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Abstract

The paper describes the results of an experimental study of natural convection in a closed half-scale model of a building comprising
two floors connected by a stairway, and a horizontal opening between the two floors. The driving force for the flow is a heat source in the
lower floor. The results indicate a complex three-dimensional flow within the model. The rate of heat losses from each wall, wall tem-
peratures, air speed and temperature in the horizontal opening for a range of heat inputs are presented and discussed. The results are then
used to suggest boundary conditions for numerical simulation of the flow.
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1. Introduction

Buoyancy-driven fluid flows occur in many fields of sci-
ence and engineering. In building applications, such flows
are important because of their relevance to energy conser-
vation, ventilation and transfer of energy and mass
between different zones [1,2]. The air movement within a
building has a complex and three-dimensional nature, nor-
mally driven by a combination of natural and forced con-
vection. The former mode is provided by buoyancy forces.

Numerous experimental and theoretical investigations
have been carried out to gain a better understanding of nat-
ural convection flows. A review of previous work is pro-
vided by Linden [1]. Among other recent studies are
those of Ziskind et al. [3] and Awbi and Hatton [4-6]. Zis-
kind et al. [3] reported the results of an experimental and
numerical investigation of natural convection flow in a
scaled model of a one-storey building and also numerical
simulations of a full-scale model. The geometry comprised
of a quadrilateral room with two horizontal openings
located on the upper surface (roof) of the room, one acting
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as the inlet and the other as the outlet. The heat source,
simulating an element heated by solar radiation, was a
heated plate, which was also located in the same plane.
The results showed that ventilation by natural convection
can be achieved by such heating arrangement. Extensive
experimental studies of convective heat transfer coefficient
for the internal surfaces of a room using an environmental
chamber were carried out by Awbi [4] and Awbi and Hat-
ton [5,6]. They calculated convective heat transfer coeffi-
cients for the horizontal and vertical surfaces of a room
with natural convection induced by heating the wall tested
[4,5]. They also obtained convective heat transfer coeffi-
cient for mixed convection flows, set with the aid of a fan
placed within the room [6]. In the study reported by Awbi
[4], simulations using CFD were also conducted and the
results were compared. This study was concerned with
assessing the value of heat transfer coefficient obtained
using CFD. The results showed sensitivity of the values
to the near wall models and grid distribution near the
wall. The measurements reported by Awbi and Hatton
[5,6] provided extensive data for heat transfer coefficient
and comparisons with existing data in the literature.

A less researched field of study is buoyancy-driven flow
between floors of a building via stairwells, in which the
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Nomenclature

A area of horizontal opening [m?]

p specific heat at constant pressure [kJ/kg K]
g gravitational acceleration [m/s?]

h height of the model [m]

0 total nominal heat input [W]

Oin measured total heat loss [W]

0. local heat loss [W]

Or wall heat flux [W/m?]

O heat loss from a wall [W]

Re Reynolds number, Re = VA%%/v

St Stanton number, St = Q/pc, Ty A(gh)™’

T air temperature in horizontal opening [°C]

T, ambient air

Tav average temperature in horizontal opening

T; average inside wall temperature [°C]

T, average outside wall temperature [°C]

Ty average wall temperature [°C]

14 velocity magnitude in horizontal opening [m/s]

X distance along the length of horizontal opening
[m]

v kinematic viscosity [m?/s]

p density [kg/m®]

work presented in this paper falls. The present author and
co-investigators [7-11] carried out a series of experimental
and numerical studies of buoyancy-driven flows using a
half-scale two-storey building model with the main aim
of obtaining a better understanding of the transfer of mass
and energy between the two floors via the connecting stair-
well. These studies also provide references for the previous
work of other investigators. In these studies, the stairwell
was the main component of the model. The driving force
for the buoyancy-driven flow was a heat source placed in
the lower floor of the model. The air rising from the region
of the heat source passed through the stairwell, entered the
upper floor and then recirculated back to the lower floor.
The design features of this stairwell model resulted in an
air flow which was predominantly two-dimensional. In
spite of the simplicity of the model compared with a real
building, some basic understanding of the flows was
obtained.

