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ABSTRACT

This paper compares two well-known
modelling approaches for natural ventilation
in a multi-zone building with thermal stratific-
ation and large openings. The zonal approach
in this paper assumes a fully mixed condition
in each zone, and considers the bi-directional
flows through all large openings. The zonal
model is integrated into a thermal analysis
code to provide simultaneous prediction of
both ventilation flow rates and air temperat-
ures in each zone. The CFD approach uses a
finite-volume method for turbulent flows. A
simple pressure boundary condition is used
at all external openings in CFD.

There is reasonable agreement between
the overall ventilation flow rates and average
zonal air temperatures predicted by the two
modelling approaches. It is found that the
multi-zone approach predicts a lower neutral
level for the building than predicted by CFD.
This might be mainly due to the fact that the
thermal stratification is neglected in the
present multi-zone model. It is explained by
a new emptying air-filling box model for
natural ventilation of single-zone buildings.
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INTRODUCTION

Consider a single-zone enclosure with
two openings at two different vertical levels
(see Figure 1). A continuous heat source is
located at the bottom level. A number of recent
CFD simulations (Li er al. 1997) showed the
basic physical process behind buoyancy-
driven natural ventilation. The heat source first
warms up the indoor air, which generates a
stack pressure introducing incoming air
through the lower opening and outgoing air
through the higher opening. The incoming
air is relatively cool. Being governed by

negative buoyancy, the dense air tends to
spread out at floor level. A plume flow is
generated above the heat source. In the ambient
outside the plume, a vertical temperature
gradient and related density stratification is
established. The vertical air temperature
gradient affects not only the thermal plume
development, but also the stack pressure which
drives the ventilation air flow. Because the
near-ceiling air is warmer than the near-floor
air, the ceiling is also warmer than other sur-
faces. This gives rise to radiative heat wansfer
from the ceiling mainly to the floor. Thus,
the natural ventilation process is governed
by both fluid mechanics and heat transfer.
This physical process is essentially the same
as that in displacement ventilation (see for
example Li et al. (1992)), except the inflow
is governed by the thermal buoyancy force.
This suggests that the vertical temperature
profile in natural ventilation by thermal buoy-
ancy can be calculated by the nodal models
developed for displacement ventilation (for
example Li et al. (1992)).

Most realistic buildings generally have
multiple floors and multiple zones. Each zone
can have a different air temperature from other
zones and can be ventilated naturally in a dif-

Figure 1 Basic principle behind buoyancy-
driven natural ventilation in a single-
zone building with two vertical
openings and a single heat source.
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ferent manner from other zones. In addition
to some analytical methods, there are at least
two major numerical modelling approaches
for predicting air flow rate and air flow pattern,
i.e. zonal methods and CFD methods.

The objective of this paper is to compare
the prediction of ventilation flow rates through
ventilation openings by both approaches and
to investigate whether the thermal stratific-
ation should be considered in a zonal
approach. The zonal approach assumes the
flow in each zone is fully mixed. A realistic
10-zone_industrial building is used as an
example. A recently developed emptying air-
filling box model for a single-zone building
is used to explain the comparison results.

THE MODELS

Multi-zone model CHEETAH/MIX2.0

The MIX1.0 (Multi-cell Infiltration and
eXfiltration) program was first developed by
Li and Peterson (1990). In MIX1.0, an errone-
ous interpretation of the physical meaning of
the concept of internal pressure in each zone
prevented the calculation of bi-directional
flows between zones. Li (1998) developed a
consistent pressure-based formulation for
natural ventilation of single-zone and multi-
zone buildings with multiple openings. The
formulation is made easier to implement by
introducing an auxiliary concept of external
pressure, which allows us to present all the
formulas in a generalised form. The formul-
ation was implemented in MIX2.0 (see Li et
al. (1998)).

CHEETAH uses real hourly weather
data to calculate temperatures in multi-zone
buildings. It takes into account the thermal
properties of materials (i.e. thermal resistance
and capacitance), their areas and orient-
ations, outdoor surface colours, glazing
properties and so on. It can also take into
account the air exchange between a zone and
outdoors, and between zones.

The two programs were combined so
that at each time-step (usually one hour or one
minute), CHEETAH provides MIX2.0 with
the zonal temperatures and calls MIX2.0 to
obtain flow rates, and by iteration calculates a
self-consistent set of flow rates and zonal temp-
eratures. The combined program CHEETAH/
MIX2.0 has been applied to a number of
natural ventilation design problems.

CFD program Ventair

Our CFD program Ventair uses the
conventional SIMPLE-family finite volume
methods for discretising the three-dimensional
flow equations with the Boussinesq approx-
imation. The diffusion terms are discretised by
the 2nd-order centred differencing scheme,
while the convection terms are discretised by
the 2nd-order QUICK scheme. In this paper,
the standard k — € turbulence model is used.

