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Abstract

Light wells in the centers of high-rise apartment buildings in Japan are called ‘Voids’. Gas water-heaters built into Voids discharge exhaust
gas so a large enough opening has to be designed at the bottom of a Void to keep the indoor air quality (IAQ) acceptable. In order to secure the
IAQ in the Void from contamination, a simple calculation method of the ventilation rate induced by wind force and thermal buoyancy through
openings at the bottom, along with heat sources such as water-heaters, is presented. The accuracy of this calculation method was examined by
wind tunnel testing. As a result, it turned out that the simple calculation methods introduced in this study were valid for predicting the vertical

temperature distribution and ventilation rates in Voids.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

There have been many high-rise apartments built recently
in Japan that have a light well, called a ‘Void’. Therefore,
such a void is at the center of plans. A common corridor open
to a Void is arranged in the inner circumference. Gas water-
heaters are sometimes installed in open corridors and the
exhaust gas is discharged into Void. To maintain the IAQ in
Void, there is usually a dependence on natural ventilation,
i.e. wind-forced ventilation and the stack effect.

Mechanical ventilation with exhaust fans is not realistic
because of the large volume of space but natural ventilation
has the advantage of saving energy if Void can be used as the
supply and exhaust duct.

The airflow characteristics in the light well, or the
recessed space, have been studied. Walker et al. [1] said
that many doubts and gaps remained in regulations con-
cerning residential buildings, which are naturally ventilated
through courtyards. That was their motivation to clarify
the aerodynamic characteristics in courtyards of less than
10-storied buildings. Hayakawa [2] and Kobayashi [3] did
wind tunnel tests to clarify wind-induced ventilation char-
acteristics. Wong et al. [4] also made wind tunnel tests and
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field measurements of wind-induced ventilation character-
istics of four typical courtyard buildings in Singapore. Ohira
and Omori [5] made a model experiment for the computa-
tional fluid dynamics (CFD) simulation on the thermal
buoyancy of ventilation. Chow et al. [6-9] conducted
CFD simulation of the airflow in a recessed space, like
the narrow well, where air-conditioning units are installed
vertically to access performance reduction of entrained heat
from lower floors. Bojic et al. [10,11] conducted CFD
simulation for the same purpose in the same shaped space
as Chow et al. but used different CFD codes and improved
air-conditioner units to precisely access entrainment flow.

In the present study, the details of airflow characteristics,
air temperatures or ventilation rates in light wells and
recessed spaces were investigated in various conditions.
However, the ventilation rate from wind force and stack
effect varied with time, and the wind-forced ventilation rate
was especially unstable in general. Therefore, the contami-
nant concentration similarly varied with time. To ascertain
how big an opening area is necessary, the contaminant
concentration frequency distribution should be examined.
As the concentration of contaminants emitted in Void is not
linear to its ventilation rate, varying contaminant concentra-
tions should be calculated from varying ventilation rates
with the differential equation of mass balance of contami-
nant. Such calculations need varying ventilation data, so that
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the ventilation rates can be calculated from the wind data
previous to the calculation of concentration. A simple
method to calculate the ventilation rate is desirable, because
much computing is needed to have ventilation rate data
ready to calculate contaminant concentration.

As a simple method to calculate the natural ventilation
rate, a modified Bernoulli’s equation was valid. This study
also created model experiments and calculation studies to
estimate the validity of a simple method of calculating
airflow rates in the light well of a forty-storied building.
As the basic study, Kotani et al. [12] investigated the
ventilation caused by thermal buoyancy, and Nakamura
et al. [13] and Kotani et al. [14] made a wind tunnel test
for wind-induced ventilation respectively.

In this study, the ventilation rate caused by both wind
force and thermal buoyancy was tried to predict, and the
applicability of the method based on a modified Bernoulli’s
equation was examined. For this purpose, a scale model of a
high-rise apartment building with Void was set on the floor
of a wind tunnel with atmospheric boundary layers and heat
was generated from stretched, coiled Nichrome wires. Ven-
tilation rates in various conditions of the Void were mea-
sured by tracer gas technique, and temperature distribution
by many thermocouples. The measured ventilation rate and
temperature distribution in Void will be compared with those
calculated.

