in which the model simulates a
conventional sunlit structural wall element, the variab{s
and T (t) appearing in the expression (2) represent the pe-
riodic meteorological time-dependent forcing functions to
the boundary conditions. Daily average, statistically treated
incident solar radiation data for the Athens area were in-
troduced in the model and a subroutine was developed for
the calculation of the corresponding instantaneous data at
the wall surface for any desired number of sequential days
during the year, according to well established procedures
[10,11] Long-term daily range and average ambient tem- o
perature data were also employed to derive the appropriate 0.000  ©.048  o.080 0.120
time resolution ambient temperature time series for the de-
sired sequence of simulation days, also based on standard DISTANCE Cm)
procedures. Fig. 1. Calculated comparative temperature profiles foe 1.0, 2.0,

For the evaluation of the developed numerical model 3.0, 5.0 and 10h according to the single exponential term analytical
against the theory, analytical solutionsks. (1)in the form solution (broken lines) and to the developed ngmerical model'(solid Iines):

e . . . . Close agreement between results from analytical and numerical models is
of infinite eprne_ntla_ll Se”es_' representlng the SYmmet”C observed. The discrepancies for the: 1.0 h profile, corresponding to a
temperature distributions during the transient cooling of an r, — 0.159, are attributed to the errors associated to the single exponential
infinite concrete slab, were derived from the relevant liter- term analytical solution irEq. (4) which is strictly valid forFo > 0.2.

— A exp(—A2 il
e = Aj exp( AlFo)cos<A1L> (4)
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refer to a solid medium of uniform properties. Comparative tion. They usually consist of successive layers of various
results are shown ifrig. 1 in which the transient tempera- materials, the thermophysical properties and geometry of
ture profiles for fixed time intervals of 1.0, 2.0, 3.0, 5.0 and which determine their thermal resistance and heat capacity.
10.0 h are shown during the process. Solid and broken linesThe increase of both these physical quantities leads to the
correspond to numerical and analytical results, respectively.reduction of the conduction heat losses and the correspond-
Apparently there is a remarkable agreement between bothing increase of the wall thermal inertia, respectively, effects
results for the temperature distributions at 2.0, 3.0, 5.0 andwhich strongly determine their transient thermal behaviour.
10.0 h, corresponding to Fourier numbers of 0.318, 0.477, Lightweight panels are basic walls, which as shown in
0.796 and 1.592, respectively. For the first profilerof Fig. 23 are typically composed by a thermal insulation layer
1.0 h andFo = 0.159, significant discrepancies are observed of a thicknesse, sandwiched between two plaster layers of a

which are attributed to the limitation of the analytical solu-
tion in (4), which is strictly valid only fofFo > 0.20, while
the correspondingo = ar/L? for the current conditions
andr = 1.0 h is remarkably lower-o = 0.1592 < 0.2.

3. Description of the wall designs

A variety of wall designs are employed in the building

thicknesssp. Although the heat capacity of this wall is rela-
tively low, its thermal resistance can be appreciably high, de-
pending on the thickness and thermal conductivity of the in-
sulation layer. Heavier reinforced concrete or brick walls are
more frequently employed in building construction practice,
especially when they are destined as building support ele-
ments. A typical design of the reinforced concrete wall group
is shown inFig. 2k in which a reinforced concrete slab of a
thicknessi¢, thermally insulated by a layer of a thicknégs

industry, depending on the purpose and specific applica-is plastered at both sides with plaster layers of a thickfigss

CONCRETE WALLS
5, Sy dy, 3y
Increasing §,
[ el
LIGHTWEIGHT PANEL COMPOSITE CONCRETE WALL
(a) (b)
BRICK WALLS
S 8 9 dp 8 O 9 & O O O O
—> — — el T NEERaf

BN

LIGHTWEIGHT PANEL

() (d)

COMPOSITE BRICK WALL
(e)