The work presented in this paper resulted from a need to
study the flow in a more realistic model. For this purpose
the experimental model, which will be described later in this
paper, was constructed. In comparison with the previous
model, the present model has the three main components:
the lower floor (or compartment), stairwell and the upper
floor. The heat source is also placed in a more realistic posi-
tion on the lower floor and the resulting flow is fully three-
dimensional, more representative of complex flows which
occur in buildings. Recently, Ergin [12] provided further
analysis of the experimental data obtained in the previous
studies [7,8] focussing on the effect of radiation exchange
between the surfaces of the stairwell model. Peppes et al.
[13] carried out measurements in a two-floor residential
building. They studied the buoyancy-driven flows between
the two floors through a single stairwell, with a horizontal
opening at the junction with the upper floor. The experi-
mental method used a single tracer gas decay technique,
sensors to measure air temperatures, and infrared thermom-
eters to measure wall surface temperatures. Peppes et al.
derived empirical relationships for the rate of heat and mass
transfer through the horizontal opening in terms of the
average temperature difference between the two zones. This

study also involved a transient three-dimensional numerical
modelling of the flow, which highlighted the existence of
complex flow characteristics including strong three-dimen-
sionality and vortical motions. Further measurements and
CFD simulations were reported by Peppes et al. [14] who
studied the flow in another three-storey residential building.
These results confirmed the findings of the earlier study. Qin
et al. [15] adopted a large eddy simulation in order to study
the fire induced flow of air and the combustion product
(CO,) through a three-storey building model with two stair-
well shafts. The model had two openings (doors), one was
placed in the same floor as the fire and the other was located
at the top floor. With the lower door closed, the results
showed the formation of a distinct layer of smoke with
higher temperature moving upwards above a layer of air
with lower temperature moving downwards. The down-
ward flow of air was due to the open door at the top floor.
In another type of experiment, while the upper door was
kept open, the lower door was opened gradually. The
results showed that, as the door opened, the width of the
smoke flow increased, whereas the width of the airflow
decreased, such that for a certain percentage opening of
the lower door, smoke occupied the whole stairwell. Their
partial validation of the large eddy simulation computer
code was achieved by simulating the experimental condi-
tions of Ergin-Ozkan et al. [10] for non-combusting buoy-
ancy-driven flow in a stairwell model.

The above studies show increasing interest in a better
understanding of buoyancy-driven flows in stairwells. The
contribution of the present work is in providing new exper-
imental data for a complex three-dimensional natural con-
vection flow in a new experimental setting. The presented
data can also be used as a basis for further study of the flow
by numerical simulation.

2. Experimental model

Fig. 1 shows the physical characteristics of the model
whose overall internal dimensions are 3460 x 1220 x
2386 mm (L x W x H). Other dimensions of the model
and the definition of walls are given in Tables 1 and 2,
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Fig. 1. Schematic diagram of experimental rig.

Table 1

Dimensions of the walls (mm)

AB 1220 RS, HI 612
AC 2386 TU 580
BS 3460 Uw 650
AK, BJ 1344 AA,, BW, 100
AP, KL 940 BT, 180
PQ, LM 608 AA, 50
MN, LO 1320 t 18
oG 1200

Table 2

Definition of the walls

AKLP Front lower 1 QRSQ Floor 2

PLO Front lower 2 PQRR; Floor 3
POGR, Front lower 3 AKIJB Inlet lower
KGFC Front upper KCDJ Inlet upper
BS1J Back lower RHIS Outlet lower 1
JIED Back upper RHGR, Outlet lower 2
CFED Ceiling GFEI Outlet upper
APQ;B Floor 1

respectively. The model consists of a lower compartment
and an upper compartment, separated by a partition, and
a thirteen step staircase. There is a horizontal opening at
the top of the staircase in the plane of the partition and
measures 1320 x 608 mm. The space under the stairs is
blocked off from the inside and outside of the model, thus
there is no air exchange between this space and the internal
space of the model or the external environment. There are
also no connections from the inside of the model to the
external environment through openings; the model forms
a closed system.

