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These upward flows transport the contaminants
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ventilation for simultaneously removing excess
heat and achieving good air quality. It should be
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A short history of displacement ventilation

The idea of displacement ventilation is not new. One can find
examples in many old buildings with natural ventilation systems
with openings in both roof and vertical walls. When the stack
effect dominates ventilation, the outdoor air is sucked in from the
lower openings, falls down to the floor level, spreads along the
floor, and then displaces upward together with plumes, and finally
leaves the building from its roof openings.

In natural displacement ventilation systems it is not always pos-
sible to control the air quality and supply air velocity for thermal
comfort requirements, whereas mechanical displacement ventila-
tion uses low velocity diffusers to achieve a better comfort con-
trol. The first widespread installation of displacement ventilation
was in the earlier 1970s, due to a Swedish ventilation company,
Bahco (now Stratos Ventilation), who designed such a system for
the welding industry [22]. Since then, prediction and design tools
have become available for the system, which will be summarised
below. The system has now been used in both industrial buildings
and offices.

Purpose of paper

The purpose of this paper is to introduce the thermal and flow
characteristics in displacement ventilation, present simple predic-
tion models for both flows and heat transfer, discuss some major
design parameters and outline some other related developments.
Where appropriate, some new research results will also be intro-
duced.

Characteristics

The thermal and flow characteristics of displacement ventilation
are discussed here by examining both the global flow patterns and
the local flow elements.

Global flow pattern

The main global flow characteristics are the contaminant and ther-

mal stratifications [4].

» Contaminant stratification — globally, there are two zones, one
lower clean zone and one upper polluted zone. In the lower
clean zone, the flow is dominated by horizontal spread of the
supply fresh air and rising convection flows over heat sources
and warmer wall surfaces. There is generally no strong transport
of contaminants across the interface between the two zones
except within rising convection currents. This interface will be
called the clean zone height. This characteristic is shown in
Figure 1 and is demonstrated by measurement in Figure 2.

e Thermal stratification — a vertical temperature gradient is
generated outside the plumes with lighter air floating above
heavier air. The ceiling is warmer than other surfaces. This
gives rise to radiation transfer from the ceiling, mainly to the
floor. As a result, this makes the floor warmer than the air layer
adjacent to the floor and the ceiling cooler than the air layer
below the ceiling (see Figure 3).

The above global flow characteristics mean that the flow in dis-
placement ventilation cannot be modelled or analysed with a fully
mixed approximation. This is one of the major difficulties encoun-
tered when designing displacement ventilation.

Local flow elements

There are at least three important flow elements, namely supply

gravity currents, plumes and natural convection flows along verti-

cal surfaces.

* Supply gravity currents — Sandberg and Mattson [19] showed
the flow from the low velocity terminal is not a jet, but a gravity
current. The entrainment of ambient air into the gravity currents
is hindered by the thermal stratification. The flow rate in the
current stays almost the same as the supply airflow rate. Unlike
jets, gravity currents may spread across the entire floor area.
This lateral spread is compared with a high-momentum jet
spread in Figure 4. Lateral spreading of gravity currents helps
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Figure 2. Measured concentrotion field in a room ventilated by
displacement. Contaminant source was located at the ceiling
level (from [23])
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Figure 3. Measured temperature profile in a room
ventilated by displacement (from [9)])

displacement ventilation to deliver fresh air to a wider occupied
region. However, the buoyancy force of a gravity current
decreases gradually as it advances along the floor, being heated
by the convective heat transter along the floor surface.

* Plumes (6] — plumes are generated over heat sources. By
entrainment, flow rates in the plumes increase along their
height. Due to mass conservation, at the clean zone height, the
total airflow rate in the plumes and other rising convection
currents equals the supply airflow rate. This in fact gives the
simple two-zone model of displacement ventilation, which will
be detailed later.

+ Natural convection flows along vertical surfaces — in the lower
part of vertical walls, the wall temperature is generally higher
than the room air (see Figure 3), so upward natural convection
occurs. On the other hand, in the upper part of vertical walls,
downward natural convection generally develops. Generally, the
velocity magnitudes in these wall surface flows are smaller than
those in thermal plumes. However, these wall flows cover a
much larger area and the total flow rates in these wall flows can
be very significant [7]. For a constant temperature wall and a
constant-temperature ambient air, the flow rates in the boundary
layers can be analytically calculated. However, here we have
both a wall surface temperature gradient and an air vertical
temperature gradient. To our knowledge, there is no theoretical
work being done to calculate flow rates in such natural
convection boundary layers. For simplicity, the constant-
temperature assumption is generally used.
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Additionally, after the plumes penetrate the clean zone height,
they may continue to rise until they hit the ceiling. The flow rates
in the plumes also continue to increase. At the ceiling level, the
total upward flow is generally greater than supply or return air-
flow rate.

