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Abstract
We present a simplified model of an underfloor air distribution (UFAD) system consisting of a single source of heat and a single cooling
diffuser in a ventilated space. Laboratory experiments were carried out to simulate the flow and a model for the flow in this space is proposed.
The model is based on plume theory for the heat source and a fountain model for the diffuser flow, and predicts a steady-state two-layer
stratification in the room. The governing parameters are shown to be the buoyancy flux of the heat source, and the volume and momentum
fluxes of the cooling diffuser. The results suggest ways to optimize UFAD design and operation.
# 2004 Elsevier B.V. All rights reserved.
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1. Introduction
The motivation for this study is to understand and model
the behavior of an under floor air distribution system
(hereafter referred to as UFAD) in a ventilated room. This
system was first introduced in the 1950s to cool a computer
room and is emerging as a leading ventilation system design
in modern commercial buildings. According to Loudermilk
[1], two major advantages of this system are:
 ventilation cool air is certain to reach the occupants (as it
is introduced within the occupied zone);
 convection heat gains that occur above the occupied zone
are isolated from the calculation of the required space
supply air flow.
The displacement-type flow, that occurs in the upper
zone, serves to convey heat efficiently to ceiling-based
exhaust openings, resulting in better cooling efficiency and
indoor air quality in the lower, occupied portion of the space,
than those of the traditional mixing type systems.
* Corresponding author. Tel.: +886 3 591 6446; fax: 886 3 582 0250.
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Bauman and Webster [2] show that well-designed UFAD
systems can provide such benefits as:







reduced life cycle building costs;
improved thermal comfort;
improved ventilation efficiency and indoor air quality;
reduced energy use;
reduced floor-to-floor height in new constructions;
improved productivity and health.

Despite these potential advantages of underfloor systems,
barriers exist to widespread adoption of the UFAD technology. According to [2], there is a higher risk to designers
and building owners due to a lack of objective information
and standardized design guidelines. The aim of this research
is to provide some guidelines for this new emerging cooling
strategy.
Traditional over-head air-conditioned systems introduce
conditioned cool air from above. This geometrical design
induces entrainment of warm air at the top of the room into
the conditioned air, so the temperature of the conditioned
cool air when it arrives at the floor level is higher than the
supply value (Fig. 1). This geometrical arrangement induces

400

Y.J.P. Lin, P.F. Linden / Energy and Buildings 37 (2005) 399–409

Fig. 1. A simple illustration of a traditional over-head cooling ventilation
system in a ventilated room having one heat source and one cooling diffuser.

the flow pattern known as mixing ventilation in the space, so
the vertical air temperature profile is almost uniform.
The UFAD system introduces the conditioned air at floor
level (Fig. 2), which allows the temperature of the supply air
to be the same as, or slightly lower than, the required comfort
temperature for occupants in the room. Thus, the UFAD
system is able to use a higher supply temperature and,
therefore, consumes less energy than the traditional overhead system for the same cooling load. In addition to the
advantage of energy conservation, with appropriate design
geometry, an UFAD system induces an efficient ventilation
pattern in a room, producing good indoor air quality and
cooling efficiency.
In comparison with classic displacement ventilation
systems that deliver air at low velocities at the bottom of the
space, typical UFAD systems deliver air through floor
diffusers with higher supply air velocities. In addition to
increasing the amount of mixing (and therefore potentially
diminishing the ventilation performance compared to

Fig. 2. A simple sketch of an UFAD system in a room having a ceiling
exhaust opening with one heat source and one cooling diffuser inside the
space.

displacement ventilation systems), these more powerful
supply air conditions can have significant impacts on room
air stratification and thermal comfort in the occupied zone.
When the conditioned cool air from the diffuser has
enough vertical momentum, this air will penetrate into the
warm upper region and bring warm air down into the lower
region. The amount of air brought down determines the
temperature in the lower region (Webster et al. [3]). In the
limit, as the input momentum and the amount of mixing is
reduced, UFAD systems tend to approach the operation of
displacement ventilation systems.
Ito and Nakahara [4] developed a simplified model to
calculate the vertical space air temperature distribution in a
ventilated space with an UFAD system. Suggested by
measurements of the air temperature profile and visualization
of the airflow, they divided the space into two regions: a
completely mixed layer at the lower part of the room and a
piston-flow region, the region above the interface where the
air is assumed to flow vertically at a constant uniform velocity,
as an upper layer. The heat balance equations were derived
from the assumption that the discharged cool air completely
mixed with the room air in the lower layer, while the room air
moved upward to the ceiling only in the upper layer.
Zhang [5] developed a similar model as that of [4], with
two regions in a ventilated space. Three sub-models, a thermal
plume model (Morton et al. [6]), a multiple-layer model
(Linden and Cooper [7]) and a room heat transfer model
(Mundt [8], Li et al. [9]), were integrated in the model. In order
to understand details of the airflow pattern in the room, Zhang
applied a thermal plume model and a multiple-layer model.
He adopted a heat transfer model to take the radiation into
account, in addition the convective heat transfer.
The vertical momentum of the cooling diffuser has a
strong impact on the vertical stratification in the space.
Models that neglect the effect of the vertical momentum on
vertical air stratification are more appropriate for wallmounted diffusers at floor level (Fig. 3(a)). Conditioned air
is introduced horizontally into the space at the floor level and
distributed homogeneously at the floor level in the space.
This system will be described theoretically in terms of a
simple displacement ventilation model in Section 2.1.
Skistad et al. [10] addressed the qualitative impacts of
this vertical momentum from the supply diffusers on the air
stratification profile (see Section 4.6 of their book). When
using floor-mounted diffusers, which are used commonly in
the UFAD systems, it is important to apply optimal
properties of the supply airflow. The high momentum might
bring too much air into the upper layer, so that mixing
ventilation is created and ventilation efficiency is reduced.
On the other hand, low momentum might provide supply air
without sufficient mixing with the room air, which creates a
cold air layer along the floor.
In this paper, we discuss the fluid mechanics of UFAD
systems and present a quantitative study of the vertical
stratification distribution. We restrict attention to the
simplified case of a single cooling diffuser and a single
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Fig. 3. Displacement ventilation occurs in a single room with a heat source
and a cooling diffuser: (a) when the diffuser supply is horizontal, and (b)
when the vertical momentum flux of the cooling diffuser too small to
penetrate the density interface.