Only the indoor domain is solved here.
At an external opening, pressure is specified as:

po@) = % PoCH 2V (2) (1)

where p is the outdoor air density. In all our
calculations, the wind pressure coefficient
Cp(2) and wind velocity v2(z) are assumed to
be uniform on an exterior surface.

The pressure at the first grid point near
an opening, p;,,, is calculated in the solution
procedure.

When pg > p;,,, there is an inflow, and
the normal inflow velocity component is
determined by: '

2(P0 —Pinr)
in= r———— 2
v ,\/ P (2)

When py < p;,,. there is an outflow,
and the normal outflow velocity component
is determined by:

20ine — 2
Vour=f\/ (Pm;) p0)+vint 3)

The two tangential inflow or outflow
velocity components are determined by the
flow direction. A first reasonable approxim-
ation for the inflow direction is the wind
direction and that for the outflow direction is the
indoor air flow direction near the opening, i.e.
a zero gradient boundary condition is used.

EMPTYING AIR-FILLING BOX
MODEL

The question is how will neglecting
thermal stratification affect the predicted air
flow rates and neutral heights in a zonal
approach. This can be studied by analytical
solutions in a single-zone enclosure with two
openings at two different vertical levels as
discussed in the Introduction. Recently, two
emptying air-filling box models were devel-
oped and other conventional models were revis-
ited (Li 1998). Four models are considered
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here (see Figure 2). The major assumptions in
these models can be summarised as follows:
* Fully mixed model — The model assumes
that the indoor air temperature is uniform.
~ Emptying water-filling box model — The
enclosure is divided into two temperature
zones, the bottom zone with cold and dense
outside air, and the top with warm and
lighter air. For simplicity, it is referred to
here as the water model.
Emptying air-filling box model I — The
enclosure is also divided into two tempera-
ture zones; the bottom zone with cold and
dense air, and the top zone with warm and
- lighter air. The bottom zone air can be
heated by the warmer floor, which is heated
up by surface radiation from the even
. warmer ceiling surface. The two air temp-
eratures are calculated by the four-node
model of Li et al. (1992). For simplicity,
it is referred to as the air model.

* Emptying air-filling box model II — This
model has the same assumption as model I,
except that a linear vertical air temperature
profile is assumed.

Ventilation flow rate, g, clean air zone
height, k., and neutral height, z*, can all be
predicted by these four models, although some
imagination is required to understand how a
clean zone height can exist with the fully mixed
model. The clean air zone height in this paper
is simply defined as the height where the flow
rate in the thermal plume equals the ventilation
air flow rate, while the neutral height is defined
as the height where the indoor and outdoor
pressure difference is zero across the vertical
wall. There are no simple analytical expressions
for clean air zone height and neutral height
for the emptying air-filling box model II.

The ventilation flow rate can be
determined as follows.
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Figure 2 Basic assumptions in the four different emptying filling box models: (a) the fully
mixed model; (b) the emptying water-filling box model; (c) the emptying air-filling
box model I and (d) the emptying air-filling box model II.
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* Fully mixed model:
q1 = (CaA% BR)® @)
Emptying water-filling box model (the
water model):
2= (CaA*) [B(h - ho))'” (5)
Emptying air-filling box model I (the
air model):
33 = (CAYP [Bh-he + Aho)]' (6)

Emptying air-filling box model II:
13

g4 = (CaAM® [%B(l +) ™

where subscripts 14 indicate the type of the
model; q is the ventilation flow rate; C  is
the discharge coefficient; B is the buoyancy
flux, defined as Eg/C,pT with E being the
heat output of the geat source; g is the
gravitational acceleration; T, is the outdoor
air temperature; A is the distance between the
two ventilation openings; A* is the effective
opening area, defined as:

Y2 AAp
2 2
A/ A +A
and h, is the clean zone height. A is a non-
dimensional number which is a function of
ventilation flow rate, floor area, and convective
and radiative heat transfer coefficients (see
Li et al. (1992)).

Similarly, clean air zone heights can be
calculated according to the following equations.

Let:
he
= ®)
* Fully mixed model:
CiA* 3 /.5
d: =C2 ’\//; ©)
h

* Emptying water-filling box model (the
water model):

5
* K|
CaA =CA/ % (10)
n 1-&

e Emptying air-filling box model I (the air
model):

car 3 | &
2N taoes WP
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where C is a constant (= 0.144).
The calculation of neutral heights is quite
straightforward with these simple models.