The flow thus turns around the corners and flows downwards.
These interactions generally cause the flow in the upper zone to be
rather mixed.

s e

Figure 4, Comparison of the spreading of jets and gravity cur-
rents: left - low Archimedes number (a jet); middle - moderate
Archimedes number; and right - high Archimedes number (a
gravity current) (from [17]).

Engineering prediction models

Engineering models aim at predicting main design parameters,
including the airspeed in the far-field of a supply register, the clean

SUBSCRIBER SERVICE

DON'T BE LEFT OUT IN THE COLD

Be the first with all the technical developments,
\le legislation, new products and industry news

affecting the air conditioning, refrigeration and
heating industry. Australian Refrigeration Alr
Conditioning & Heating (AIRAH Journal) Is pub-
lished monthly.

20% Subscription Saving

AIRAH Joumnal Is Usually $100

Special Discount Offer of $80 - A Saving Of $20
Have the convenience of having AIRAH Journal delivered to your home.
Simply fill in the coupon below and post it back o us. |

[] Please send me 12 post free issues of AIRAH Journal for the spe-|
cial introductory price of $80. UA3|
(] Enclosed is my cheque/money order for $80 or please debit my: ‘

B o e = E
[ D S [ (N S (DO S O A | (OO

HOIEer's Name: .......ooovivivieeiniiiie i Exp Date: ..o
N ittt et e
AQAIESS: vttt e
Post Code: .....

Phone: (B) [ )
SIgNAtUrE: ..ooviiiiiii Date: ..
No stamp needed: Reply Paid 3247, GPO Box 606. Sydney NSW 2001
Or Priority Fax To: (02) 9281 2750 Ph: (02) 92812333
Yaffa Publishing Group Pty Ltd ACN 002 699 354

Subscnbers 10 s offer cue enlified to this discount and not olhes subsciiplion offeis unkess a separate applicalion and paymenl s mode
s offer apples 1o Aushalion addesses onl. One year subscrption outside Auslialio is A$260 00.

NEW for AMMONIA

Coming in 1998, some available now

¢ Single Point Level sensors and switches

e Non Electric Auto-Purger (NEPA)

e Level Pulse Control System

e Pump Controller (PG1)

e Ball valves

e Stainless Steel Stop valves

e Liquid Refrigerant Filter System

e Upgrade to Hermetic CAM2 series pumps

e Pressure Relief valves & Three Way Dual
Shut-Off valves

See us in Sydney 5-7 April '98 at ARBS, Stand 67

WARD VALVE & CONTROL PTY LTD

Specialist Industrial and Commercial Refrigeration Products AN 060 #82 251

HANSEN TECHNOLOGIES CORPORATION
RFF (Robinet Frigorifique Francais)
HERMETIC-PUMPEN

Fax:(03) 9887 7199 Tel:(03) 9887 7177

33

AIRAH JOURNAL March 1998




= VENTILATION!

zone height of the clean zone, the vertical air temperature gradient,
air temperature in the occupied region and in the upper region, the
concentration profile, and the cooling load. The models sum-
marised here provide only simple tools for preliminary ventilation
concept design. Fine tuning of the final design may require more
detailed study such as computational fluid dynamics simulation
(see for example [7]), which will not be discussed here.

Air speed in the occupied regions
Close to a low-velocity supply register, there is generally a region
with uncomfortable and large vertical airflows. This region is
defined as the near-field of a low-velocity supply register.
Accordingly, the region beyond is called the far-field (see Figure
5). Two parameters are of design interest:
 the near-field length, X;,; and
* the velocity magnitude in the far-field, V;

In order to illustrate the physics, the simplest case of a two-
dimensional gravity current is considered here. Sandberg and
Holmberg [17] showed that for a two-dimensional gravity current,

1

H
“VAr
Vi= (‘E‘)m (2)

where U, is the supply velocity, H is the height of the supply reg-
ister, g’ is the reduced gravity, Ar is the Archimedes number
(defined as g’H/U%,), B is the buoyancy flux, and n is the unit
length. For a three-dimensional gravity current, the unit length n in
equation (2) can be replaced by the width of theroom w.

