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Abstract—Experimental studies are carried out to investigate the heat transfer coefficients on interior building

surfaces (such as vertical walls, ceilings and glazing) using a real-sized indoor test cell which measures

2.95x%2.35x2.08 m (length x width x height). A total of 142 tests, each one lasting about 24 h, are

conducted under controlled steady-state conditions to cover nine of the most widely used heating con-

figurations in buildings. Ten new heat transfer correlations are developed and these are presented in a way

suitable for use by building thermal modellers. The correlations are found to differ by up to a factor of
two from those which are currently being used in building thermal models.

1. INTRODUCTION

THE vaLUES of the heat transfer coefficient on interior
building surfaces used by dynamic simulation models
are generally based on those reported in the literature
for isolated, and in most cases small, surfaces. The
difference between these values and those which occur
in real buildings is not known. The problems of two-
and three-dimensional natural convection have been
addressed in several studies. However, most of these
were carried out in small enclosures, and in many
cases with water as the working fluid. Comparison
between the available correlations [1] indicated that a
discrepancy of up to a factor of five can occur in
the values of the heat transfer coefficient on vertical
surfaces using the different correlations, up to a factor
of four on horizontally heated surfaces facing upward,
and up to a factor of eight on horizontally heated
surfaces facing downward.

The survey of the literature revealed very few exper-
imental studies for heat transfer coefficients on sur-
faces of real-sized enclosures. Min et al. [2] carried
out experimental investigations in three different
sized rooms, 7.35x3.6x2.7m, 7.35x 3.6 x3.7 m and
3.6x3.6x2.4 m (length x width x height). The data
reported were obtained with the entire floor area or
ceiling area used as a heated panel where all surfaces
other than the heated panel were held at a uniform
temperature. A number of correlations were reported
which cover the heat transfer between the room air
and each of the vertical walls, the floor and the ceiling
for the two heating configurations mentioned above.
The room air was taken at a height of 1.5 m at the
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centre of the room, which implies an assumption of
uniform air temperature, i.e. no temperature strati-
fication. Both assumptions, of uniform wall and
uniform air temperatures, are not realistic. For
this reason the correlations of Min et a/. may have
some level of uncertainty which cannot be accurately
estimated.

The convection heat transfer coefficient from a floor
heated by warm water to the room air was investigated
by Schlapmann [3]. The measurements were per-
formed in a closed room 4.95 m long, 4.0 m wide and
2.70 m high as well as in a small-scale model. No
work was conducted to investigate the heat transfer
coeflicient on the other elements of the room such as
vertical walls and ceiling. Correlations for convection
heat transfer from a vertical wall of an office room to
the room air were developed by Li er al. [4]. A room
3.4 m wide by 4.0 m long by 2.6 m high was used. The
room was occupied by three people and the exper-
iment was carried out under normal working con-
ditions with no control on the convection in the room.
A wall-air temperature difference of only up to 1.5°C
was covered by this study. Furthermore, the heat
transfer coefficient was evaluated from readings of
just two thermocouples. One was used to measure the
wall temperature and the other the air temperature.
Because of the known variation of both the air and
wall temperature in the vertical direction, the result
of this study cannot be taken as an accurate estimation
of the average heat transfer coefficient on a wall of a
real-sized enclosure. Many other investigators report
studies in small-scale three-dimensional enclosures.
Bohn et al. [5] and Bohn and Anderson {6] inves-
tigated the convection heat transfer in a cubical
enclosure of interior dimensions of 0.305 m using
water as the working fluid. Heidt and Streppel [7]
investigated the heat flow from an irradiated interior
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NOMENCLATURE

h convection heat transfer coefficient T, temperature of the interior surface of the
Wm K] wall [°C]

k thermal conductivity of the wall material T, temperature of the exterior surface of the
WmK™Y wall [°C]

q heat transfer through the wall W] AT  air to surface temperature difference

t thickness of the wall [m] °C]

7, temperature of the air in the hot zone {°C] u wind speed [ms™'].

surface of a 0.3 m cubical enclosure. These small-scale
results, however, need to be confirmed for real-size
enclosures.

Therefore the main objective of this work is to
develop, through careful experiments, correlations for
convective heat transfer coefficients which occur on
the interior surfaces of the different elements of build-
ings, such as vertical walls, ceiling and glazing and
to study the air temperature stratification and the
variation in the local heat transfer coefficient near
the vertical wall of a real-sized enclosure. This study
differs from previous studies by investigating nine
different heating configurations under realistic oper-
ating conditions.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

The tests were carried out in a real-sized test cell
which consists of two separate zones as shown in Fig.
1. The larger zone (the hot zone) was constructed
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FIG. 1. The dimensions of the test cell.

to represent a large enclosure such as a living area
with interior dimensions of 2.95x2.35x2.08 m
(length x width x height) and with a 2.08 m high and
0.75 m wide access door. In order to control the air
temperature on the exterior surface of one of the
vertical walls, another zone was constructed (the cold
zone). The cold zone has approximately the same
height and length as does the hot zone but with a
width of 0.60 m. The two zones are kept at two dif-
ferent temperatures so as to achieve a controllable
and variable temperature difference across the wall
separating the two zones (the test wall).

