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An experimental study of the effect of flow through an opening (or a crack) on the natural
convection in a stairwell model is presented. The flow is driven by energy input from an electric
panel heater located in the lower floor of the stairwell. The work concentrates on the effect of
the size of inlet opening by varying it while keeping the area of the outlet constant. New data
are presented for the measured temperatures and velocities at various cross-sections of the
stairwell. The results also include gross parameters of the flow, such as the mass flow rates of
the through-flow and recirculating flow, heat losses from the lower and upper floors and also
from the stairway. The results show that the size of the opening has a significant effect on the
flows of mass and energy within, and through, the stairwell.

1. INTRODUCTION

In recent years there has been an increased interest in the study of flow through large
openings, such as doors and windows [1], vertical (or horizontal) openings in partitions [2] and
stairways [3]. The same is true for the problem of flow through small cracks [4,5]. Such studies
are important because of the significance given to savings in energy, to adequate ventilation
and to safety. Previous studies have mainly dealt with the flow through two compartments.
These two compartments have been, for example, two rooms or two floors of a building [6].
There are situations of practical importance where one is interested in the effect of large or
small openings on the flow through another opening. The former opening might, for example,
be a window and the latter one the opening between the two floors. An example of the first type
is reported by Edwards et al. [7] who studied the effect of a window on the flow between the
ground floor and first floor of a building. Zohrabian et al. [8] studied the effect of a small crack
on the flow through a stairway. However, they considered only one size of opening for the inlet
and for the outlet and compared the results with a situation when these openings were absent.
The effect of various sizes of the openings was not studied. The present paper addresses this
problem and describes the influence of the inlet opening size on the various parameters of
interest.

2. THE EXPERIMENTAL RIG

A schematic diagram of the stairwell model showing its dimensions is shown in Figure 1. Two
rectangular openings were considered, one in the lower compartment (referred to as the inlet)
and the other in the upper compartment (the outlet). Three difterent heights of 0.01, 0.02 and
0.04 m were studied for the inlet aperture while the outlet height was kept constant at 0.01 m.
The widths of the inlet and outlet openings were the same as the width of the stairwell (0.608
m). The two side walls of the model (parallel to the x-z plane) were made of Perspex of 10 mm
thickness and the other walls were made of plywood of mainly 18 mm thickness. The wall
behind the heater was thickened to 36 mm. The heater was a 0.579 m x 0.65 m, 1 kW electric
panel heater. The heat input rate was controlled using a Variac and was measured using a
wattmeter. The air velocity was measured using an omni-directional temperature-compensated

probe calibrated in the range of 0.05 to 1.0 m s™*. The time constant of this probe was 2 s and

the accuracy of the measurements was about + 5 per cent over 0.05 to 0.5 m s™'. Air
temperature was measured using ten platinum resistance thermometers. The time constant of
these probes was about three minutes and the accuracy of measurement was about + 0.25 °C.
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The internzi and external surface temperaiures of the walls were meastired using Ni-Cr/Ni-Al
(type K) thermocouples. A total o1 148 thermocouples were used for this purpose. The outputs
frorn the velocity probe and resistance thermometers were digitised using an Anologue-to-
Digital cenverter and then transferred to a microcomputer via a IFEE interface card. Forty
readings of velocity and one reading of temperature were taken in three seconds. This
procedure was repeated five times and the results were then averaged.

Because of symmetry conditions which existed within the stairwell, measurements were made
in ona-hali of the stairwell cnly. At the throat area (TT' in Figure 2) velocities and temperatures
were meacured at twenty lucations along T1° and at four iocations in the direction normal to the
side wall (y- direction). Ten measurements were also made along the vertical section VV" and
horizontal section HH™ shown in Figure 2. At the inlet and outlet openings measurements were
made at six locaticns along the width of the opening.