When a room is fully insulated, the buoyancy flux can be calcu-
lated as

Xpo=Uj,

=

_8E
1 pc,T

3)

where E is the heat source power, g is the gravity, p is the density,
C, is the heat capacity and T is the average air temperature. It can
be seen here for displacement ventilation, both the near-field
length and the velocity magnitude in the far-field are governed by
the buoyancy force.

Near-floor and near-ceiling air temperatures
To illustrate the calculation of near-floor and near-ceiling air tem-
peratures, let us assume a room which is perfectly tight (no infil-
tration) and perfectly insulated (only internal heat sources exist).
The room has a volume of V (m?). The amount of pollutant gener-
ated in the room is G (kg/s). The total heat source in the room is E
(W). The supply airflow rate is q, (m%s). The outdoor air has a
pollutant concentration of ¢, and a temperature of T,. The air den-
sity is p and its specific heat capacity is c,.
Assume:
* the flow is divided into a cold gravity currrent zone, a stratified
region and a warm gravity current zone;
* the temperature in the stratified region is linear;
e the supply air is spread over the floor area without entrainment;
» the near-ceiling air temperature is equal to the extract air tem-
perature; and
* the radiative equations are linearised due to moderate temper-
ature differences.
An integral energy balance for the room as a whole gives

q,Pc, (T.-T)=E “

Integral energy balances for the floor surface and the cold gravity
current zone give .

o, A(T, - Tp) = o A(T, - TH) )]
o, A(T, - Tp = ¢, A(T2 =T, 6)
q.pc, (T - T) = o, AT =T @)

where with linearisation ¢, = 4T3,6, and T, is calculated approxi-
mately as the mean of the assumed floor and ceiling temperature.

34

A is the floor or ceiling surface area, and 0; and o, are convective
heat transfer coefficients at floor and ceiling surfaces respectively.

From equations (5) and (7)
1 -1
(lc) +1 ] 8)

AoEDy (aPoff 1,
Ty TI A Qe O

The mean vertical temperature gradient can then be calculated to

be

s=(1-2)

9
pcpqv &

where H is the room height. The temperatures of T,, T% and T, can
be calculated as

E
= s + T, (10)
Ta=T, (11
=A(T,-T)+ T, (12)
T,= ceqvof:l;r ‘)+T“ (13)
o T2+, T,
= (14)

This is the four-node model (see Figure 6) developed by Li et al.
[8] and Mundt [12]. The predicted results are shown in Figure 3.

Clean zone height

If the total airflow rate in the vertical wall boundary layers is q,
and the total flow rate in the thermal plumes is gy, the clean zone
height is determined by (see [18])

9y +quw=q, (15)
For a wall surface with a temperature difference of AT =T, - T, [13]
q,, = 0.00275AT%*h! 2w (16)

where h is the height and w is the width of the wall.

For a convective heat source with a heat power of E (W), [13]
=0.005E3 (h + R)*? (17)

where R is the diameter of the heat source.

If there are multiple heat sources and multiple wall surfaces, the
total flow rates should be considered. Mundt {13] gives a sum-
mary of airflow rates over different heat sources.

Concentration field

In the upper polluted zone, we assume that the extract pollutant
concentration, C,, is the same as the room concentration, C,,.
Thus,

Cu=Co=Cit 2

\

(18)

where G is the pollutant generation rate and q, is the total ventila-
tion flow rate. C, is the concentration in the supply air. In the
lower clean zone, the concentration C, is the same as that sup-
plied, C,.

Ca=C, (19)

Cooling load prediction

In the models discussed above, the cooling load is assumed to be
known. In realistic buildings, the cooling loads include not only
the internal sensible heat sources, but also heat transmission
through building envelopes. Many conventional cooling load pro-
grams do not consider the non-uniformity of air temperature
fields, thus they are net applicable to displacement ventilation
without further improvement. One possible improvement in these
programs is to integrate a simple four-node model such as that
described above.
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Figure 5. Near-field and far-field in displacement ventilation
(from [2]). q, is the supply airflow rate and aT is the air
temperature difference between supply and exhaust.