All four vertical walls and the roof of the hot zone
are constructed from a 50 mm thick isocyanurate
board covered with aluminium foil on both sides. The
aluminium foil helped to minimize the effect of the
longwave radiation exchange on the temperature and
heat flux measurements. The floor of the hot zone is
constructed from a 100 mm thick styrofoam board
covered with a 19 mm thick chipboard on both sides.
The cold zone is constructed from a 3 mm thick hard-
board. Both zones are contained in an aluminium
frame held on castor wheels. The test cell is located
within the University of Wales College of Cardiff
Solar Simulator Laboratory which measures 13 m
long, 6.5 m wide and 5.8 m high approximately.

The air temperature in the cold zone was kept rela-
tively low by pumping cold air from the ambient by
means of an extractor fan, as shown in Fig. 2. The cold
air was slightly heated to the maximum temperature
expected during the test before it was delivered to the
cold zone to compensate for the fluctuation in the
outdoor ambient air temperature. The heating effect
was achieved by passing the extracted air through
an in-line heating element located just before the air
entrance to the cold zone. A proportional temperature
controller was used to control the input power to the
heating element so as to maintain air flow of steady
temperature. The air temperature in the hot zone was
also kept under control by using another proportional
temperature controller to control the input power to
the heating device of this zone. The air temperatures
in both zones were controlled to better than +0.1°C
for the ‘fan heater’ and the ‘foil’ configurations. How-
ever, due to the storage effect of the oil-filled radiator
used in some heating configurations, the fluctuation
in the temperature of the hot zone for these con-
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FIG. 2. Details of the experimental apparatus.

figurations was up to a maximum of +1.5°C with a
typical value of +0.3°C.

The wall separating the two zones is instrumented
by a total of 21 thermistors (see Fig. 3). A total of 7
thermistors are mounted on the interior surface of
the wall (facing the hot zone) ; a similar number are
mounted on the exterior surface of the wall (facing
the cold zone), and another 7 are suspended at a
distance of 60 mm from the interior surface of the wall
to measure the air temperature outside the thermal
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Fi1G. 3. Thermistor locations in the test cell.
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boundary layer. Another vertical wall and the roof
are also instrumented, but with a total of 9 thermistors
on each. These are mounted in the same planes
explained above, but with only 3 thermistors in each
plane (see Fig. 3). The air temperature in the lab-
oratory which contains the test cell is measured by 3
thermistors located around the test cell. At a later
stage, the test wall was fitted with a window which is
instrumented with a total of 12 thermistors, 4 on each
of the three planes mentioned previously (see Fig.
4(h)). All the thermistors were encapsulated in a
heat-shrinkable tubing so as to avoid the effect of
moisture on the temperature measurements as well
as to give some rigidity to the thermistor assembly.
The thermistors were also shielded by aluminium
foil to minimize the effect of the longwave radiation
exchange. Heat sink compound was used with the
surface thermistors to ensure a good thermal contact
with the surface.

The tests were carried out under steady-state con-
ditions with the test cell empty, unlit and tightly
sealed. To achieve the steady-state condition, each
experiment was allowed to run for about 24 h between
any two different temperature settings, with the air
temperature in both zones under control. The steady-
state condition is indicated by a steady air temperature
in the hot zone, a steady air temperature in the cold
zone, and a steady level of the input power to the
heating device of the hot zone as indicated by the
Wattmeter reading.

The readings are taken by means of 10 K ther-
mistors, every minute, and are averaged and stored in
a 60-channel data-logger over 5 min intervals. A micro-
computer was used to recover the data which were
stored on floppy discs. For each test, readings of about
12 continuous hours were collected (i.e. between 7000
and 8760 readings). The data logging for each test was
made overnight between 22.00 and 10.00 the following
day. Logging during this period has the advantage of
avoiding the effect of lighting, solar gain and move-
ment of people on the conditions inside the laboratory
which contains the test cell. Accordingly, the fluc-
tuation in the air temperature inside the laboratory
during the logging period was within +£0.5°C.

The data of each test were analysed by means of a
BASIC computer program written for that purpose.
The results of each test included the following values
for each of the elements under investigation : the heat
transfer coefficients on the interior and exterior
surface, the heat flux and the U-value of each element,
the maximum possible uncertainty associated with the
measurement of the heat transfer coefficient on each
element, and the local heat transfer coefficients at
seven different locations on the test wall.

3. THE DETERMINATION OF THE HEAT
TRANSFER COEFFICIENT

The determination of the convection heat transfer
coefficient involves the measurement of the heat flux.
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F1G. 4. (a) Simulated forced convection on an interior surface using a large fan. (b) A room heated bya
fan heater. (¢) A room with a uniformly heated floor using strips of heating foil to simulate the heating
effect. (d) A room with a uniformly heated vertical wall using strips of heating foil to simulate the heating
effect. (¢) A room with a partially heated floor and a partially heated vertical wall (edge) to simulate the
heating effect. (f) A room heated by an oil-filled radiator located in front of the test wall. (g) A room
heated by an oil-filled radiator located adjacent to the test wall. (h) A room heated by an oil-filled radiator
located under a window. (i) A room heated by an oil-filled radiator located in front of a window.
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In this study the wall material itself forms the heat
flux meter. In principle, most heat flux devices require
the measurement of the temperature across a slab of
known thermal conductivity and of known thickness.
Although the value of the thermal conductivity (k)
was specified by the manufacturer, it was checked
using a ‘Guarded Hot Box® and the value of 0.0215—
0.0255 W m~! K~' (an average value of 0.0235 W
m~' K~') obtained was very close to the value of
0.023 Wm ™' K~ specified by the manufacturer.

