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Abstract—This study aims to find a correlation between winter outdoor design temperature (WDT) and
mass of the building envelope. The daily variations of the inside surface temperatures and heat fluxes of
the walls under various climatic conditions and different wall constructions have been calculated by a
computer program based on the response factor technique, which uses variable outside air temperature
and solar radiation and constant inside air temperature values as input climatic data. The analysis of the
relation between mass of the walls and inside surface heat fluxes resulted with the correction values for
winter design temperature (WDTCV) depending on the mass of the wall and on the direction of facades
for different climatic zones. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

The rate of heat loss through the envelope of a
building depends on the temperature difference
between the inside and outside surfaces.
Obviously, the lower the outside temperature,
the greater is the capacity of the heating plant
required to keep the indoor temperature con-
stant, and the more prolonged the severe
weather, the greater the fuel consumption will
be. Therefore, for a given indoor temperature,
the capacity of the heating system will be deter-
mined by an assumed outdoor temperature,
called winter design temperature (WDT). In
order to choose an external temperature on
which to base the design of a heating system, it
‘is necessary to study the winter temperatures
occurring in the location where the building is
situated. Design of a building and its heating
system, based on the worst climatic conditions
that had ever occurred, is impractical and inad-
visable. Plants sized for such conditions will be
too oversized to be effectively used in a great
portion of the lifetime of the building. “The
plant accordingly will not operate at design
capacity or will operate at short intervals (i.e.
cycle frequently). In either case, operation will
be inefficient. On the contrary, if heating plants
are designed for conditions that occur fre-
quently, the plants will operate more often at
design capacity, or cycles of operation will be
longer. When extreme outdoor conditions occur,
such plants may not be able to maintain design
indoor temperatures, but such occurrences are
likely to be infrequent and the duration of
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uncomfortable indoor conditions is likely to be
short” as cited by Merrit and Ambrose (1990).

It is more reasonable to design the envelope
on the assumption that, in extremely few cases,
its heat losses may not be compensated by the
heating system and the inside temperature may
be a little below the desired temperature on
these rare occasions. This significantly reduces
the demand for heating system capacity, without
leading to a significant drop of inside temper-
ature. In that case a risk is involved; the designer
decides how much risk he should take and the
meteorologist selects the appropriate value of
the weather element to match that risk.

In the literature survey, more or less the same
definition of this temperature made by many
authors can be found. Thomas (1955) defines
the WDT as the coldest temperature which is
likely to recur frequently enough during the
average winter to justify its use in the design of
heating systems for buildings. This temperature
is used in calculating the heat loss which such
systems may be called upon to overcome in
normal operation.

Not only the mechanical engineer, but also
the architect, has an important role on maintain-
ing the indoor micro-climatic conditions. Since
the size of the heating system depends on WDT
and thermophysical properties of the envelope,
the importance of the relationship between
WDT and building envelope must be clearly
understood by the architect. The study aims at
the analysis of this relationship by examining
the heat flow through the envelope under hourly
values of air temperature and solar radiation
data.
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Most of the conventional methods which have
been or are being used in the determination of
the WDT since the early 1900s throughout the
world have no exact relationship with the build-
ing envelope. These studies can be grouped as:
(1) The work done in early years which do not

consider the building itself (initial approach
mentioned by Close, 1944; Thomas, 1955).

(2) According to most of the others, the

designer has choices from the extreme

hourly temperature Cumulative Distribu-
tion Function as 1, 2.5, 5, 10%, etc., accord-
ing to the heat capacity of the envelope

and use of the building (Thomas, 1955;

Thom, 1957; Holladay, 1962; Crow, 1964;

Giilferi, 1964; Doesken and McKee, 1983;

ASHRAE, 1985).

Selection of the WDT is based on repetition

of the temperatures depending on the time-

lag of the building element (Richard, 1982).

(4) Average monthly mean temperature for
multi-storey heavy buildings, and an addi-
tion of 5% system overload capacity for
single-storey lightweight buildings (Fowler,
1983).

(5) WDT is corrected by adding 0, 2 and 4°C
for buildings having a mass up to 600,
600-1400 and above 1400 kg/m?, respec-
tively (DIN4701, 1983; Kilkis and Aring,
1990).

2. EFFECT OF MASS ON WINTER DESIGN
TEMPERATURE

In order to prove the effect of mass on WDT,
the interrelation between different parameters
and the reaction of the building to each of these
parametric changes should be analysed. This
was possible by having a “parametric study”,
which has the advantage of giving the opportu-
nity to test the effect of different variables one
by one, and to compare the results obtained by
each run. In order to investigate the relationship
between mass and WDT, the following basic
parameters should be analysed in detail and the
variables and their variations for parametric
study should be determined:

(1) variation of the daily outside weather
conditions

(2) thermophysical properties of the building
envelope

(3) variation of the daily inside air conditions.