Let:
A
Y=t (12)
Xy

* Fully mixed model:

Z]="h (13)
¢ Emptying water-filling box model:

2y ="h+(1-Ph, (14)
* Emptying air-filling box model I:

23 =7h+ (1= A1 -Ph, (15)

A comparison of the first three models
is shown in Figure 3 for an example building
(h =6 mand T = 293.15 K) with equal ventil-
ation openings (Y= 0.5) (Figures 3a-3c) and
unequal openings areas (Y = 0.2) (Figure 3d).
The buoyancy flux is 1.38e~2 m%s4 (E =
500 W). C4 is 0.6. It seems that as the
ventilation opening area approaches zero, all
models give the same result. As the ventil-
ation opening area increases, the difference
between the results of the different models
also becomes significant.

At A/h2 = 0.1, the clean air zone height
is the full building height for the fully mixed
model due to very high ventilation flow rates
(0.72 m3/s). The water model predicts a
result of 77% of the building height. With
this model, the bottom zone has the same air
temperature as outdoors. The indoor and out-
door air temperature difference in the bottom
zone is zero and. no ventilation air flow is
introduced. This results in a much smaller
ventilation flow rate through the ventilation
openings (0.42 m3/s). In displacement ventil-
ation, the value of A is generally around 0.4
(Mundt 1996). Results for three different A
values are shown in Figure 3 for the air model.

However, for neutral height predictions
there is a more significant discrepancy
between the results of the fully mixed model
and the water model. While the fully mixed
model predicts a constant neutral height for
all ventilation openings, other models
predict increasing heights as the ventilation
opening areas increase. For equal ventilation
openings, the water model predicts a neutral
height of almost 90% of the full height,
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Figure 3 Comparison of predicted ventilation parameters by three emptying filling box
. models. The subscript 1 indicates the fuily mixed model, 2 the emptying water-filling
box model and 3 the emptying air-filling box model: (a) predicted clean air zone
heights for y = 0.5; (b) predicted ventilation flow rates for ¥y = 0.5; (c) predicted
neutral levels for y= 0.5 and (d) predicted neutral levels for Y= 0.2.

while the neutral height for the fully mixed
model is only 50%. For the unequal area
case, for the fully mixed model it is 20%,
while the water model gives 80%. The air
model results lie between those predicted by
the fully mixed model and the water model.

THE BUILDING

The smelter building is naturally
ventilated. Local exhaust ventilation systems
are located above some large heat sources
such as furnaces. The building is divided into
ten zones (see Figure 4). Each zone represents
an open space which is assumed to be well
mixed. In the building considered here, the
ventilation openings are typically doorways
to outdoors, the open bottom around the
building, floor gratings, open areas on each
floor, drop zones through the floors, gaps
around equipment such as furnaces, and the
gap between the floors and the vertical walls.
There are in total about 40 openings in the
building. Only major ventilation openings
are shown in Figure 4. The smelter also has
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a number of mechanical ventilation systems
to draw off gaseous by-products etc.

The heat dissipation rates from the
furnaces and equipment into the building were
obtained from the building user. In most cases,
it is fairly easy to distribute the heat to each
zone. However, for two vertically connected
zones, when the thermal plume above a heat
source in the bottom zone penetrates through
the opening between the two zones into the
top zone, it is quite hard to distribute the heat in
each zone in a multi-zone modelling program.
In this paper, if the heat source is located
fully in a zone, then its heat is assumed to be
fully dissipated into that zone. There is a need
to model the most important basic flow streams
such as plumes and jets in a multi-zone
approach, when the transport of heat and con-
taminants by plumes and jets is very signif-
icant. It should be mentioned that the conven-
tional multi-zone approach only considers
the flow governed by pressure differences,
but not by momentum-introduced flows.



Our simulated results showed that the
total heat gain in the building is largely dom-
inated by the huge heat dissipation from the
furnaces and equipment. Other sources includ-
ing heat transmission from walls, heat storage
in its structure and solar radiation contribute
less than 10% of the total heat gain. Thus, for
simplicity no description of detailed materials
and wall thicknesses is given here.

RESULTS AND DISCUSSION

More-than 40 multi-zone simulations
were carried out to compare and evaluate the
natural ventilation design, which provided a
preliminary recommended design option.
Then a number of CFD simulations were
carried out to fine-tune the design. For the
purpose of this paper, we will only compare
the results for one case with no wind. Due to
difficulties in resolving many exhaust hoods,
CFD runs did not consider the exhaust flow
of the mechanical system.

Flow pattern

The flow patterns predicted by CFD
are shown in Figures 5 and 6. Strong thermal
plumes are generated above furnaces and other
hot equipment. These thermal plumes play a
major role in carrying the heat upward and pro-
ducing thermal stratification in the building.
However, smaller thermal plumes generated
above other heat sources in the furnace build-
ing interact strongly with inflow currents from
wall ventilation openings. There is outflow
through all the roof ventilators, although the
outflow through the roof ventilator above the
heat source is much stronger.