In the steady-state condition, the heat flowing from
the air to the wall surface by natural convection plus
the net heat flow to the surface by longwave radiation
exchange should equal the heat loss by conduction
through the wall. For the test cell case, the longwave
radiative exchange was found to be small enough to
be neglected (8], since radiation between enclosed sur-
faces of very low emissivity (the aluminium foil) is
involved. In this case the heat balance on the interior
surface of the wall can be given as

g=Kk/N(T—Ty,) = K(T,—T,). (M

The convection heat transfer coefficient can thus be
determined from the following equation:

h= (ki) (Ti =TT, = Ty). 2

Equation (2) can be used to determine local heat trans-
fer coefficients by using local values. The integrated
average (bulk) heat transfer coefficient can be deter-
mined either from the average of the local values or
by using integrated average temperatures in equation
2).

The results from both methods were found to be
close, with the coefficient obtained from the local
values higher by an average value of 2%. The results
used in the correlations were those obtained from the
integrated average temperatures.

A complete error analysis is done in ref. [8] where
it was shown that the total uncertainty in the heat
transfer coefficient varies from around 21% at a wall
to air temperature difference of 1°C to around 6% at
a wall to air temperature difference of 5°C.

4. THE CONFIGURATIONS TESTED

Nine of the most widely used heating configurations
in buildings were covered by this study. These
included the following configurations:

(1) A simulated forced convection on the interior
surface of the test wall using a large fan as shown in
Fig. 4(a). Different fan speeds, and hence different
temperature levels, were achieved in the hot zone by
varying the input power to the fan.

(2) A cell heated by a small low speed 1 kW fan
heater as shown in Fig. 4(b). The fan heater was
located on the floor at the centre of the room with the
air from the fan heater directed towards the opposite
direction of the test wall.
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(3) Metallized plastic foil was used in three different
heating configurations to simulate: (i) a uniformly
heated floor as shown in Fig. 4(c), (ii) a uniformly
heated vertical wall as shown in Fig. 4(d). (iii) a uni-
formly heated edge (i.¢. a partially heated floor and a
partially heated vertical wall) as shown in Fig. 4(e).
The foil consists of plastic substrate (polyethylene)
coated with a very thin layer of aluminium on both
sides, which can be used as a heating element. The foil
has to be broken down into individual strips isolated
from each other to reduce the current density in each
strip to a safe level. Seven strips, 0.30 x 2.80 m each,
were needed to cover the floor area, while six were
required to cover the vertical wall area. In both cases,
the strips were connected in parallel to a 500 VA
transformer with a maximum output voltage of 35
V.A.C. For the floor case, the strips were left to lic on
the floor area, while for the vertical wall case the
strips were mounted as close as possible to the interior
surface of the wall, but not in direct contact with the
surface.

(4) A cell heated by a radiator was located
(i) opposite the test wall as shown in Fig. 4(f), and
(ii) adjacent to the test wall as shown in Fig. 4(g). A
1.5 kW oil-filled radiator which measures 1.28 x 0.60 m
(length x height) was used as a heating source. The
location, shape and size of the radiator matches that
which is usually used in a house with central heating
radiators, convectors or storage heaters. The tem-
perature of the radiator was controlled by the pro-
portional temperature controller and not by the radi-
ator’s own thermostat. Aluminium foil was used to
cover the whole surface of the radiator to minimize the
longwave radiation exchange.

(5) After the tests in the above heating con-
figurations were completed, the test wall was fitted
with a 1.34 x 0.84 m single glazed window. Two con-
figurations were examined in this case, the first with
the radiator located beneath the window as shown in
Fig. 4(h), and the second with the radiator located
opposite the window as shown in Fig. 4(i).

5. RESULTS AND DISCUSSION

The heat transfer coefficient (4) obtained on the
different elements of the test cell were correlated
against the temperature drop (AT) across the air layer
adjacent to each element. A multi-regression com-
puter program was used to correlate the data to yieid
correlations in the form h = C(AT)", where AT is the
air to surface temperature difference. For most of the
configurations, four correlations were developed : one
for the interior surface of each of the ‘test wall’, the
‘other vertical wall’, the ‘ceiling’, and one from the
combined data of the two vertical walls. Correlations
were also developed for the interior surface of the
glazing for each of the two ‘window’ configurations.

Since the heat transfer coefficients on the exterior
surfaces of the test cell are largely independent of the
heating configuration inside the test cell. the con-
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vection heat transfer coefficient data for the exterior
surface of the ‘other vertical wall’ for each con-
figuration were combined together and are correlated
against the temperature drop across the air layer
adjacent to the exterior surface of the wall. Those data
obtained on the roof were correlated together in the
same way.