Fig. 2. Brief description of the investigated wall designs. Progressively heavier composite concrete or brick walls as shown in (b) or (d) pedt{ed/yes
are developed when concrete or brick layers of growing thickdgss dp1 anddpz, respectively, are included in the lightweight panel walls (a) and (c).
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Table 1 4. Results and discussion
Brief description of wall designs
WCl  WC2 WC3 WC4 WC5  WC6 For the purpose of the present analysis, the transient and
(1) Concrete walls quasi-steady-state thermal behaviour of the MO groups of
sc (M) 0 0.10 0.20 0.30 0.40 0.50 the walls WC1 to WC6 and WB1 to WB6 was |nvest|gated,
L (m) 0.08 0.18 0.28 0.38 0.48 0.58 under the combined effect of time varying typical meteo-
WB1  WB2 WB3 WB4  WB5  WB6 rological forcing functions. The meteorological conditions
@ Briok wal correspond to Athens area, representing a typical mild
rnck walls H H
Son. (M) 0 0.09 0.09 0.18 018 0.24 Mediterranean climate. The 20th day of January and July
So2 (M) O 0 009 006 018 o024 as well as7j = 20 and 26C were selected to be the
8p (M) 0 0.09 0.18 0.24 0.36 0.48 first simulation day and the constant room temperatures,
L (m) 0.08 0.17 0.26 0.32 0.44 0.56 respectively, for winter and summer conditions.

8p = 0.02m; pp = 2000 kg/nd; kp = 1.39W/(mK); cp = 1085 J/(kg K);
Se = 0.04m; pe = 40kg/n?; ke = 0.041W/(MK); ce = 840J/(kgK);
pc = 2300 kg/n¥; ke = 1.40 W/(MK); ¢ = 880 J/(kg K).

A wide range of single or double row brick wall designs

The fixed total hemispherical absorption coefficient of the
sunlit wall surface, which is assumed to be light painted,
is a = 0.2. As initial condition the uniform temperature
distribution of 10 and 30C was assumed for the winter and
summer conditions, respectively.

From a number of preliminary simulations, it was found

may also be developed, the thickness of each row beingthat the solution of the conduction heat transfer equation
usually a multiple of the standard brick width. Typical single under the effect of time varying ambient temperature and
and double brick layer walls are shown kig. 2d and e incident solar radiation, leads to the development of tran-
respectively. In principle the single brick layer wall design sienttemperature fields and corresponding heat fluxes, which

is derived from the lightweight panel design when a single
brick row layer of a thicknes&, = §p3, is installed between

asymptotically converge to their periodically time varying
values. This occurs when all transients have died away and

the thermal insulation and plaster layers. In the double brick the transient being proportional to the wall heat capacity,

row wall design, two brick layers of thicknesség; and
dp2 are placed symmetrically to the thermal insulation and

lasts typically around 50 h. The time varying heat flux which
corresponds to room heat gain or log€l., ) is calculated

the system is layered at both sides with plaster. The overallby expression (3). The simulations were carried out for a

brick layer thickness of this wall is assumed to e =
3p1 + p2.

time domain of 120 h, corresponding to a sequence of five
summer or winter days.

For the purpose of the present analysis, a wide range of At quasi-steady-state conditions, the combined effect of
concrete and brick wall designs was investigated, as shownthe harmonically varying ambient temperature and time

in Fig. 2 A brief description of wall layer thicknesses and
thermophysical properties are shownTiable 1 The range
of the investigated concrete wall types WC2 to WC6 of
L = 0.17-0.58 m as shown ifig. 2a and bwere origi-
nally developed from the lightweight panel design wall WC1
of 8¢ = 0, by a progressive increase &f between 0.1
and 0.5m. The corresponding range of brick walls WB2
to WB6 with L = 0.18-0.56 m was also developed from
the wall design type WB1 oB. = 0 by a progressive
increase ofé, between 0 and 0.48m, as also shown in
Fig. 2c—e

It can be seen that the concrete and brick layer thick-
nesses. anddp, respectively, are allowed to vary between
8¢ = 8p = Om ands. = 0.5m andsp = 0.48m, respec-

tively, corresponding to very massive concrete and double 91.»

row brick wall structures WC6 and WB6 with widths =
0.58 and 0.56 m, respectively. Assuming thiatand sy, are

the main wall design parameters, the thermal resistance and/2" =

heat capacity of the investigated walls WC1 to WC6 and
WBL1 to WBS, is proportional to the concrete and the brick
layer thickness, respectively. Therefore, reductiod.cdnd

dp leads to the corresponding reduction of these physical

quantities, which fos; = §, = 0m are becoming identical
to those of the lightweight panel type.

varying incident solar radiation causes the development
of a periodically time varying heat flux functiog(r) =

q(t + T*) with a period of7* = 24 h. This function can be
expressed in the form of infinite Fourier series:

q9(t) = qav+ Y_[q1.n COSneN) + g2,1 SiN(nen)]

®)
n=1
where,w = 2r/T* is the angular velocity and
1 t+T*
qav = ?/ q(7) dt (6)
t

is the average heat flux angl,, g2,,, the Fourier coefficients:

2 t+T*
T [t g(H)coSnwt) dr (7

(8)

t+T*
/ g(®)sin(nwr) dr
TJ,

4.1. The results for winter and summer simulations

Typical simulation results are plotted for winter conditions
in Fig. 3 In this plot, the time varying heat fluxes for the
concrete walls WC1 to WC6 were comparatively plotted
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Fig. 3. Comparative presentation of the calculated heat fluxes for the lightweight panel WC1 (solid line 1) and the progressively heavier ctscrete wal
WC2 to WC6 (solid lines 2—6), for a succession of five sequential winter days. In the same plot, the harmonically varying ambient temperature and the
time varying solar insolation are also shown with broken and dotted lines, respectively.

by the corresponding solid lines 1-6. The negative sign in  According to the derived results, the time varying heat flux
the calculated heat loss rates signifies the direction of theq(t) fluctuates around its average quasi-steady-state value.
heat flow. The incident solar radiation at a south oriented The maximum heat flux deviation from its average value
vertical wall was also plotted in dotted line along with the overnight is higher than the corresponding value during the
harmonically varying ambient temperature, which is also day, owing to the combined effect of radiation absorption at
shown in broken line. the outer wall surface and ambient temperature. This leads

It can be seen that during the first simulation steps, re- to a maximum wall heat flux during the early morning hours
markably high transient heat loss rates, as high as 568W/m of the day. As can be seen from the same plot, the difference
occur, irrespectively of the wall thickness. These are rapidly between the daily maximum and minimum heat flux, which
decreasing, converging to the periodic solution values. represents the daily maximum heat flux swing, is inversely
This practically occurs between about 40 and 70 h depend-proportional to the wall thickness. As derived frdfig. 3,
ing on the wall thickness which determines its thermal it decreases from about 7.72 Wirto the almost negligible
inertia. value of 0.05 W/r4 as the wall thickness increases fram=

The average value of the periodically time varying heat 0.08 to 0.58 m corresponding to wall types WC1 and WCS6,
flux gay depends on various parameters, among which therespectively. It is also remarkable to note the increasing
incident solar radiation, the absorption coefficient of the wall phase lag\t between the developed maximum value of time
surface, the average value of the ambient temperature andrarying heat flux and the maximum ambient temperature,
the wall thermal resistance dominates. It is calculated for which indicates the peak load phasing-out wall efficiency,

the fifth simulation day by the following expression fgr= as the thickness increases and the wall becomes heavier.

96 h andr, = 120 h: The corresponding results for the second group of brick
7 walls are shown irFig. 4. In this plot the time varying heat

Gav="— /t1 q(®)dt 9 fluxes for the walls WB2 to WB6 of. = 0.17-0.56 m, re-

spectively, were comparatively plotted to the corresponding
This quantity decreases from the value-&.403 W/n#t cor- heat flux for the wall WB1 withZ. = 0.08 m in solid lines.
responding to the wall WC1 to the value 6.697 W/n? In the same plot, the incident solar radiation and ambient
corresponding to the wall WCB6. This is due to the respective temperature were also plotted in dotted and broken lines,
reduction of the wall thermal resistance, which is attributed respectively.

to the increase of the concrete layer thickness fgra: 0 As with the group of concrete walls, remarkably high
to 0.5m. heat loss rates occur during the first simulation steps
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Fig. 4. Comparative presentation of the calculated heat fluxes for the lightweight panel WB1 (solid line 1) and the progressively heavier brick walls
WB2 to WB6 (solid lines 2—6), for a succession of five sequential winter days. In the same plot, the harmonically varying ambient temperature and the
time varying solar insolation are also shown with broken and dotted lines, respectively.

irrespectively of the wall thickness. These transient heat 4.2. Effects and implications on the load
loss rates are rapidly decreasing and the solutions convergdime dependence
asymptotically to their periodic values, between about 40
and 90 h depending on the wall thickness. According to the derived results, it is obvious that
The average value of the periodically time varying heat for summer conditions, at least as far as the walls WC1
flux decreases now from the value ©8.403 W/n? to the to WC3 and WB1 to WB3 is concerned, the calculated
value of —5.353 W/n? corresponding to the walls WB1 to  quasi-steady-state heat flux becomes alternatively positive
WBS6, respectively. This is attributed to the reduction of the (heat gain) and negative (heat loss). This is attributed to the
wall thermal resistance, owing to the corresponding increasecombined effect of the time varying incident solar radiation
of the brick layer thickness fromy, = 0 to 0.48 m, which and the harmonically varying ambient temperature, which
is more rapid as compared to concrete walls, owing to the becomes daily for a certain period of time, lower than room
lower thermal conductivity of brick layers. A decrease of temperature. This causes a time varying heat flux of sig-
the calculated daily maximum quasi-steady-state heat flux nificant daily maximum swing although of a small average
swing and a corresponding increase of phase Aage- value. As the concrete or brick layer thickness increases,
tween the developed maximum value of the time varying it causes a corresponding increase of wall thermal resis-
heat loss rate and the maximum ambient temperature cartance and heat capacity. This results to a decrease of the

also clearly be seen, as the wall width increases fiom average heat flux as well as to a significant damping-out