H. Kotani et al./Energy and Buildings 35 (2003) 427434

2. Experiments

An experimental model was set on the floor of an open-
circuit type wind tunnel as shown in Fig. 1. The profiles of
velocity and turbulence intensity in wind tunnels are shown
in Fig. 2. The profile of wind velocity can be expressed by
the power law of one-fourth, except in the case where the
velocity was 0.5 m/s. Large-scale turbulence was generated
by lattice and roughness elements in one tunnel floor, which
made small-scale turbulence. This corresponded to wind
above towns. Fig. 3 shows the scaled model of a high-rise
apartment building. The scale was 1/250. The model corre-
sponded to a 41-storied building in reality, but the outside
balconies and inside corridors open to Void were omitted.
The inlet opening at the bottom was simplified into a
rectangle. The opening was fixed on only one side of the
building because the purpose of this study was to validate a
simple calculation method for temperature distribution and
airflow.

The conditions of experimental parameters are listed in
Table 1. Heat generation rates and wind velocities were
changed. Experimental conditions were selected to simulate
the various pressure differences caused by inside heat gen-
eration and outside wind pressure. Fig. 4 shows the terms of
experimental conditions. A test calculation assuming the
temperature difference was conducted, and an equal line of
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Fig. 1. Geometry of wind tunnel.
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Fig. 2. Profile of velocity and turbulent intensity in wind tunnel.
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Fig. 3. Building model with Void.

pressure differences caused by heat generation and wind
velocity was drawn. Experimental conditions were selected
at regular intervals so that the equal line of pressure differ-
ences was within them.

It has to be noted that similarity requirements were not
satisfied in these experiments, so the results could not
necessarily be applied to a full-scale building. The similarity
requirement for ventilation by thermal buoyancy needed
the agreement of Grashof number, but this was next to
impossible because of the extremely large heat generation
necessary. Another examination is needed in the future. For
instance, Froude number will be taken into account for the
similarity requirement and experiments will be conducted

Table 1
Conditions of experimental parameters
Heat generation rate, g (W)* 10, 20, 30, 40
Wind velocity, V (m/s)° 0,05,1.0,15
wind E
Wind direction 6 (°) 0 ‘v/ %\-Vui d
opening [

# Total electric power consumed by Nichrome wires.
® At the height of 80 cm above the wind tunnel floor.

the equal line of pressure differences caused by
the heat generation and by the wind velocity
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Fig. 4. Meaning of experimental conditions.

using the different density gases that simulate buoyancy
density differences.

2.1. Basic airflow patterns in Void

Airflow patterns in Void were visualized by laser light
sheet and tobacco smoke. Basic airflow patterns in Void are
illustrated in Fig. 5. The circulating flow in the lower part of
Void and a number of reverse flows from outside into Void at
the top were observed.

2.2. Vertical temperature distribution and ventilation
rates in Void

Heat in Void was generated by Nichrome wires where five
thermocouples measured vertical temperature distributions
(see Fig. 4). The thermocouples were located horizontally in
the center of Void. Data obtained was on an average of

lighted plane
W

R

eye

< vid

measuring point of
temperature

/
\

I

/— lower opening

Fig. 5. Basic airflow patterns in Void visualized by a laser light sheet.
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"temperature" means the difference between the temperature inside Void and
the temperature in the wind tunnel. "height" means the height above the floor
of Void (wind tunnel floor level +12mm).

Fig. 6. Vertical temperature distributions and ventilation rate in Void.

10 min. The ambient temperature in the wind tunnel, the
inside wall temperature, and air temperature near the inside
wall, were also measured. All measurements were con-
ducted after checking the thermal steady state. In order to
measure the ventilation rate through the lower opening of
Void, CO, gas was emitted continuously at nine points in the
lower opening and the concentration of CO, was measured
at one point in Void (see Fig. 4). This measuring height was
determined by flow visualization at the point that the flow
seemed to be stable. The ambient gas concentration was also
measured in the wind tunnel. The gas concentration was
measured by gas analyzer based on the photoacoustic infra-
red detection method (Briiel and Kjer Multi-gas Monitor
Type 1302). Data obtained was the average of 7 min. The
ventilation rates were calculated by dividing the gas gen-
eration rate by the gas concentration.

Vertical temperature distribution and ventilation rates in
Void in each case are listed in Fig. 6. The temperature in the
higher part of Void was the greater in most cases. In cases
with high ventilation rates and big heat generation, the
temperature in the vicinity of the Void floor was relatively
higher than the temperature in the middle. It was thought to
be induced by the circulating flow observed in Fig. 5. The
temperature at the top of Void (temperature of air flowing
out) had negative correlation with the wind velocity and
positive correlation with the heat generation rate. On the
other hand, ventilation rate Q had almost positive correla-
tion with wind velocity and heat generation rates, respec-
tively. These tendencies can be easily understood from the
thermal buoyancy generated by the heat and wind pressure
difference between the lower opening and the top planes of
Void.
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3. Calculations

To calculate the ventilation rate of Void a method was
based on the equation of mass and heat balance, and
modified Bernoulli’s equation. The space of Void was
separated into several smaller zones stratified vertically to
take account of the vertical temperature distribution.