A research version of the CHEETAH program [1] has recently
been developed which does this. CHEETAH calculates hourly
temperatures in up to ten zones of a building, using real weather
data. While zones are usually associated with volumes (eg.
rooms), they can also be associated with surfaces. Thus, the floor
and ceiling surfaces, the air near the floor and the air near the ceil-
ing are designated as zones, and heat is transferred between them
via convective and radiative exchanges.

The four-node model can be easily extended in CHEETAH to
an n-node model, the only limitation being the number of avail-
able zones. To illustrate the implementation, a 5-node model of a
simple room was created, where the fifth node is the wall surface.
The room size is 10m x 10m x 3m and there are no windows. The
floor and ceiling consist of 50mm of external insulation and
20mm of concrete while the walls consist of 50mm of insulation
only. The wall construction differs simply to illustrate the great
flexibility obtained by implementing the n-node model into an
existing building thermal simulation program. The heat source in
the room is 2500 W, and no infiltration is assumed. All outdoor
surfaces are driven simply by a sinusoidal temperature. Air at
19°C is supplied at floor level at a constant flow rate of 0.25 m%s.

Figure 7 shows the node temperatures in this room. Because of
radiative exchanges between the floor and ceiling, the floor air is

Figure 6. lllustration of four-node model of displacement
ventilation (see [9])

cooler than the floor surface, and the ceiling surface is cooler than
the ceiling air. The temperature difference between the surfaces is
approximately 5 K, which gives an estimate of the stratification in
the room. Note the phase differences between wall surface temper-
ature and floor or ceiling temperatures. These are due to the differ-
ences in thermal capacity. With a knowledge of these tempera-
tures, the cooling load can be calculated.

Some design aspects

In designing a displacement ventilation system, care should be
taken to ensure that the following factors are considered properly:
freedom from draughts, comfort limits, the vertical temperature
gradient, convective flows, cooling capacity, ducting, cooling load
calculation, layout of air supply registers, control [15], and sound
levels in a room.

Generally, design guidelines require that the supply air tempera-
ture should be around 19°C and the supply air velocity should be
less than 0.2 m/s for comfort ventilation. These may vary for dif-
ferent applications.

Indoor air quality and thermal comfort
Two major requirements in displacement ventilation design are:
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the supply airstream is not a jet any longer,
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the existing knowledge on mixing ventila-
tion jets cannot be used directly for dis-
placement ventilation design. The equa-
tions provided above may be used to esti-
mate the near-field length and a good
design should keep the near-field length as
short as possible. There is generally infor-
mation available from manufacturers on
different diffusers, which can be used. As
3 each room has different layout and space
constraints, more advanced prediction tools
such as CFD may be used for selection of
supply registers.

Other related development
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It is easy to speculate that moving bodies
such as a walking person can have a strong

Figure 7. Time-dependent air and surface temperatures in a
room with displacement ventilation calculoted by CHEETAH

* the clean zone height should be above the occupied region —
for indoor air quality considerations; and

 the vertical air temperature gradient should be within a
comfortable range, say 3°C—for thermal comfort considerations.

From the four-node model, it can be seen that the higher the
heat power of the heat sources in the room, the higher the vertical
air temperature gradient. Vertical air temperature gradient can be
lowered by supplying a higher airflow rate. However, there is gen-
erally an upper limit to the total supply airflow rate, specified by
different ventilation codes. Therefore, there is generally a maxi-
mum cooling capacity, eg. around 25 W/m? in offices, due to the
thermal comfort requirement on vertical temperature gradients
(see [16, 24]). Other studies show that this upper limit may be
increased.

A recent experimental study by Wyon and Sandberg [25]
showed that it is the operative temperature and not the vertical
temperature gradient which affects the thermal comfort of the
whole body and the local thermal discomfort. In their experiments,
test persons were exposed to a range of vertical tem-

influence on displacement ventilation per-
formance. A recent study using a “walk-
ing” dummy showed that a very slow movement increases the air
exchange and ventilation efficiency. However, at higher velocities,
the efficiency decreased and gradually approached those of a mix-
ing ventilation system (see Figure 8).

In Figure 8, the ventilation efficiency is defined as the quotient
of the outlet concentration and the room average concentration,
while the air exchange efficiency is defined as the quotient of the
nominal time constant and two times the mean age of air in the
room. Thus, the ventilation efficiency is a measure of how quickly
a contaminant is removed from a room, and air exchange efficien-
cy is a measure of how effectively the air in a room is replaced by
fresh air from the ventilation system.