0.08 to 0.56 m corresponding to the walls WB1 to WB6, effect of the daily maximum heat flux deviation, which

respectively. leads to always positive heat flux corresponding to heat
The corresponding simulation results for the summer con- gain.

ditions are shown irFigs. 5 and €for the entire range of It is important to note that the calculated average heat

concrete and brick walls, respectively. Due to the specified loss rate during quasi-steady-state conditions for summer is
initial conditions of the problem, significant transient heat smaller than the corresponding quantity during winter. This
flux rates as high as 33 Whnirrespectively of the specific  is mainly attributed to the smaller difference between room
wall design occur during the first simulation steps. The tran- and average ambient temperature, as well as to the higher
sient, depending as previously on the specific wall design, level of the incident solar radiation at the outer wall surface
lasts about 80 h before quasi-steady-state conditions are esduring the summer. Also, the calculated daily maximum heat
tablished with the exception of the heavier brick walls, for flux swing for summer is comparably higher than for win-
which it lasts even longer. ter conditions, owing to the appreciably higher level (about
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Fig. 5. Comparative presentation of the calculated heat fluxes for the lightweight panel WC1 (solid line 1) and the progressively heavier ctscrete wal
WC2 to WC6 (solid lines 2-6), for a succession of five sequential summer days. In the same plot, the harmonically varying ambient temperature and
the time varying solar insolation are also shown with broken and dotted lines, respectively.

35%) of incident solar radiation at the wall surface during design parameter in air conditioning load calculations. This

summer. quantity for a wall of a concrete layer thickneégor a brick
The maximum heat fluxyn, which strongly contributes  layer thicknessy, is expressed as:
to the peak load of an air conditioned space, is an important ; (s.) = gay(8c) + go(8¢)

(10)
7 re2b
— 7 \ - \ - N
QN 1 [I \\ /I \‘ ’/ \\T@ / \\ Il \\ i
£ 38__ ” \ oY /’ \ roY I’ Y B
AN 4 p \ ! \‘ , \ ! \‘ ) v QN
=< ] C ¢
- 1 C E
15
o A\ S ¢
(\Q 2@'_ L B el
T o X
10
] L )
N - C d
O 5
© ] ' N L
= 3 - " Yo L
@‘ T:f T |‘l T fll T ]ll T l‘l T l‘l T l’l T I‘ll T l:l T I“l _‘5
1] 40 80 120

TIME (HOURS)

Fig. 6. Comparative presentation of the calculated heat fluxes for the lightweight panel WB1 (solid line 1) and the progressively heavier brick walls
WB2 to WB6 (solid lines 2—-6), for a succession of five sequential summer days. In the same plot, the harmonically varying ambient temperature and
the time varying solar insolation are also shown with broken and dotted lines, respectively.
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and
qm(db) = gav(dp) + qo(dp)

whereq, is the heat flux deviation from its average value.
While the same quantity for a lightweight panekig(sc =
0) = gm(8p = 0), any effort towards reducing or phasing-out
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particular wall, as the concrete or the brick layer increases
and the wall becomes heavier.

In Figs. 7 and 8the dimensionless quantitidg, fcs
andfy w, fn.s, the absolute value of the average heat fjux
and the time lag\t in hours between the maximum ambient
temperature and the peak quasi-steady-state heat flux were

the wall conduction heat flux is highly desirable. Proper wall comparatively plotted as a function of the wall thicknéss
design may strongly contribute towards this aim. The results for the reinforced concrete and the brick walls, respectively.