Basic equations used to calculate the ventilation rates are
in Table 2. These equations were obtained from changing the
expression of simple equations as shown in the textbook
[15,16]. Discharge coefficient in upper and lower parts of
Void are defined in Fig. 7 and Table 3. In Fig. 7, modification
of the stream tube in Void into the duct system is shown. In
Table 3, the discharge coefficient of each part of Void is
listed. The calculations of temperature distribution and
ventilation rate in Void for the conditions in Table 4 were
conducted with the various values shown in Table 5. It is
noted that the conduction heat loss through inside walls was
measured and this rate was subtracted from the heat gen-
eration rate. The number of zones was fixed at 1 and 8. The
wind pressure coefficients in Table 5 were measured in the
same wind tunnel using another model without Void.

Calculated temperature distribution and ventilation rates
in Void are shown in Fig. 8 compared with those measured.

4. Discussion

It can be seen from Fig. 8 that the measured temperatures
almost agree with the calculated temperatures in most cases.
But the calculation could not predict the high temperatures
in the Void floor shown in some cases. The reason was that
the air was assumed to flow in one direction in the calcula-
tion and the circulating airflow in Fig. 5 was not taken into
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Table 2
Equations used for the calculation of temperature distribution and
ventilation rate

Mass balance
Pu—1Qm—1)n = PnCn(ns1)
Heat balance
Pu_1Qu-1)nOn-1+ gn = cp,On(ns1)0n

Modified Bernoulli’s equation

Qo1 = u8Ag+\/(2/po)(Cs(pe/2)V? — Pry)

n n

QnO = ccTAT J (2/pn) <_CT(pO/2)V2 + Pm + Pogzh/ - Zp/gh/>

J=1 J=1
Nomenclature: p (p = 353.25/(273 + 6)), density of air (kg/m®); Q, air
flow rate (m3/s); ¢, specific heat of air (J/kg K); 0, temperature (°); ¢, heat
generation rate (W); «, discharge coefficient; A, opening area (mz); C,
wind pressure coefficient; V, wind velocity (m/s); Py, pressure at the floor
level of Void (Pa); h, height of the room (m). Subscripts: n, number of the
zone (1 for the lowest zone in Void); T, upper part of Void; B, lower part of
Void; 0, outside (in wind tunnel).

account. Nevertheless, both temperatures at the top of Void
calculated by two models (n =1 and 8) were in good
agreement with the measured temperature. As the tempera-
ture is highest at the top of Void, this agreement guarantees
the validity of these calculations to predict the highest
temperature in Void. The percentage difference of the high-
est temperature rise in Void, that is the temperature rise at the
outlet opening between the experimental results and the
calculations, is shown in Table 6. It can be seen that the
highest temperature could be predicted in a practical usage.

As for the ventilation rate, the calculation tends to over-
estimate it. The ratio of calculated value to those measured
ranged from 1.26 to 1.51 for single zone model (n = 1) and

T pressure loss coefficient of
/ < top opening of Void

pressure loss coefficient at
the entrance of lower opening

LAl
b |
e ]

pressure loss coefficient of el%

friction factor of lower opening

pressure loss coefficient of expanding diameter

Fig. 7. Modification of the stream tube into duct system.
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Fig. 8. Comparison between measured temperature profiles and calculated ones, measured ventilation rates and calculated ones.
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Table 3
Discharge coefficients for the calculation
Discharge coefficient of upper part of Void, ar 2.187
1
Vil /dr) +{ — 1
Friction factor of Void surface, At 0.033
Pressure loss coefficient of top opening of Void, {4 1.0
Length of Void, It (m) 0.456
Equivalent diameter of Void, dr (m) 0.072
Discharge coefficient of lower part of Void, ap 0.855
B = !
V/(As /AT + 01 + in(ls/ds) + Lo + (5 (Ap /Ar)?
Pressure loss coefficient at the entrance of 0.50
lower opening, {;
Pressure loss coefficient of expanding diameter, {, 0.75
Pressure loss coefficient of elbow, (3 1.19
Friction factor of lower opening surface, Ag 0.033
Length of lower opening, /g (m) 0.036
Equivalent diameter of lower opening, dg (m) 0.0206
Area of lower opening, Ag m?) 0.072 x 0.012
Area of Void, Ay (m?) 0.072 x 0.072