A total of 36 correlations were developed. Because
of limited space, however, only a number of these will
be presented in this paper. The interested reader is
referred to ref. [8] for the complete list of the cor-
relations. The data from similar correlations were
combined together to obtain a number of general
correlations, each one covering more than one con-
figuration, and these will be presented in full in this
paper.

The results for the ‘heated floor’ configuration (Fig.
4(c)) are shown in Fig. 5(a) for both vertical walls. The
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heat transfer coefficients on both walls are expected to
be close, since the same type of air flow pattern is
expected on each wall, which is similar to that shown
in Fig. 11(a). The difference in the data for the
two walls may be attributed, however, to different
measurement locations. For that reason the cor-
relation from the combined data of both walls is con-
sidered to be more realistic. The data and the
correlation obtained for the ceiling are shown in
Fig. 5(b).

Figure 6(a) shows the data and correlation of the
test wall for the ‘heated vertical wall’ configuration
(Fig. 4(d)). The scatter in the data of the ‘other vertical
wall’ (the heated wall) was found to be large, and no
reasonable correlation was developed. The scatter in
the data of the ceiling (Fig. 6(b)) was also found to
be high and no reasonable correlation was developed.
The reason for the scatter in the data is expected to
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FiG. 5. (a) Heat transfer data and correlations for the two vertical walls—the ‘heated floor’ configuration.
(b) Heat transfer data and correlation for the ceiling—the ‘heated floor’ configuration.
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FiG. 6. (a) Heat transfer data and correlation for the test wall—the ‘heated vertical wall’ configuration.
(b) Heat transfer data and correlation for ceiling—the ‘heated vertical wall’ configuration.

be caused by the type of mounting of the heating foil.
To avoid an electric short circuit between the heating
foil and the aluminium foil which covers the interior
surfaces, the heating foil had to be mounted close and
not in direct contact with the surface. This resulted in
an unpredictable air flow pattern between the wall
and the foil. The air flow pattern in the cell, however,
is expected to be similar to that of Fig. 11(b), aithough
no flow visualization study was made.

Figure 7(a) shows the result for the ‘radiator adjac-
ent to the test wall’ configuration (Fig. 4(g)). The heat
transfer coefficients on both the ‘test wall’ and the
‘other vertical wall’ are expected to be close. However,
it was found (as can be seen in Fig. 7(a)) that the
coeflicient on the ‘test wall’ is slightly higher. The heat
transfer coefficient on the ‘other vertical wall’ was
measured at the middle of the wall (see Fig. 4(g)).
This part of the wall is expected to be at the relatively

inactive part of the core for the type of air flow pattern
induced by the location of the radiator in this con-
figuration. Lower values are expected in this area com-
pared with those which occur on the rest of the wall,
due to the relatively slower air movement. The data
and the correlation obtained on the ‘ceiling’ are shown
in Fig. 7(b).

When the test cell was fitted with a window, the
radiator was first located under the window (Fig. 4(h))
to simulate one of the most widely used heating con-
figurations in buildings. The results for this con-
figuration are shown in Fig. 8(a). The heat transfer
coefficient on the ‘test wall’ (which was close to the
radiator) was found, as would be expected, to be
higher than that on the ‘other vertical wall’. On the
‘ceiling’, the data and the correlation shown in Fig.
8(b) were obtained.

The radiator was then located opposite the ‘test wall’
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F1G. 7. (a) Heat transfer data and correlation for the two vertical walls—the ‘radiator adjacent to the test
wall’ configuration. (b) Heat transfer data and correlation for ceiling—the ‘radiator adjacent to the test
wall’ configuration.

and the window (Fig. 4(i}). The results from this con-
figuration are shown in Fig. 9(a) for the two vertical
walls. The data of the other wall were found to be
too scattered to fit in the figure. The data and the
correlation obtained on the ceiling are shown in Fig.
9(b). The data and the correlations obtained on the
interior surface of the glazing for the two ‘window’
configurations are shown in Fig. 10.

One correlation was developed for each of the
exterior surfaces of the ‘other vertical wall’ and the
‘roof’. Because the test cell is located inside another
large enclosure (the laboratory), a condition of still
air existed during the vast majority of the tests. There-
fore, the heat transfer coefficient on the exterior sur-
face of the vertical wall is expected to be comparable
to that of an isolated large vertical heated plate. Like-
wise, the heat transfer coefficient on the exterior sur-

face of the roof is expected to be similar to that of a
large horizontal heated plate facing upward.