The floor of the model, the two end walls (referred to as
the inlet and outlet walls), the ceiling and the partition are
constructed from large single sheets of 18 mm thick block-
board. The front and the back walls are constructed from
smaller 10 mm transparent acrylic (Perspex) sheets. The
steps of the staircase are constructed from 4 mm plywood
mounted on an 18 mm blockboard base. The model rests

on a Dexion steel frame. The floor of the model is at a dis-
tance of 0.30 m from the laboratory floor. The wooden and
acrylic panels are joined by screws, and self-adhesive tape is
placed on the joints to prevent air leakage. All internal sur-
faces (except the front and rear acrylic walls) are painted
black. The total mass of the building model is approxi-
mately 450 kg.

The heat source is a 1 kW oil-filled panel heater with
overall dimensions 650 x 580 mm (H x W). It has a corru-
gated surface with a round base. The main vertical surface
area has an average thickness of 25 mm. The heater was
located longitudinally at the base of the staircase 50 mm
away from the front wall and 180 mm from the inlet wall.
Its base was at a distance of 100 mm from the floor. The
heat input was controlled using a Variac and was measured
by a digital wattmeter. The results reported here are for
four nominal heat inputs, namely 300, 450, 600 and
750 W. A metallic sheet slightly larger than the radiator
was attached to the front wall in front of the heater to pre-
vent heat damaging the acrylic.

The model was placed in a laboratory with the internal
dimensions 8.9 x 4.3 x 3.2m (L x W x H). Apart from a
double-width entrance door, there were no other openings
into the laboratory. The gap between the door and the
floor was covered. This arrangement minimised the effects
of draught.

The following measurements were carried out: the inter-
nal and external wall surface temperatures over defined
grids, heat input from the heater, air temperature and
velocity along a straight line in the middle of the horizontal
opening (Z-Z1 in Fig. 1). The measurement grids divided
the internal and external surfaces of the walls of the model
into smaller areas (cells). The front and rear walls each con-
sisted of 20 grid cells. The floor had 17, the ceiling, 15, the
inlet wall, 15, and the outlet wall, 14. Therefore, a total of
101 thermocouples were used on the internal surfaces and
the same number on the external surfaces. They were
attached at the centre of each grid cell. The tempera-
tures measured at these points were used to calculate the
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heat losses through the walls. For the measurement of air
velocity and temperature in the horizontal opening, a
one-dimensional grid in the mid-section of the horizontal
opening was used, consisting of 10 points. Each of these
measurement stations consisted of a 20 mm diameter hole
drilled in the front wall, through which the probes were
inserted. Careful attention was paid to minimize air leak-
age through the joints between the walls of the model.
Leakage tests were carried out to determine the degree of
air tightness of the model. For this purpose, a concentra-
tion decay method was used, utilizing an infrared gas ana-
lyser with carbon dioxide as the tracer gas. These tests
showed that the leakage rate through the joints of the
model was negligible.

3. Instrumentation

The main instruments were thermocouples, nine plati-
num resistance thermometers to measure air temperature
and one air velocity transducer.

The thermocouples were type K, Ni-Cr/Ni-Al with an
operating range from 0 to 250 °C. The thermocouple exten-
sion leads were 3 m long and were insulated. The thermo-
couples were wired to 20 multi-switch units whose
voltage signals were input to a digital microprocessor ther-
mometer. Consideration for the overall achieved heat bal-
ance given below indicates that the accuracy of measured
temperature differences could be taken as 40.05°C,
although the uncertainty in the individual temperatures is
higher, about £0.1 °C.

The thermocouples were attached to the wall surfaces as
follows. For internal attachment, the thermocouple lead
was inserted through a 1 mm diameter hole drilled in the
wall such that its measuring junction was flush with the
internal wall surface. A strip of adhesive tape was used
on the external surface of the wall to hold the thermocou-
ple wire firmly in its place and to prevent any air leakage
through the hole. For external attachment, the thermocou-
ples were fixed to the wall surfaces using a strip of self-
adhesive tape. The most suitable method to measure wall
surface temperature depends on the specific situation.
The method adapted in these experiments was considered
to be suitable because of relatively small temperature gra-
dients present and a very long period of time allowed for
stabilisation of temperatures, so that the very small ther-
mocouple junction and the local surroundings reach the
same temperature.