The results presenied here were recorded after an initial warm-up neriod of feur to five hours
after which the changes in temperature was insignificant (for example, less than 0.05 °C for the
surface temperaiure of the heaterj. The stairwell model was piacec in a room with no outside
windcws and therefore climatic changes had neqligible effect.

The flow was visualized using smoke injected at various points in the stairwell. The velocity
profiles at the mid-section of the stairwell in the throat area and also at VV' and HH" were
visualized using the smoke-wire technique.

3. PROCESSING OF THE EXPERIMENTAL DATA

The mass flow rates in the throat area were obtained using the measured local veiccities and
temperatures, the local densities calculated using the perfect gas law, and Simpson's rule,
which was applied along the length and then across the width of the throat area.

The heat losses by conduction through the stairwell walls were calculated using the measured
surface temperatures (internal and exlernal?. The heat conductivities of plywood and Perspex
were taken as (.14 and 0.18 W m™' K', respectively. The heat fransfers by convection
through the openings were calculated using averages of measured local velecities and
temperatures.

4. RESULTS AND DISCUSSION

The general ficw pattern within the stairwell is shown in Figure 2 which agrees with the
observations of Zohrabian et al. [B8]. The size of the iniet had noliceable effect on the flow
pattern in the lower cornpartmenit (near the opening) and also in the throat area, but the overall
flow pattern did not change significantly. The inlet air flow induced by the temperature
difference between inside and outside travels a short distance along the tloor before rising
along the heater walls. This distance decreased with an increase in the inlet size, because of
the reduction in the average velocity ini the opening. The visualization of the velocity profile at
i« throat area indicated a clear turning point separating the upflow from the downflow. For an
opening of zero neight {closed stairwell) this point was approximately in the middle of the throat
area. With increasing the inlet neight this point was shifted lowards the stairs by about 4 to 8
cm. It sheuld be ncied that & variation of about 2 cm was observed in the position of this
turring point. This was due to the unsteady behaviour of the flow in the throat area which
resulted from the flow sepaiation at the sharp discontinuity (T in Figure 2), the interaction of
the warm upflow and cold downiiow, and the complicated fiow along the stairs, where local flow
separation occurs at the surface discontinuties.

Figtres 3 (a te i) and 4 (a to i) sliow the temperature and velocity profiles. at the mid-plane of
the stairwell, aiong TT", VV" and Hii™ (see Figure 2) for vanious iniet heights and heat inputs.
Figure 3 shows a clear reduction of temperature in the stairwell as the inlet height increases.
This reduction is approximately proportional to the inlet height and heat input. The temperature
profile at the throat area shows a maximum slightly below the ceiling of the lowar compartment.



This maximum is absent in the profi'e at VV (lorated between the 'ast measurement point and
the wall) while at HH" it is shifted towards the middle of the section. This is due io the hot air
moving along the ceiling of the lower compartment and then entering the stairway while
maintainirig its horizontal direction for a distance before moving into the upper compartment.
Considering the profile at the throat area, the temperature is more uniform in the cold downflow
than in the warmer upflow. -

Figure 4 also shows that the wvelocities in all three sections decrease with the inlet height,
aithough the change is not as distiguishable as it is in the case of temperature. The 2ffect of the
inlet heighi is, however, more pronouncec in the downflow than in the upflow. The velocity
changes with heat input approximately linearly.

Figure 5 (a to d) shows the gross parameters of interest. The temperature difference AT
decreases as the inlet height increases (Figure 5 (a)). The same is true for the mean
temperatures in the lower and upper comnartments. This results in a reduction in the mass flow
rate of the recirculating flow. as shown in Figure 5 (b). The same behaviour can be seen in the
variation of mass flow rate of the upflow (Figure 5(c) and also of the average temperature in the
throat area, T, (Figure 5 (d)). The mass flow rate ot the through-flow, ¢n the othar hand,
increases with the inlet height (Figure 5 (e)). This increase is significant when the inlet height
changes from 0.01 m to 0.02 m, whereas the rate of increase is much smaller beyond the inlet
height of 0.02 m. The reason tor this behaviour can be realized with reference to the following
mass balance equation

My =M, =My (1)

The effect of the inlet height is greater on the downflow than on the upflow as can be seen in
Figures 5 (b) and fc). As the inlet height increases the downflow decreases initially at a faster
rate compared with the upflow.