Table 1 gives the values of the heat transfer
coefficient on the ‘test wall’ for the forced convection

Table 1. The experimental results for the forced convection
tests

Heat transfer coefficient (W m~2K~')

Air speed, Experimental

u(ms™") results Range in the literature
0.6 7.52 2.3% to 10.1°
1.1 8.44 4.3% 1o 11.5°
1.5 10.52 597 to 12.4°

2Using A = 3.91u [9].
b Using h = 8.55+2.65u [10].
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figura

tests where a large fan was used (see Fig. 4(a)). Since
no results were found in the literature for forced con-
vection on interior building surfaces, the results of
the present study are compared with some of those
reported in the literature (Hand [9] and Soltau and
Angermeier [10]) for forced convection on exterior
surfaces. However, it should be noted that the two
cases are not quite similar. The comparison shows
that the results of the present study are well within
the range of those reported in the literature for forced
convection on exterior surfaces. However, this does
not necessarily indicate that the latter are suitable for
the estimation of the convective coefficients on interior
building surfaces, since the band is too large. The
equation [h = 5.34+43.27u] was found to best rep-
resent the three data points of Table 1.

tion.

5.1. Comparison between all the correlations

The correlations developed for the ‘test wall’
from the eight different configurations are shown
together in Fig. 12(a), while all those developed for
the ‘ceiling’ are shown in Fig. 12(b). A comparison
between the ‘foil’ configurations shows that the con-
vective heat transfer coefficients on the ‘test wall’
and on the ‘ceiling’ are the largest for the ‘heated
vertical wall’ configuration, followed by those of the
‘heated edge’ and the ‘heated floor’ configurations.
In the light of the expected air flow pattern in the
test cell for each configuration and the different air
speed which occurs in each one, this order is much
like what would be expected.

For the two radiator configurations (without a win-
dow), the heat transfer coefficients on the ‘test wall’
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FiG. 9. (a) Heat transfer data and correlations for

the two vertical walls—the ‘radiator opposite the test

wall’ configuration. (b) Heat transfer data and correlations for two vertical walls—the ‘radiator opposite
the test wall’ configuration.

and on the ‘ceiling” were found to be slightly higher
for the configuration where the radiator was located
opposite the ‘test wall’ compared with that where it
was located adjacent to the ‘test wall’. In both cases,
the air flow pattern in the rectangular cell is expected
to be close to that of Fig. 11(b). However, the direc-
tion of the air movement with respect to the ‘test
wall’, in addition to the shorter distance between the
radiator and the opposite wall in the first con-
figuration (2.35 m for the first configuration and
2.95 m for the second) is expected to cause higher air
speeds on the ‘test wall’ and the ‘ceiling’, and therefore
higher heat transfer coefficients are expected.

A comparison between the two ‘window’ con-
figurations shows that the heat transfer coefficient on
the ‘test wall’ (not including the window) is sig-
nificantly higher for the case where the radiator was

beneath the window (close to the ‘test wall’) compared
with that where it was opposite the window. This is
consistent with the result from the ‘radiator opposite
the test wall’ configuration which indicated that the
heat transfer coefficient is larger on a wall close to
a radiator. The difference between the heat transfer
coefficient on the ‘ceiling’ for the two configurations
(see Fig. 12(b)) was found to be unexpectedly large.
With the two configurations identical except for the
location of the radiator, the reason must be a sig-
nificantly different air flow pattern in the enclosure
in each case. The air flow pattern in the enclosure
for the ‘radiator opposite a window’ configuration is
expected to be close to that of Fig. 11(b). That of the
‘radiator under a window’ configuration is difficult to
predict because of the interaction between the upward
moving air heated by the radiator and the downward
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FiG. 10. Heat transfer data and correlations for the glazing—the ‘radiator under a window and radiator
opposite a window’ configuration.

(b)

Fi1G. 11. (a) Air flow pattern in an enclosure with a heated
floor. (b) Air flow pattern in an enclosure with a heated
vertical wall.

moving air cooled by the window. The difference
between the results from the two configurations, how-
ever, suggests that the air flow on the ‘ceiling’, and
probably in the enclosure as a whole, has been
enhanced by having the radiator under the window.

The effect of the radiator location in the test cell on
the heat transfer coefficient on the interior surface of
the glazing can be judged from Fig. 10. In this figure,
the data and the correlation obtained on the glazing
are shown for both window configurations. It can
be seen clearly that the heat transfer coefficient is
significantly higher for the configuration where the
radiator was under the window. Again, the type of air
flow pattern induced by the location of the radiator
under the window is expected to be the reason. The
results from the above comparison suggest that the
heat losses from the roof and the glazing of the test
cell can be reduced by moving the radiator from under
the window. Based on the correlations developed, the
reduction was found to be around 15% for the ceiling
and around 13% for the glazing at a temperature drop
of 5°C across the air layer adjacent to each element.
However, it should be noted that the existence of
curtains and furniture in the room may change the air
flow pattern in the room and hence the magnitude of
the losses mentioned above.

For the ‘fan heater’ configuration, the heat transfer
coefficient on the ‘test wall’ (which was not opposite
the fan heater) was found to be the smallest of those
obtained from the rest of the configurations, though
very close to that of the ‘heated floor’ configuration, as
can be seen in Fig. 12(a). The heat transfer coefficient
on the wall which was opposite the fan heater (the
‘other vertical wall’), however, was found to be sig-
nificantly larger (see equation (8) of Fig. 13). The
larger difference between the values of the heat trans-
fer coefficient on each wall suggests that no smooth
circulation (such as that of Fig. 11(b) for example)
has occurred in the enclosure. The effect of the fan
heater (with a fan power of only 20 W at full power)
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for the ceiling—all configurations.

was probably confined to the ‘other vertical wall’ (and
maybe to part of the ceiling). Elsewhere in the en-
closure, and especially on the ‘test wall’, a mainly
buoyancy-driven convection is expected to have
occurred.