However, the study used a dummy walking in a regular and
monotonous way and in reality, human walking is quite random.
The effects of random walking have not been studied.

Near-body natural convection flows
The near-body flow pattern is perhaps one of the most important

Figure 8. The effects of moving bodies on ventilation efficiency
(from [ll])

perature gradients, namely 0, 2 and 4 K/m. The results
showed that the vertical temperature gradient did not
affect thermal comfort. Therefore, if the feet are too
cold or the head is too warm it is because of local
temperature, not the temperature gradient. At this
stage, it is reasonable to suggest that the eventual
influence of temperature gradients is under debate.

Minimum supply airflow rates can be determined
from both indoor air quality and thermal comfort con-
siderations. From an indoor air quality point of view,
the height of the clean zone should be above the occu-
pied region, say at head height. The two-zone model
can be used to determine a minimum supply airflow
rate. From the thermal comfort point of view, the
four-node model can be used to determine another
minimum supply airflow rate. To satisfy both indoor
air quality and thermal comfort, the final ventilation
flow rate should be the largest of the calculated flow
rates.

The two-zone model requires the input of wall sur-
face temperature which is the output of the four-node
model, which requires the input of the airflow rate.
There is a possibility that these two models can be
integrated.

Selection of supply registers
Once the supply airflow rate is chosen, and the supply
air parameters such as air lemperature and velocity

are determined, the supply registers can be chosen. As
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these diffusers give a vertical circular free jet with swirl,
which has been studied by Nielsen et al [14]. A simple
model for calculating the vertical air temperature gradi-
ent was developed by Ito and Nakahara [5].

Chilled ceiling systems

Chilled ceiling systems can be used to partly remove the
cooling load in a room in addition to displacement venti-
lation. The benefits on thermal comfort are obvious as it
reduces the supply airflow rate and thus the near-field
velocity, and it also reduces the vertical air temperature
gradient. A simple implementation of the system is to
run cold water through the ceiling. When the ceiling is
smooth, heat exchange is mainly carried out by thermal
radiation. When the ceiling is ribbed, convection domi-
nates the heat transfer. It should be noted that chilled
ceiling systems can neither supply fresh air nor remove
latent heat.

It has been reported that the cooling capacity of a
chilled ceiling system can be as high as 130-150 W/m?
for a convective system and 60-90 W/m? for a radiative
system [3].

Conclusions

Displacement uses the basic principle that warmer air
rises to achieve a partly piston-like flow pattern in a
room. In many situations, it has been proved to be more
efficient than mixing ventilation for simultaneously

Figure 9. The concentration in the breathing zone relative to the
ambient concentration (from [2])

fundamental flows in building ventilation. The performance of a
ventilation system depends very much on this flow pattern and the
quality of air in these airstreams. The interaction of the natural
convection flows and the surrounding flows in the room plays an
important role in ventilation performance.

The near-body flows were discussed by Etheridge and Sandberg
[2] (Figure 9). It was found that the expiratory flow from the nose
and mouth is generally taken away upwards by the airstream mov-
ing past the face. The air inhaled is generally taken from the
boundary layer flow around the body. Consequently the inhaled
air is brought from below to the mouth and nose and the quality of
the air inhaled is determined by the quality of the air below the
mouth. This implies that the air quality in the breathing zone in
ventilation by displacement can be better than that of the ambient
air at the same height, which means even if a person’s nose or
mouth is located above the clean zone height, the inhaled air qual-
ity can still be better than that in the polluted zone. This may
allow some freedom in designing a clean zone height in some situ-
ations.

Raised floor systems

It has been reported that many buildings with raised floor systems
have been developed in Europe and Japan [l0, 21]. Generally, in
raised floor systems, floor-mounted diffusers are used. Some of

removing excess heat and achieving good air quality. Its
basic thermal and flow characteristics are very different from that
of mixing ventilation. Simple engineering models are summarised
for predicting near-field length, airspeed in the far-field, air tem-
perature in the occupied regions, the vertical air temperature gradi-
ent, concentration in the polluted region, the clean zone height and
the cooling loads. Two major design parameters from both indoor
air quality and thermal comfort points of view are the clean zone
height and the vertical air temperature gradient.

Some design aspects have been discussed. Other related devel-
opments covered briefly here include the effects of moving bodies,
near-body natural convection flows, raised floor systems and
chilled ceiling systems.
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