2.1. Thermophysical properties

One of the most important factors affecting
the heat transfer through the building envelope

is its thermophysical property. The thermophys-
ical property of the envelope consists of surface
absorbtivity, thermal conductivity, specific heat,
density and thickness. Higher thermal conduc-
tivity results in a higher rate of heat flow.
Density and specific heat represent the heat-
storage capacity (thermal capacity) of the mate-
rial. Higher thermal capacity delays the transfer
of heat under transient conditions. Increasing
the thickness of the material decreases the heat-
transfer rate but increases the thermal capacity,
which delays heat transfer. Those properties
described above are the individual thermophysi-
cal parameters of the building envelope and a
combination of them should be considered for
the analysis of heat transfer through the building
envelope.

The combined thermophysical properties are
conductive thermal resistance and thermal
capacity, which are defined for multilayered
structures as:

R=iLi/kiAi (1)
1
C=i LiAipiC; (2)
1
M=zi: L;Ap; (3)
1

The conductive thermal resistance is the thermal
resistance between internal and external surfaces
and is one of the factors affecting the heat
transfer through the building envelope. Different
allowable conductive thermal resistance values
are given for different climatic conditions in the
thermal insulation regulations. According to the
Turkish Thermal Insulation Regulation (BIY,
1985), Turkey is divided into three climatic
zones and the minimum allowable conductive
thermal resistance values for a unit heat transfer
area (R ,nq, m? K/W) of different building ele-
ments are given for each zone. The allowable
R_onq for walls having mass per unit area higher
than 300 kg/m? are given as 0.40, 0.60 and
0.79 m?K/W for climatic zones 1, 2 and 3,
respectively.

The thermal capacity of an object is a function
of its volume, density and specific heat. The
temperature of the object increases as it absorbs
heat. The rate of increase in temperature
decreases when thermal capacity increases.
Thermal capacity of the building envelope does
not affect heat flow under steady-state condi-
tions. However, under the cyclic loading condi-
tions present at the outside surfaces of the
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envelope, higher thermal capacity delays heat
loss and gain, reduces diurnal variation in
heat gain and loss to a room of constant
temperature.

The density of the building materials is more
effective on the thermal capacity than specific
heat because specific heat is mostly about
800-850 J/kgK, but density varies between 15
and 2600 kg/m3. The thermal capacity of a unit
area of a building material is approximately a
function of the density and its thickness, which
is analogous to mass per unit heat-transfer area
of the wall. The mass per unit heat-transfer area
of the building elements will be referred as
“mass” (m) in this study, to be in accord with
BIY (1985):

2.2. Inside conditions

The basic consideration in determination of
the inside conditions is thermal comfort condi-
tions. Furthermore, the daily variations of the
inside surface heat fluxes are effective on the
peak capacity of the heating system. The daily
fluctuations of the inside surface temperature
are very important from a thermal comfort
point of view (Arens et al. 1980; Fanger, 1972),
and have a direct relationship with the mass of
the element. In order to show the variation of
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inside surface temperatures according to mass,
the inside surface temperatures of walls with
varying degree of mass but having the same
R ona value are calculated by a computer pro-
gram based on the response factor technique.
The difference between the inside surface tem-
peratures of the least and most massive walls
are found as in Fig. 1. During the same calcula-
tion, the analysis of the daily fluctuations of the
inside surface heat fluxes showed an inverse
proportion with mass and surface heat flux of
the walls: the higher the mass, the lower the
heat flux, Fig. 2. The results showed that the
daily variation of the inside surface heat flux in
different climatic conditions and different con-
structions is the most important parameter
which should be considered in the determination
of the relationship between WDT and mass of
the envelope.

3. METHOD APPLIED IN THE ANALYSIS

The mass of the building envelope has an
important effect on the rate of peak heat flux of
the building at the inside surface of the envelope.
This heat flux directly affects the indoor thermal
comfort conditions and the size of the heating
system. For a construction having the same
R.ona value, but a higher mass, the maximum
heat flux will be smaller, therefore the size of
the plant will be smaller.

Though the regulations state different mini-
mum R4 values for walls with masses less
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Fig. 1. Inside surface temperatures for walls facing south, having the same R,,,4 value but varying mass
with a 0°C daily mean and 10°C daily amplitude.
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Fig. 2. Heat flux for walls facing south, having the same R4 value but varying mass with a 0°C daily
mean and 10°C daily amplitude.

than 300 kg/m?2, they do not differentiate an
element having a mass of either 300 or
2000 kg/m?. According to regulations, the WDT
of the climatic zone is valid for both masses.
But since the maximum heat flux of the lower
mass element will be higher, and the regulations
accept this heat flux, 300 kg/m? can be accepted
as the reference mass for this WDT. In this case
it will be reasonable to accept the maximum
heat flux of this reference mass as constant, and
to decrease the WDT for higher masses. This
will direct the designer to use massive materials
in climatic zones with high daily amplitudes.
The difference between the peak heat fluxes
of different masses and the reference mass will
give the “winter design temperature correction
value” (WDTCV) for these masses.