A comparison between all the correlations of the
‘test wall’ shown in Fig. 12(a) indicates that the heat

transfer coefficient increases with an increase in the
area of the heated vertical surface (excluding the con-
figuration where the radiator was located under the
window because the large heat transfer coefficients
were caused mainly by the radiator being close to the
wall as discussed before). The largest values of the
convective coefficient were those for the ‘heated ver-
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tical wall’ configuration (heated vertical area of about
6 m"), foliowed by those of the ‘heated edge’ con-
figuration (heated vertical area of about 3 m?), fol-
lowed by those of three of the configurations where
the radiator was used as a heating device (heated

vertical area of about 0.77 m? on each side of the
radiator). followed by those of the ‘heated floor’ and

radiator), followed by those of the ‘heated floor’ and
the ‘fan heater’ configurations.

The same conclusions can be drawn from the com-
parison of all the ceiling correlations shown in
Fig. 12(b) where (except for the correlation of the
‘fan heater’ configuration which has been discussed
before) the same trends as in Fig. 12(a) are seen.

The above discussion suggests that one way of
reducing the heat losses from buildings is by mini-
mizing the vertical area of the heating device in order
to achieve lower heat transfer coefficients in the
enclosure. The ‘heated floor’ configuration (which
should be similar to an underfloor heating system)
seems to have an advantage in this respect because no
heated vertical surface is involved. Comfort require-
ments, space limitations or cost effectiveness may,

nowcvcr, lmposc some other LOIIblI'dlIlI.

5.2. Approximate correlations

As shown from the above discussion, the cor-
relations obtained from the eight different con-
figurations covered two of the four vertical walls of
the enclosure, the ceiling and the glazing. For each
one of these elements, a number of correlations were
developed: each one is suitable for a certain con-
figuration. It is useful, however, to have some approxi-
mate and more general correlations which can be
applied to more than one configuration. The pro-
cedure used for obtaining such correlations was based
on the results from each individual correlation and
on how close the results are after accounting for the

maximum uncertainty associated with the exper-
imental data of each correlation. The procedure used
for estimating the maximum uncertainties in the
experimental data of each configuration is given in ref.
(8]. When the results from two or more correlations
overlap, the experimental data of the correlations are
considered close enough to be combined for the pur-
pose of obtaining a new and more general correlation.
When this procedure was applied to the correlations
for the ‘test wall’ (shown in Fig. 12(a)) and those of
the ‘ceiling’ (shown in Fig. 12(b)), the correlations of
both elements were found to separate into two differ-
ent groups. The first included the correlations from
two of the configurations, namely the ‘heated vertical
wall’ configuration and the ‘radiator under a window’
configuration, while the second group included the
correlations of the remaining six configurations. Two
correlations were developed for each group. one for
the vertical wall and one for the ceiling as shown in
Table 2. This table also includes the correlations for
the cases which are not covered by the correlations
mentioned above.

5.3. Comparison between some of the approximate
correlations and those reported in the literature

Table 2 shows a total of ten correlations which
cover some of the most widely used heating con-
figurations in buildings. Two of the most general cor-
relations of this table (equations (3) and (6) which are
applicabie to a verticai wall of an enclosure) are
compared ir Fig. 13 with some of those reported in the
literature. It can be seen clearly that both correlations
yield higher heat transfer coefficients (up to a factor
of about 1.70) from those which are currently being
used in building thermal models such as those rec-
ommended by McAdams [11], ASHRAE [12], and
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Alamdari and Hammond [13]. Nevertheless, a reason-
able agreement can be noticed between the Min et al.
{2] correlation (which is the result of a study in real-
sized enclosures) and equations (3) and (6). Figure 13
shows also the correlation developed for the wall
which was opposite the ‘fan heater’ (equation (8)).
This correlation was found to differ by up to a factor
of two from those reported in the literature for iso-
lated surfaces.

The heat transfer correlation developed for the
exterior surface of one of the vertical walls (equation
(11)) which should be comparable to that of an iso-
lated large vertical heated surface is also plotted in
Fig. 13, and this was found to be reasonably close to
most of those reported in the literature for isolated
surfaces but only within a moderate temperature
difference (roughly up to 15°C). Due to the significant
difference between the index of this correlation (0.14)
and the index of most of those reported in the litera-
ture for isolated surfaces (1/4 or 1/3), large dis-
crepancies are expected at large temperature differ-
ences. The large difference in the indices may be due
to the much lower temperature difference covered by
this study (up to S K) compared with that covered by
the studies using isolated surfaces where temperature
differences of up to 600°C were used. It should be
noted, however, that such very large temperature
differences are not common in building thermal appli-
cations. It is not known whether the correlation of
the present study (equation (11)) can be accurately
applied to isolated surfaces with a very high air to wall
temperature difference. However, for isolated surfaces
with a moderate air to wall temperature difference,
equation (11) is recommended.