The air temperature in the opening was measured using
platinum resistance thermometers. The output from the
probe was linear from 0 to 100 mV for temperatures in
the range of 0-100 °C. The time constant was 3 min and
the accuracy of measurements was within +0.05 °C.

The instrument for air velocity measurement was a TSI
velocity transducer model 7470 constant temperature ther-
mal anemometer, with temperature compensation in the
range of 7-60 °C, an operating range of 0.05-1.0m s
and a time constant of 2s. It had a spherical sensor of

3 mm diameter and thus measured the velocity magnitude.
The velocity transducer was calibrated to provide a linear
output between 0 and 5V for 0-1.0ms~'. The accuracy
of the measurements using this probe was within £5%.

The working length of the probe was 450 mm. The air
velocities and temperatures were collected using a data
acquisition system, which comprised a computer, an IEEE
interface card and two digital-to-analogue converters.
Forty readings of air velocity and one reading of air tem-
perature at each measurement station were taken and the
sequence was repeated five times. This process took about
3 min, at the end of which the averaged values of the read-
ings were recorded.

4. Experimental methodology

Prior to experiments, the following procedures were fol-
lowed. The heat input was set to the desired value. All the
lights were turned off except a 40 W desktop lamp placed
far from the model. The only door to the laboratory was
shut and the model was left alone for at least two days dur-
ing which occasional inspections of the experimental condi-
tions were carried out. During the measurement period,
air temperature and velocity were measured by the data
logging system at least eight times. The wall temperature
readings were very stable with maximum changes of
40.1 °C. This sequence of measurements was then repeated
once more. Subsequently, the laboratory was left alone for
at least 4-5h before another set of readings were taken.
The results from different tests were consistent and repeat-
able. For new tests with new heat input, the time period for
stabilization of the experimental conditions was at least
two days.

4.1. Processing of the data

Heat losses through the walls of the building model were
calculated using the thermal conductivities of the wall
materials, thicknesses of the walls and the measured
temperature differences between the internal and external
surfaces of the walls. The thermal conductivities of block-
board and acrylic were taken as 0.14 and 0.19 Wm ' K™,
respectively. It was mentioned previously that there was a
total of 101 temperature measurement locations on the
walls. Therefore, the heat loss calculations were carried
out using the same number of grid cells. These calculations
were based on the assumption that the wall temperature
remained constant over the cell area.

Table 3 shows the values of heat loss from the walls of
the model. For the inlet, outlet, front and back walls, the
total heat loss is broken down into the losses associated
with the upper compartment and lower compartment.
The results shown in Table 3 were obtained from averaging
the results of a number of tests. For 300 W nominal heat
input, it can be seen that the total heat loss obtained by
measurement is 275.2 W, which is lower than the measured
average heat input of 299 W by about 8%. For nominal
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Table 3

Heat loss from stairwell walls at different heat inputs
O [W] 299 454 597 751 Area [m?]

O [W]

Inlet Lower wall 29.6 432 57.3 72.1 1.68
Upper wall 7.7 12.7 17.3 22.4 1.3
Total loss 37.3 55.9 746 945 298
% of QO 12.5 12.3 12.5 12.6

Outlet  Lower wall 1 7.4 11.8 15.3 19.5 0.86
(Lower wall 2) 0.5 1.9 2.5 3.8 0.82
Upper wall 8.2 12.3 16.2 213 1.3
Total loss 16.1 26.0 34.0 44.6 2.98
% of Qi 5.4 5.7 5.7 5.9

Back Lower wall 60.8 96.2 126.9 159.8 4.73
Upper wall 28.9 443 55.7 72.0 3.67
Total loss 89.7 140.5 182.6 2318 8.43
% of Qi 30.0 31.0 30.6 309

Front Lower 1 34.5 51.6 73.4 90.3 1.3
Lower 2 9.4 15.3 21.0 255 0.89
(Lower 3) 0.0 0.24 3.7 6.6 254
Upper wall 219 415 532 704  3.67
Total loss 65.8 108.6 151.3 1928 8.43
% of Oin 220 239 25.3 25.7

Floor Floor 1 23.8 353 43.9 52.6 1.19
Floor 2 15.5 18.4 22.1 25.8 1.6
(Floor 3) 6.9 7.1 7.3 7.6 1.54
Total Floor 46.2  60.8 73.3 86.0 4.33
% of QOin 154 134 123 115