In order to attempt to predict the heating
load under steady-state conditions,

Q=UA4AT (5)
is used, where
AT =T~ Toeuign (6)
The heating load per unit area is
Q/A=q=UAT (7)

If g300 denotes the daily maximum heat flux of
a building element having a mass of 300 kg/m?,
which can be called the reference mass, the
design temperature for this mass can be called
the design temperature for reference mass

(T;lesign.300)- In this case,
9300= U(T; — Tiesign3oo) (8)

For a building element having any mass, x, the
heat flux can be denoted as g, and the corre-
sponding design temperature, Tyegign,:

qx= U(T;’_ Tc'lesign) (9)
The difference between these two equations will
give

qd=Aq300—dx= U [(’I; - Tt‘iesignBOO) - (7; - nesignx )]

(10)
If both sides are divided by U
q
5 = ’I;lesignx - T('lesignSOO (11)

will give the WDTCV.

Therefore, the new WDT will be found by
adding the WDTCV to the WDT found by
conventional methods:

T:iesignx = Tdesign300 + WDTCV ( 12)

In this study the daily variations of the inside
surface temperatures and heat fluxes of the walls
under various climatic conditions and different
wall constructions have been calculated by a
computer program based on the response factor
technique (Hittle, 1981), which is accepted as
the standard method of modeling building enve-
lope energy usage in the scientific communities
throughout the world. The technique uses vari-
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able outside air temperature and solar radiation
and constant inside air temperature values as
input climatic data.

4. RESULTS AND CONCLUSION

The parametric runs, the details of which can
be found elsewhere (Demirbilek, 1992), showed
higher peak heat fluxes for higher daily ampli-
tudes and lower daily means for the same exte-
rior building elements. The results showed that
the savings in average heating loads were negli-
gible as expected, but the minimum inside sur-
face temperatures and heat fluxes showed a
direct relationship with the mass of the element
(Figs 1 and 2). In the study, the hourly inside
surface peak heat fluxes have been calculated
under variable ambient air temperature and
solar radiation conditions. Then, the deviations
of peak heat fluxes from the peak heat flux of
the wall having 300 kg/m? mass were calculated.
The analysis of the relation between the mass
of the walls and inside surface heat fluxes
resulted in the correction values for winter
design temperature (WDTCV) depending on
the mass of the wall and different climatic zones.
Since the sol-air temperature data are used in
the representation of the local climatic condi-
tions, the orientation of the facade has gained
importance. For Ankara, 21 January is chosen
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examined can be read from the chart. The user

must calculate the mass of the wall by using

eqn (4). Addition of the correction value to the

WDT of the location will result with the new

WDT to be used in the calculation of heat loss

through the wall. By using the method, the

designer can decide either WDTCV according

to the desired mass, or mass according to the

desired WDTCYV. Each facade has a different

WDTCY for the same mass, or a different mass

for the same WDTCYV.

Further study will/must be:

(1) analysis of walls in different climatic condi-
tions, and generalization of the chart

(2) analysis of non-homogeneous walls by using
the same technique

(3) analysis of ceilings facing outside air by
using the same technique

(4) analysis of heat loss of a whole building by
considering the floors, ceilings, windows
and walls

(5) selection of the typical day for constructing
the correction value charts instead of
21 January as used in this study

(6) a correlation between the summer design
temperature and mass can be produced by
applying the same technique.

NOMENCLATURE

as the typical day (which is common to choose A surface area of the envelope (m?)
for architectural studies), and the results of the C, specific heat (J/kgK)
. . . k thermal conductivity (W/mK)
runs for different facades are plotted in Fig. 3. p density (kg/m?®)
The WDTCV value for the facade to be L thickness (m)
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Fig. 3. WDTCYV chart for the typical winter day of Ankara (21 January).
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M  mass (kg)
m mass per unit area (kg/m?)
n number of layers
Q heat load (W)
q heat flux (W/m?)
R conductive thermal resistance (K/W)
R.ona  conductive thermal resistance for unit heat transfer
area (m?2 K/W)
T, inside air temperature (°C)

Tiesign design temperature (°C)

U overall heat-transfer coefficient (W/m?K)

WDT winter outdoor design temperature (°C)
WDTCV winter design temperature correction value (°C)
Subscripts

300 element with m=300 kg/m?

x element with m=x kg/m?
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