The correlation developed for the exterior surface
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of the flat roof of the test cell (which should be com-
parable to that of a large horizontal heated plate
facing upward) is compared in Fig. 14 with some of
those reported in the literature. It can be seen from
the figure that the correlation (equation (12)) lies
between that reported by Min et al. [2] (which is
obtained from a study in real-sized enclosures) and
that reported for the turbulent regime by McAdams
[11], ASHRAE [12] and Alamdari and Hammond [13}
(which is based on experiments on isolated surfaces).
This is consistent with the result from the Min er
al. [2] study which indicated that the heat transfer
from a heated floor to the room air is the same as
that for a small horizontal heated plate facing
upward. It should be noted, however, that depending
on the physical mounting of the isolated surface, the
two cases may not always be comparable.

The two correlations developed for the heat transfer
between the room air and the ceiling (equations (4)
and (7)) are compared in Fig. 15 with the only one
found in the literature to cover such a configuration,
namely Min et al. [2] (which was obtained from
studies in a room with a heated floor panel). Both
equations were found to yield lower values of the
heat transfer coefficient.

5.4. Temperature stratification and local variations in
the h values inside the test cell

Beside the measurements of the average heat trans-
fer coefficient on the different elements of the test cell,
measurements of local heat transfer coefficients as well
as local temperatures in the test cell were also made.
The importance of the local values comes from the
fact that local heat transfer coefficient forms the ther-
mal link between the room thermostat and the room

The correlation of
the present study
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FiG. 14. Comparisons between the correlation of the present study and those reported in the literature for
heated surfaces facing up.
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air. The room thermostat itself may sense the local air The data of the ‘heated vertical wall’ configuration
temperature rather than the average temperature in  (but not that of the heated wall itself) are chosen to
the enclosure, especially in an enclosure with poor demonstrate the local temperature variations. Where
air circulation. In practice, therefore, the local values  there is more than one temperature measurement at a
have an important influence on room temperature certain level, the local temperature was considered to
control and hence on the thermal comfort. be the average value. Figure 16 shows the local air
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temperature at three different levels as measured near
the ‘test wall’, namely the middle of the wall and at
an equal distance above and below the middle, and
how these values deviate from the average air tem-
perature in the enclosure. As expected, the local air
temperature increases as the distance from the floor
increases. At the typical comfort temperature of
around 20°C the stratification (averaged over the total
height of the wall) was found to be 0.94°C per metre,
which is consistent with the 1°C per metre quoted in
the literature. (See for example Hammond {14].) It
can also be noticed that the rate of change in the local
air temperature with the height is not the same for
each half of the wall. Also, as the average air tem-
perature in the test cell increases, the temperature
stratification becomes more severe. The stratification
in the surface temperature of the wall was found to
be almost identical to that of the air. The local heat
transfer coefficient was found to vary by an average
of +10% from the average value over the wall area.

6. CONCLUSIONS

The data reported in this study were obtained in
a real-sized test cell measuring 2.95x2.35x2.08 m
(length x width x height). The tests covered nine differ-
ent configurations. These were a cell heated by a
fan heater, a cell with a heated floor, with a heated
vertical wall, and with a heated edge ; a cell heated by
a radiator placed at two different locations in the cell,
a cell with a window (without curtains) heated by a
radiator placed at two different locations in the cell,
and finally a cell with a simulated forced convection
on one of the interior vertical surfaces. All the tests
were carried out under a controlled steady-state con-
dition with the test cell tightly sealed, empty and unlit.
Under these conditions, the following conclusions
may be drawn:

(1) A total of 36 correlations were developed from
the different configurations mentioned above. These
covered the free convection heat transfer between the
vertical and horizontal surfaces of a real-sized enclos-
ure and the adjacent air. The data from the similar
correlations were combined together in order to
obtain new and more general correlations which can
be applied to more than one configuration. The ten
new correlations of Table 2 were found to be valid for
the cases shown in that table which represent some of
the most widely used heating configurations in build-
ings.

(2) The heat transfer coefficient on the interior sur-
faces of the vertical walls of the test cell were found
to be higher by up to a factor of 1.7 from those which
are currently used in building thermal models. The
discrepancy rises up to a factor of 2 for the fan heater
configuration. Nevertheless, a reasonable agreement
was found between the data of the present study and
those reported by Min et al. [2] for this case.

(3) Natural convection data given by other inves-
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tigators for small heated horizontal surfaces facing
upward were found to be in a good agreement with
the correlation found in this study for the exterior
surface of the horizontal roof.

(4) The heat transfer correlation developed by this
study for the exterior surface of one of the vertical
walls was found to be in a reasonable agreement with
those reported in the literature for isolated vertical
surfaces but only within a moderate air to wall tem-
perature difference (roughly up to 15°C).

(5) The heat transfer coefficient in the enclosure,
and hence the heat losses, can be reduced by mini-
mizing the vertical area of the heating device.

(6) Compared with an empty enclosure with a radi-
ator placed under a window (without curtains), the
heat losses from the window and the ceiling can
be reduced by moving the radiator away from the
window.