1.16 to 1.48 for eight zone model. Eight zone model was
superior to single zone model to predict ventilation rates in
Void. The percentage difference of the ventilation rate
between the experimental results and the calculations is
shown in Table 7. Large differences can be seen. Consider-
ing the good agreement of the temperature at the top of Void,
there might be some error in heat generation rate used
in calculation, because the overestimation of ventilation
rates leads to the difference between the heat flow rate
through the Void obtained by calculation and that obtained

Table 4

Conditions of calculation parameters

Experimental parameter Condition
Heat generation rate, g (W)* 10, 20, 30, 40
Wind velocity, V(m/s)b 0, 0.5, 1.0, 1.5

Wind direction, 6 (°)° 0
Number of zones, n 1 (single zone model),
8 (eight zone model)

# Conduction heat loss rate through the wall is subtracted from this rate.
® Velocity at the height of 80 cm above the wind tunnel floor.
¢ Incident angle of approach flow to the lower opening.

Table 5

Constants for the calculation

Geometric mean wind pressure coefficient —0.58
at the top of Void, Cr

Geometric mean wind pressure coefficient 0.40
at the lower opening, Cg

Height of zone (single zone model), # (m) 0.468

Height of zone j (eight zone model), 4; (m) 0.0585

Specific heat of air at constant pressure, ¢, (J/kg K) 1008

Air temperature inside the wind tunnel, 6, (°C) 12.0

Table 6
Percentage difference of the highest temperature rise between experi-
mental results and calculations

Heat generation Calculation ~ Wind velocity, V

rate, ¢ (W) model
0 (m/s) 0.5 (m/s) 1.0 (m/s) 1.5 (m/s)

10 Single zone —6 —12 26 —18
Eight zone 0 —13 —15 =27

20 Single zone -2 6 1 =7
Eight zone 4 7 -5 —17

30 Single zone —1 0 7 16
Eight zone 5 2 2 6

40 Single zone —3 3 6 —1
Eight zone 2 5 2 -9

Figure means the percentage ratio of the calculated value to the measured
one.

Table 7
Percentage difference of ventilation rate between experimental results and
calculations

Heat generation Calculation ~ Wind velocity, V

rate, g (W) model
0 (m/s) 0.5 (m/s) 1.0 (m/s) 1.5 (m/s)

10 Single zone 39 36 34 51

Eight zone 16 21 28 48
20 Single zone 46 36 34 45

Eight zone 23 19 26 41
30 Single zone 44 40 26 25

Eight zone 21 21 17 20
40 Single zone 38 38 33 44

Eight zone 16 19 22 38

Figure means the percentage ratio of the calculated value to the measured
one.

by experiment. Unfortunately, any possible error in heat
generation rate was not able to estimated because of the
small number of measuring points on the inside wall. This
should be investigated further.

Generally, it could be concluded that the vertical tem-
perature distribution and ventilation rates can be predicted
by a calculation using the multizone model introduced in
this study, although there are some problems in that simila-
rities were not examined and there might be errors in heat
generation rates used in calculations. As the contaminant
concentration was not linear to the ventilation rate, the
calculation to maintain the IAQ in Void is needed to be
studied in the future. That is, the contaminant concentration
can be estimated using this calculation model under the
assumed contaminant generation rate.

5. Conclusion

We tried to predict the ventilation rate in light wells
affected by both wind force and thermal buoyancy. The
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applicability of the method, based on a modified Bernoulli’s
equation, will be examined by comparing the scale model
measurement and calculation of the temperature distribution
and ventilation rate. The results obtained in this study
follow.

(1) The circulating flow in the lower part of Void and a
number of reverse flows from the outside into the top of
Void were observed by flow visualization.

(2) The temperature at the top of Void had negative
correlation with wind velocity and positive correlation
with the heat generation rate. The ventilation rate had
almost positive correlation with wind velocity and heat
generation rates, respectively.

(3) The calculation methods introduced in this study were
valid to predict the vertical temperature distribution and
ventilation rate of Void.

(4) The multizone model was superior to the single zone
model.

(5) The calculation method tended to overestimate the
ventilation rate, but this could be caused by some error
in heat generation rates.

The following points are left as future problems.
Further studies must be conducted.

(6) The similarity requirements were not satisfied in the
experiments, so the results could not necessarily be
applied to a full-scale building. Another examination is
needed in the future.

(7) For practical use, the calculation model must be refined
to reflect the real situation. For example, it is possible
to design the inlet opening at the upper floors, or the
dividing opening. The real input values, for example,
the discharge coefficients, must be estimated as well.

(8) The calculation method should be validated by full-
scale measurements, because the shape of the building
was a simplified model.
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