Ceiling Ceiling 20.2 37.4 54.7 76.8 4.33
% of QO 6.8 8.2 9.2 10.22
Total [W] 2752 4318 5717 726.4
% Q 922 946 955  96.7
% from upper 31.5 34.5 34.5 36.2
T, [°C] 238 222 253 24.6

The areas shown within brackets relate to the space below the stairway
which is blocked off.

heat inputs of 450, 600 and 750 W, the percentage differ-
ence is smaller, between 3% and 5%. The exact heat balance
is not expected because the calculation of heat loss depends
on a number of contributing factors. As was referred to
above, it was assumed that the wall temperature was uni-
form over the cell area. The leakage is taken to be negligi-
ble but the heat losses through the temperature probe
supports, used in the measurement of air temperature,
and losses by thermal radiation through the Perspex walls
are unaccounted for. The calculation of heat loss also
involves a number of uncertainties, because its value is a
function of wall thickness, thermal heat conductivity and
temperature difference. The wall thickness may differ from
the nominal value by +0.5mm. A sensitivity analysis
showed that changing the thickness of the wooden walls
by 40.5 mm, while other parameters kept constant,
resulted in changes in the total heat loss within +1.2%,
whereas such changes for the thickness of the Perspex walls
resulted in changes within +3%. There is also a degree of
uncertainty in the values of heat conductivity for wood
and acrylic. Again, a sensitivity analysis was carried out

by changing the values by +£0.01 W m~' K~'. Such changes
in the wood and Perspex conductivities resulted in changes
of the total heat loss by about +3. Lastly, a sensitivity anal-
ysis was carried out to assess the significance of +0.05 °C
uncertainty in temperature difference. For this purpose
the average temperature difference over each wall was used.
It was found that the changes in the total heat flux from
each wall for 300, 450, 600 and 750 W heat inputs were
in the range of 3-9%, 2-6%, 2-5% and 1-4%, respectively,
and for the total heat flux from the model were 7%, 5%, 4%
and 3%, respectively. A greater percentage of error in tem-
perature difference of say +0.1 °C, would result in much
greater deviations of the measured total heat input from
the total heat output referred to above, beyond a level
which could be explained.

5. Results and discussion

Fig. 2 shows the local percentage heat loss from various
cells on each wall of the model for the nominal heat inputs
of 300, 450, 600 W and 750 W. The average values are also
shown in Fig. 2. Another representation of the sensitivity
of heat loss to heat input can be seen in Fig. 3, where the
variations of the total percentage heat loss from each wall
are shown. The results for the back, inlet and outlet walls
(Fig. 2b-d) show the least sensitivity to the heat input,
whereas the results for the front wall, floor and the ceiling
(Fig. 2a, e, and f) show much greater sensitivity. The low
sensitivity of percentage heat loss to heat input suggests
that an average, representative, value for each wall may
be calculated. This value may be taken to be valid for heat
inputs from 300 to 750 W.

The variations of heat flux as a function of heat input is
shown in Fig. 4. These results indicate linear relationships
between the heat flux and the heat input. They also show
that, except for the outlet wall, the heat flux is greater for
the walls located in the lower compartment, with the inlet
showing the greatest difference between the two. For the
four heat inputs, the heat loss from the upper compartment
1s 32%, 35%, 35% and 36% of the total measured heat
input, respectively. The internal and external wall temper-
atures averaged over each wall are shown in Fig. 5, which
also show an increase (with a decreasing rate) with heat
input.

The distributions of percentage heat loss area over the
walls for 300 W heat input are shown in Fig. 6. The results
for other heat inputs were similar and are not included in
this paper. These results help in deducing the flow path
within the model. In discussing the results for each wall,
in order to aid the reader to locate the position, which is
being referred to, the actual value of the percentage heat
loss as appears in Fig. 6 is given in brackets. Note also that
the value noted may be a typical value in the region, given
as an example.