(7) The heat transfer coefficient on a wall close to
a radiator was found to be higher (by about 14% for
an air to wall temperature difference of 5°C) than
those which occur on the rest of the vertical walls of
the enclosure.

(8) The heat transfer coefficient on a single-glazed
window of an enclosure is at least three times higher
than those which occur on the other opaque elements
of the enclosure such as vertical walls and ceiling.
Also, the heat transfer coefficient on the window is
much less temperature difference dependent com-
pared with that of the vertical walls (an index of
roughly 0.2 s compared with 0.25 s, respectively).

(9) At the typical comfort temperature of around
20°C in the cell, the stratification in the air tem-
perature near the wall and in the wall temperature for
the free convection configurations (averaged over the
total height of the wall) was found to be around 1°C
per metre.

(10) Local heat transfer coefficients on a vertical
wall of a real-sized enclosure were found to deviate
by an average value of +10% from the average heat
transfer coefficient on the wall.
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VALIDATION DES COEFFICIENTS DE TRANSFERT THERMIQUE SUR DES
SURFACES INTERNES DE BATIMENT A PARTIR D'UNE CELLULE D’ESSAI DE TAILLE
REELLE

Résumé—.On conduit des expériences pour déterminer les coefficients de transfert thermique sur des

surfaces internes de batiment (parois verticales, plafonds et vitrages) en utilisant une cellule d’essai de taille

réelle 2,95 x 2,35 x 2,08 m (longueur x largeur x hauteur). Un total de 142 essais, chacun durant 24 heures

environ, correspond 4 des conditions permanentes contrélées pour couvrir neuf configurations de chauffage

plus courantes. Dix nouvelles formules sont données pour étre utilisées par les bureaux d'études. Les

formules différent jusqu'a un facteur deux de celles qui sont couramment utilisées dans les calculs de
thermique du béatiment.

BESTIMMUNG DER WARMEUBERGANGSKOEFFIZIENTEN AN OBERFLACHEN IN
GEBAUDEN MIT HILFE EINER LABORTESTZELLE IM ORIGINALMASSTAB

Zusammenfassung—Zur Bestimmung des Wirmeiibergangskoeffizienten an Oberflichen in Gebduden (sen-
krechte Winde, Decken und Verglasungen) werden experimentelle Laboruntersuchungen an einer Testzelle
im OriginalmaBstab mit den Abmessungen 2,95 x 2,35 x2,08 m (Linge x Breite x Hohe) durchgefiihrt.
Insgesamt wurden 142 Versuche, von denen jeder ungefihr 24 Stunden dauerte, unter stationdren Be-
dingungen ausgefiihrt. Die Versuchsbedingungen entsprachen neun meistverwendeten Heiz-
kérperanordnungen. Als Ergebnis wurden 10 neue Korrelationen fiir den Warmeiibergang entwickel: und
in benutzerfreundlicher Form dargestellt. Es zeigt sich, dafl die Gleichungen um bis zu 100% von denjenigen
abweichen, die heute bei der Simulation des thermischen Verhaltens von Gebduden verwendet werden.

OINPEAEJIEHUE KO¢®HULIMEHTOB TEIVIONTIEPEHOCA HA BHYTPEHHHUX
MOBEPXHOCTSAX 3JAHHUI C UCITOJIb30BAHHEM 3KCIEPUMEHTAJIBHOIO
DJIEMEHTA HATYPAJIbHOM BEJIMUHHBI, HAXOASIMEroCs BHYTPU NMOMEMEHUA

AmmoTamu—IKXCICPEMCHTATLHO HCCICAYIOTCA KOXPOHUHCHTH TCILTONCPCHOCA Ha BHYTPCHHHX MOBEPX-
HOCTSX 3JaHMH (TAKHX KaK BEPTHKANLHLIC CTEHKH, IOTOJIKH M 33CTEKICHHBIE NOBEPXHOCTH) C HCTIO.TL30-
BAHHEM TECTOBOIO 3JICMEHTA B HATYDANBHYIO BEJMYMEY C pa3mepami 2,95 x 2,35 x 2,08 M
(OMHMHA X WHPHEHA X BBICOT3), HAXOAAUICTOCA BHYTpH moMcuicHns. Bposeneno 142 onwira JumremHHEOC-
TBIO OKOJI0 24 4aCOB KaXhill IPH KOHTPOJIE YCJIOBANA CTALMOHAPHOCTH 1A ACBHTE HauGonece ynoTpeOu-
TenbHbIX koHOHTrypaumli B 3aauusax. JlecaTs HOBLIX OGOOILNCHHLIX COOTHOIICHHH BLIBENCHM M
fIPEACTABJICHH B BHAE, YAOOHOM /IS NPHMCHEHHS B TEILTOBOM MOZC/HPOBRHHH COOpyXcHuil. 3T cooT-
HouteHns, xak 6bL10 O6HApPYXEHO, OTIHIAIOTCE OO ABYX Pa3 OT MCHOAb3YEMBIX B HACTOAUICS BpeMA B
TeNOBLIX MOJIEAX 30aHMH.