For the very large bottom openings
around all of the building perimeter, the pres-
sure boundary conditions used in this paper
generate some very strange flows. The bottom
openings are all 6.6 m high. Figure 7 shows
the strange flow pattern generated at a height of
1.5 m. The heat sources behave as sinks and
suck air in from all sides and carry it upward.
Interaction of incoming flow streams results
in stronger flows at corners, which seems to be
unphysical (it was checked that the flow was
fully converged and mass was conserved every-
where). For other locations, there can even be
some outflows at the bottom (see also Figures
S and 6). This may be physical, as the
incoming air behaves like a gravity current in
most situations, and air falls down to the floor
(e.g. Figure 6) and spreads out along the floor.
The falling air impinges on the floor, causing
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Figure 4 The geometry of the smelter
building: (a) west end looking east;
(b) east end looking west and
(c) looking north.

Figure 5 Velocity vector plot in the mid-
plane cutting through the electric
furnace. Only a quarter of the grid
points are plotted for clarity.



Figure 6 Velocity vector plot in the mid-
’ plane cutting through the electric
furnace. Only a quarter of the grid

points are plotted for clarity.

air flow to be mainly forward, but some can
be backward as well. The results suggest that
more numerical studies are required to under-
stand the types of boundary conditions used
in this-paper for natural ventilation with very
large openings. Nevertheless, the present CFD
predictions produced some reasonable flow
patterns within the building.

Overall thermal and flow parameters

The averaged zonal temperatures and
overall ventilation flow rates predicted by
both methods are compared in Table 1.

When there is:no wind, CFD predicted
lower temperatures than the multi-zone method
in the lower zones, while in upper zones CFD
predicted higher temperatures. This is possibly
due to thermal stratification in CFD simula-
tions, which is not considered in the multi-zone
computations. It should also be mentioned
that in the CFD simulation performed here,
surface radiation was not considered, which is
also the case with the emptying water-filling
box model discussed earlier.

As CFD runs did notinclude the exhaust
flow of the mechanical ventilation systems,
the CFD-predicted overall air flow rate (ACH)
should be compared to the out air flow rate
(exfiltration) in Table 1. There is fairly good
agreement between the predicted overall flow
rates by the multi-zone model (29 ACH) and
CFD (26.5 ACH), although the CFD-predicted
flow rate is lower than that predicted by the
multi-zone model. The trend agrees well
with the analytical results in Figure 3.

it ) sl
i
LASNT==rf |
P ]

{
e

i )
~ \
RS
NNAA
by
x
e
A
\l

7

&

/

e
By

POTA el

SARANA A LAy

Figure 7 Velocity vector plot in a plane at
1.5 m above the floor of zones 1, 2
and 10. Only a quarter of the grid
points are plotted for clarity.

Table 1 Comparison of predicted air change
rates and zonal air temperatures by
a multi-zone model and CFD.

Zone Zonal method = CFD
Zone ] temp. (°C) 49.1 48.6
Zone 2 temp. (°C) 43.5 43.4
Zone 3 temp. (°C) 49.4. 50.9
Zone 4 temp. (°C) 53.1 48.3
Zone 5 temp. (°C) 522 52.2
Zone 6 temp. (°C) 51.6 54.5
Zone 7 temp. (°C) 51.6 53.6
Zone 8 temp. (°C) 520 514
Zone 9 temp. (°C) 525 499,
Zone 10 temp. (°C) 45.5 44.2
Infiltration (ACH) 34
Exfiltration (ACH) 29
Vent flow (ACH) 26.5

It is interesting that CFD predicted
inflows through almost all wall openings for
this building, while the multi-zone approach
predicted outgoing flows through most upper
wall openings. This situation is illustrated in
Figure 8. CFD predicts a higher neutral plane
than the multi-zone model. This can be atttrib-
uted to the fact that the multi-zone model does
not fully consider the thermal stratification in
the building. It may be argued that multiple
vertical zones partially account for the
thermal stratification in part of the building.
As shown in Figure 3 and in this section,
although the overall ventilation flow rate can
be predicted reasonably well by the zonal
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approach assuming fully mixed conditions,
the neutral height is generally poorly pre-
dicted. This can be very significant for
consideration of ventilation for local zones,
for example in zones 4 and 5 in Figure 8.

CONCLUSIONS

For a ten-zone building naturally
ventilated by thermal buoyancy, there is
reasonable agreement between the predicted
overall ventilation flow rates and average
zonal air temperatures obtained by both the
multi-zone model and the CFD model.
However, the multi-zone approach predicts a
much lower neutral level height for the build-
ing than that predicted by CFD analysis.
This is due to the fact that thermal stratific-
ation is neglected in the present multi-zone
model, and it is explained by a new emptying
air-filling box model for natural ventilation of
a single-zone building. Thermal stratification
needs to be considered in a zonal approach
for natural ventilation with large openings.
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