Inlet (Fig. 6a). For the inlet wall, the largest heat loss
(1.72) takes place from the lower part of the wall, which
is closer to the heater. Above this area, the heat loss is first
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reduced (0.97) and then increased again (1.23). This is due
to the flow of hot air, which rises from the region of the
heater, slowed down as it approaches the partition and is
then diverted to flow along the partition. The heat loss is
also high (e.g. 0.87) in the region of the back wall, because
of the recirculating air in the lower compartment. The heat
loss from the upper part of the inlet wall located in the

upper compartment is generally lower (e.g. 0.47) and is
more uniform.

Outlet wall (Fig. 6b). Higher heat losses again take place
from the lower part of the wall, which is adjacent to the
lower compartment (e.g. 0.41) and the distribution is more
uniform compared to the inlet wall. Slightly greater heat
loss from the areas below the partition (e.g. 0.46) indicates
the accumulation of hot air there. The upper part of the
outlet wall in the upper compartment again shows more
uniform distribution (e.g. 0.45) and the values are about
the same magnitude as on the inlet wall. The area under
the stairs shows very small heat loss.

Front wall (Fig. 6¢c). As expected, a high heat loss (e.g.
7.0) takes place from the area of the wall, which is opposite
to the heater. There is then a sharp drop to the values (0.88)
in the stairway area and further drop to values in the upper
compartment. The greater values of heat loss in the stair-
way compared with the upper compartment is due to the
hot rising air flowing from the lower to the upper compart-
ment. The rising air is diverted by the ceiling and moves in
different directions, partly towards the inlet wall, partly
towards the outlet wall and partly towards the back wall,
giving rise to greater heat loss from the upper part of the
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wall close to the ceiling (e.g. 0.62 and 0.70). The results
indicate greater losses in the region close to the inlet wall
(0.86) compared with the region close to the outlet wall
(0.62). The air is then diverted downwards by the inlet
and outlet walls and flows towards the partition, and gives
rise to lower heat loss in the area close to the partition (e.g.
0.47 at outlet side and 0.62 at inlet side).

Back wall (Fig. 6d). A greater heat loss (e.g. 2.82) takes
place in the lower compartment opposite to the heater.
This is as a result of hot air, which rises from the heater,
being partly diverted by the partition and moves towards
the back wall. The heat loss from the extreme end of the
back wall, near the outlet, is generally low (e.g. 1.51). In
this area only very slow movement of the air is expected.
The heat loss in the region of the back wall located in the
upper compartment is again lower, but has relatively
greater values in the mid-region and near the ceiling (1.17).

Floor (Fig. 6e). As expected, the heat loss in the region
close to the heater is high (e.g. 1.90). Due to the recircula-
tion of hot air in the lower compartment and diversion
towards the back wall, the heat loss is also high (1.22) on
the back wall side of the floor. Over the remaining floor

area, except under the stairs, the heat loss is lower and vari-
ations are small.

Ceiling (Fig. 6f). The heat loss from the ceiling is more
uniform than other walls, with only small rise (0.63) in
the mid-section on the front wall side, which is the area
directly above the horizontal opening, through which hot
plume of air rises.

5.1. Temperature and velocity of air in the opening

Fig. 7 shows the profile of air temperature along the
mid-section of the horizontal opening. Fig. 8§ shows the
corresponding velocity magnitude. Due to the three-dimen-
sional nature of the flow, air temperature and velocity vary
significantly in this plane. The upflow takes place mainly
through part of the opening area, which is on the heater
side. The downflow is mainly through the area on the stairs
side. Fig. 8 shows that in the region of the upflow, the
velocity magnitude increases to a peak value. Due to the
diversion of the rising air from the heater, by the horizontal
partition, the velocity has a large horizontal component at
the start of the opening and the higher velocities, including
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Fig. 5. Average wall temperatures 7; — inside, 7, — outside.