Figure 6 (a to d) shows a small decrease in the rate of heat loss through the walls of the upper
and lower compartments and of the stairway as the inlet height increases, whereas the rate of
heat loss via through-tlow tends to increase. The change, hawever, is more significant for
smaller inlet heights. It should be noted that the rate of increasz iri the heat loss via the
through-flow is smaller than the rate of increase in the mass flow rate, because of the reduction
in the mean temperature difference between inside and outside of the stairwell.

The variations of Froude, Grashof, Reynolds and Stanton numbers are shown in Figure 7 (a to
d). Except for the Stanton number, which increases slightly, these parameters display a gradual
decrease as the inlet height increases. The change in the average temperature has only a
small effect on the Stanton number, whereas the effects on the other parameters are more
significant because of the reduction in the influerce of buovancy force.

5. CONCLUSIONS

The effect of inflow of air caused by a temperature differential acress a small opening on the
transfer of energy and mass between two floors of a building was siudied using a simplified
haif-scale model. The study indicated the significant effects which such flows, as may occur
tnrough cracks around doors or windows, can have cn the transfer processes within a building.
Farticular attention was given to the effect ot the cpening size, The results show that, as the
opening size was increased, the average temperature within the experimenta’ model and also
the temperature difference between the lower and upper floors decreased. Consequently, the
mass flow rate of air circulating between the two floors was also reducad The mass flow rate
of the through-fiow, on the other hand, increased with inlet height, although not with a constant
rate. The results also indicated an increase in the area occupied by the warm upflow in the
stairway, resulting in a shift (fowards the stairs) of the interface between tre upfiow and
downfiow. Tne average air velocity in the stairway alsn decreased as the inlet area incieased.
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7. NOMENCLOSURE

A Throat area (m?)

e, . Specific heat at constant pressure (J kg™ K™')
g Gravitational acceleration ( m s72)

h One-half height of the stairwell model ()

h; Inlet height (m)

h, Outlet height (m)

my Through-flow rate (kg s™')

m,, my Upflow and downflow mass flow rates (kg s™*)
Q Rate of supply of heat to the stairwell (W)

Qu, Q..Qq Rate of heat losses from the walls of the lower compartment,
; upper compartment and stairway, respectively (W)

Qr Rate of heat loss by through-flow (W)
T Temperature (°C)
T Arithmetic average of all the temperatures measured in the throat area (°C)
u Velocity (ms™!)
zH, zT, zV  Coordinates showr in Figure 2
Vi Average volume flow rate (m> s7!)
B Coefficient of thermal expansion (K™!)
v Kinematic viscosity (m? s™!)
P Fluid density (kg m™)
AT Temperature difference between the mean temparatures of warm
upwards-flowing air and cold downwards-flowing air (°C)
Gr Grashof Number = -E-B—A’IA .
v
Vm
Fr Froude number TR
A(gh)
Vi
Re Reynolds number = =
v Al "
St Stanton number = Q

p Cp Tow A(gh)"?
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Figure 1. Schematic diagram of the stairwell model (dimensions are in mm).
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Figure 2. Measurement sections and two-dimensional view of the flow pattern.
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Figure 3. Temperature profiles for different inlet heights at one half width of the stairwell. (a),
(@), (g) HH’; (b), (e), (h) TT’; (c), (O, (i) VV’. (a)-(c) 100 W; (d)-(f) 300 W; (g)-(i) 600 W. O
closed; ® h;=0.01 m; & h;=0.02 m; + h;= (.04 m.
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Figure 4. Velocity profiles for different inlet heights at one half width of the stairwell. (a), (d),
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