of the present analysis indicates that the use of massive walls

In Fig. 7, the three pairs of solid, broken and dotted fit

contributes towards the strong damping and phasing-out oflines represent the damping-out efficiericthe average heat
conduction heat flux. As damping-out efficiency of concrete loss g,y and the time lagat, respectively, which are plot-

walls for winter and summer conditionk,w andfcs, the
following dimensionless quantities are defined as:

gm(¢c)
Jew amGo=0) ., 12)
and
qm(dc)
= | 13
fos= |G =5, (13)
The respective quantities for brick walls are:
gm(Sb)
= |— 14
fb,w Gm(p = 0 " ( )
and
qm(8p)
Jos gmBb = 0) [g 13)

ted against the wall thickness for the concrete walls WC1
to WC6 corresponding té = 0.08-0.58 m. The large data
point symbols of the first of each pair of lines correspond to
the winter, while the similar smaller symbols to the summer
conditions. It can clearly be seen that f decreases sharply
as the concrete wall thickness increases, something which
leads to a significant reduction of the peak wall heat flux.
For massive walls similar to WC6, the dimensionless quan-
tities fc s andfcw are estimated to be as high as 0.212 and
0.578 for summer and winter conditions, respectively. The
significantly slower decrease of this parameter for winter
conditions is attributed to the corresponding slower reduc-
tion of amplitude and average wall heat flux, as derived from
Figs. 3and 5

In the same figure, the average quasi-steady-state heat loss
rate data points are shown, fitted in broken straight lines.

respectively. These dimensionless quantities represent thelhe slope of these lines for summer and winter conditions is

heat flux damping-out efficiency for winter or summer of a

A

g X 10 (W/m 2

0.60

Q.40

©.20

f (=),

poa vt sy by v by ber v

—0.343 and-0.036 W/n?, respectively. The negative slope
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Fig. 7. Comparative plot of average heat flux, damping-out efficiency and time lag in hours for the concrete walls. The large discrete data points
correspond with winter while the smaller with summer conditions. The average heat flux fit line is plotted in broken line while the phasing-out time lag
At in hours is plotted in dotted lines. The damping-out efficienéigs and f. s are plotted in solid lines.
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Fig. 8. Comparative plot of average heat flux, damping-out efficiency and time lag in hours for the brick walls. The large discrete data pointslcorrespon
with winter while the smaller with summer conditions. The average heat flux fit line is plotted in broken line while the phasing-out trhéanlagurs
is plotted in dotted lines. The damping-out efficiencigg andfy s are plotted in solid lines.

is attributed to the increase of wall thermal resistance with for summer and winter conditions, respectively, something
the concrete layer thickness. The slope of the data fit line which suggests even better damping-out efficiency of brick
for the winter is higher than for summer conditions, mainly walls. In the same plot, the steeper slope of the average
owing to the higher difference between room and daily quasi-steady-state wall heat flux fit lines is attributed to the
average ambient temperature, although even higher slopesower thermal conductivity of the brick layers, which leads
should be expected. This is due to the higher than expectedto more rapid increase of the wall thermal resistance. Fi-
numerical values for the wall WC6, which is attributed nally, as before the time lag for the walls WB1 to WB6
to its unusually heavy design, leading to an excessively ranges from about 16 to 28.5h and from about 1 to 17.8h
long transient before the development of quasi-steady-statefor winter and summer conditions, respectively.
conditions.

Finally, the data points corresponding to the time lag be-
tween maximum ambient temperature and peak wall heat5. Conclusions
flux are shown, fitted in dotted straight lines for summer
and winter conditions. The time lag for winter conditions The accurate prediction of time varying conduction heat
and the walls WC1 to WC6 ranges from about 16 to 29 h, transfer which strongly influences the air conditioning load,
owing to the fact that maximum heat losses occur during is vital since it may considerably lag the direct heat gain load
early morning hours when ambient temperatures are mini- components which occur in phase with ambient temperature
mum. The corresponding time lag for summer conditions, and solar radiation incident at the outer building envelope.
ranges between about 1 and 15.9 h. This is attributed to theThis is due to the thermal flywheel effects, which become
fact that although the maximum wall heat gain during sum- stronger as the structural wall elements become heavier. This
mer is almost in phase with maximum ambient temperature effect is responsible for the reduction and phasing-out the
for the wall WC1, the phasing-out effect of the heavier con- peak load, which is strongly desirable in the climatic control
crete walls WC2 to WC6 is significant, shifting the peak system design. A numerical computer simulation model was
wall heat flux up to about 15h as the concrete layer thick- developed, which allowed the prediction of the transient ther-
ness increases up to 0.5m. mal behaviour and the time varying conduction heat flux for

The corresponding results for the brick walls are shown a wide range of practical, progressively heavier composite
in Fig. 8 The qualitatively similar behaviour of the quan- concrete and brick structural walls, frequently employed in
tity f leads to even lower numerical values fiprs and construction. The present model was successfully validated
fo.w for the heavier wall WB6, around to 0.160 and 0.457 against theory, using analytical solutions reported previously
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