the peak value in Fig. 8, fall in this approximately horizon-
tal flow. Figs. 7 and 8 show that the temperature and veloc-
ity in this region start from lower values at the start of the
opening, where mixing of two air streams takes place: one
is the faster and hotter air from the lower compartment
and the other is the colder and slower air returning from
the upper compartment. The mid-section of the horizontal
opening involves rising of a hot plume of air which has gen-
erally lower velocities, but higher temperatures as seen by
the peak in the temperature profile of Fig. 7. The downflow
has generally lowest velocities measured and the trough in
the profile of Fig. 8 is associated with this flow. It is difficult
to determine exactly the position of the interface between
the upflow and the downflow, because of the three-dimen-
sional nature of the flow and generally low velocities
involved. However, from the location of the peak in tem-
perature (Fig. 7) and the location of the trough (Fig. 8),
it can be concluded that the interface between the upflow
and downflow is in the region between x = 0.9 and 1.0 m.
It should be noted that there must be a mass balance
between the upflow and downflow in the plane of the open-
ing, but this cannot be satisfied by simple integration of the
velocity profile in Fig. 8. This is, first because the vertical
component of the velocity is not known, and secondly mass

exchange between the two compartments can also take
place elsewhere in the opening around the edges in a more
complex way than that may be deduced from the velocity
profile in Fig. 8.

Figs. 7 and 8 also show the effects of heat input on air
velocity and temperature at the mid-section of the opening,
which confirms the expectation that both the velocity and
temperature increase with heat input. The shapes of the
profiles remain the same for different heat inputs. However,
the temperature profiles show that the rate of increase in
temperature slows down as the heat input increases, espe-
cially from 600 to 750 W. Table 3 shows that the percent-
age heat loss from the upper and lower compartments is
nearly independent of heat input. Therefore, slowing down
of the rise in air temperature could be related to changes in
the pattern of the flow in this region, causing a shift in the
position of higher temperatures away from the mid-plane
where the profiles were measured. In other words, the high-
est velocities and temperatures do not necessarily occur in
the mid-plane.

Referring back to Figs. 2¢ and 3 indicate that the heat
loss from the floor decreases with heat input, whereas the
opposite effect can be seen for the ceiling (Fig. 2f). These
results indicate that as the heat input increases the heated
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air with higher temperature is lifted away from the floor  recirculation in the lower compartment replaces the dis-
region and tends to accumulate near the ceiling with the  placed hot air.

effect of increasing the heat loss. The colder air, partly Table 4 shows the values of the dimensionless parame-
returning from the upper compartment and partly after  ters Reynolds, Grashof and Stanton numbers based on
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Table 4
Characteristic dimensionless numbers
300 W 450 W 600 W 750 W
Re 5997 6511 7058 7363
St 3.09E — 04 4.64E — 04 6.19E — 04 7.73E — 04
Gr 2.01E+ 08 2.77E + 08 3.29E + 08 3.68E + 08

the air velocity and temperature shown in Figs. 7 and 8 and
the dimensions of the horizontal opening. For Grashof
number, approximate temperature difference between the
upflow and downflow is used. For Stanton number repre-
sentative average temperature and for Reynolds number
representative value of velocity are used. The values given
in Table 4 are consistent with the values reported earlier
[10] for a one-half scale stairwell model. From Table 4,
the value of Gr/Re* which signifies the strength of buoy-
ancy to inertia forces range from 5.5 to 7. Considering
the range of velocities measured in the opening (Fig. 8),
suggests that while the flow regime in most parts of the
stairwell is of viscosity dominated nature, transitional to
inertia dominated flow conditions exist in the horizontal
opening and in the vicinity of the heater.

The previous experimental studies of the author and co-
investigators [7-10] were formed the basis for parallel
numerical simulations [8,9,11]. These studies provided fur-
ther understanding of natural convection flows in build-
ings, but also were used to assess the performance of the
mathematical models incorporated in computer codes.
Conducting these simulations indicated that prediction of
complex three-dimensional flows of the type studied is
challenging and may results in inaccurate flow fields. Fur-
ther comments are therefore put forward below in relation
to the use of the present results for possible future numer-
ical simulation.

In general, for fluid flow problems involving heat trans-
fer the definition of the thermal boundary conditions is a
source of uncertainty, because these are not usually known.
The two main types of thermal boundary conditions are
wall temperature, and wall heat flux boundary conditions.
In a practical situation, in the absence of data obtained by
direct measurement, the boundary conditions are approxi-
mated, or obtained by some engineering calculations,
which also contain uncertainties.

In situations such as the present study, where both heat
flux and wall temperatures are measured, either of them
can be used as the boundary conditions. Even though, in
this situation, there are possible complications. Firstly,
for practical reasons, the wall temperature or heat flux
may have to be taken as constant over the wall. Secondly,
if the wall temperature is set as the boundary condition,
then the heat flux through the wall is calculated. In this
case, although in the final converged solution the overall
heat balance is satisfied, the local heat flux may differ from
the measured values. On the other hand, if the heat flux is
set, the wall temperature is then calculated as part of the
solution. In this case, although the overall heat flux is sat-

isfied and local heat losses are in accordance with measure-
ments, the wall temperatures may differ from the measured
ones. This is because the calculation of both heat flux and
temperature depends on the accuracy of the predicted flow
field, and on the accuracy of the near wall models, which is
part of the mathematical model.

Here before the boundary conditions are suggested,
some simplifying assumptions have to be made. Firstly,
the wall temperature and wall heat flux vary on all walls
and a decision should be made with regard to the division
of a particular wall into smaller areas such that over these
areas the wall temperature or heat flux may be assumed to
be constant. In the present study, the walls were already
divided into smaller cells for the purpose of measurements,
so these cells could be used for boundary conditions. How-
ever, setting of boundary conditions over 138 cells is rather
a lengthy task. It is therefore suggested that, as first
approximation, the front is divided into three cells, whereas
the inlet, outlet, floor and the back wall are divided into
two cells as shown in Fig. 1. The more uniform tempera-
ture distribution on the ceiling allows for the definition of
one cell for this wall. The specification of the heat flux
boundary conditions are therefore as already given in
Table 3. Fig. 5 allows shows the setting of the temperature
boundary conditions.

Further simplifications of the model relate to the space
under the stairway, which is blocked off and is not included
in the flow simulation. Since the heat loss from this space is
small, the heat losses through the relevant walls (front
lower 3, outlet lower 2 and floor 3) may be set to zero. It
was noted above that the measured total heat loss was
lower than the measured total heat input. If it is assumed
that the deficit in heat output did not take part in the set-
ting of the flow distribution, then the total heat input on
the heater as the boundary condition can be set to be equal
to the value obtained by summing the heat losses, and thus
the overall heat balance is satisfied. Other simplifications
relate to the partition and the geometrical representation
of the heat source. In the experiments, heat transfer takes
place through the partition wall because of temperature
difference between the lower and upper compartments. In
a more advanced simulation, this wall may be defined as
internal wall and the problem as a conjugate heat transfer,
so that the heat transfer through the wall is calculated as
part of the solution. Otherwise, for a simpler simulation,
the heat flux may be set to zero. The heat source is sug-
gested to be modelled as a rectangular box of dimensions
given in Fig. 1 with constant heat flux set on the surfaces.

6. Conclusions

A highly three-dimensional natural convection flow was
induced in a half-scale model of a two-storey building by
placing a heat source in the lower compartment of the
model. For the range of 300-750 W heat input from the
heat source, the average wall heat flux increased linearly
with heat input for all the walls. However, the variations
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of percentage heat loss were small, especially for the verti-
cal walls. The horizontal walls, namely the floor and ceiling
showed more sensitivity to heat input, with the ceiling
showing an increase of heat loss, whereas the floor showing
the opposite effect. The total heat loss from the upper com-
partment was in the range of 32-36% of the heat input. The
average inside and outside wall temperatures also increased
with heat input, but showed a small non-linearity. The
deduced flow pattern indicated the existence of a number
of large three-dimensional recirculating flow regions. The
interaction between the upflow and downflow took place
in the region of the horizontal opening. In this region,
the measured velocity showed greater values in the upflow
compared with the downflow. The results also pointed to a
complex three-dimensional flow pattern in this region, with
downflow possibly taking place around the edges of the
opening. The velocities measured did not exceed 0.2 m/s,
indicating very slow flow of laminar nature within majority
of the internal volume of the model. Higher velocities and
transition to turbulence are expected to take place near the
heater surfaces. It would be interesting to assess the perfor-
mance of current CFD models in predicting this mixed
laminar and turbulent flow, especially with regard to the
choice of turbulence models and near wall models, or in
the application of large eddy simulation. For this reasons
possible use of the results as boundary conditions was
suggested.
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