heat source at the same height in the room, with an extract at
the ceiling, and examine the steady-state produced by them.
A model based on plume theory for the heat source and a
fountain model for the cooling diffuser, and based on a
steady-state two-layer stratification is proposed. Fig. 2
shows a geometrical illustration of this simplified case.
The important parameters affecting the stratification and
the performance of UFAD systems are discussed in Section
2, along with the theoretical model. The experiments, in
Section 3, used a salt solution source as a plume source and a
fresh water source as a fountain source in a water tank to
simulate the airflow in the space equipped with UFAD
systems. Section 4 presents our experimental observations
qualitatively, and Section 5 presents comparisons of the
experimental results with the theoretical predictions of the
physical model. Numerical simulation, based on this model,
of a full-scale room is presented in Section 6. The sensitivity
of the performance of UFAD to the properties of the cooling
diffuser and the heat source is discussed in Section 7.
Finally, Section 8 gives the conclusions of this study.
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one heat source and one cooling diffuser both located on the
floor. The air in the space is extracted through a ceiling
opening (Figs. 2 and 3). Warm air, which is produced by the
heat source, rises to the ceiling and forms an upper layer of
buoyant air. Conditioned cool air is supplied from the floor
level by a cooling diffuser. The parameters governing the
flow are the buoyancy flux B of the heat source, the volume
flux Q and vertical momentum flux M of the cooling diffuser.
However, different approaches and properties of supplying
conditioned cool air result in different stratification profiles
and ventilation patterns.
When the vertical momentum from the cooling diffuser is
not significant, as shown in Fig. 3(a) and (b), so that supply
cool air does not penetrate into the upper buoyant layer, pure
displacement ventilation occurs. In this case, only the
buoyancy flux B of the heat source and the volume flux Q
from the diffuser are relevant parameters.
On the other hand, for sufficiently large vertical
momentum flux M, the cool air from the diffuser interacts
with the upper region. Then this ventilation pattern is a
hybrid between mixing and pure displacement ventilation.
We assume that all the walls are adiabatic to the room
environment. We also ignore any effects of heat conduction
and radiation. Although a heat source and a cooling diffuser
both located on the floor level of a ventilated room having a
ceiling opening is considered here, the results apply equally
to a cool source and a heating diffuser located on the ceiling
of a ventilated room having a floor opening, provided
temperature differences are small enough for the Boussinesq
approximation to be valid.
2.1. Displacement ventilation model
We begin by discussing pure displacement ventilation. A
two-layer stratification is established in the space because of
density differences produced by the buoyancy sources. The
upper layer is formed by the supply from the heat plume, and
the lower layer by the supply from the cooling diffuser. Mass
exchange between these two layers only occurs inside the
plume at the density interface; elsewhere the interface
separates the two different regions. The air in the upper layer
exits through the ceiling opening at the rate Q given by the
input volume flux from the diffuser. This volume flux is also
equal to the volume flux Qp in the plume at the height of the
interface (see Fig. 3(a) and (b)).
This volume conservation is expressed as
Q ¼ Qp ¼ Qout ;

(1)

where Qout is the volume flux leaving the room.
The buoyancy force is conveniently described in terms of
a reduced gravity
rr  r
g;
rr

2. Theoretical model

g0 ¼

We consider the steady-state ventilation flow and the
stratification in a room with a UFAD system consisting of

where r is the density of air, rr the reference density and g
the gravitational acceleration. The Boussinesq approxima-

(2)
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tion is applied in this analysis, so the density difference
Dr = rr  r is assumed to be much smaller than the reference density rr, i.e. Dr  rr.
For air, well represented as an ideal gas, the reduced
gravity is
g0 ¼

T  Tr
g;
Tr

since the buoyancy flux g02 Qout leaving the space is equal to
the input buoyancy flux B.
Therefore, in this displacement model, once the supply
volume flux Q is given with a fixed heat source B, the
quantitative values of other parameters in the space can be
solved analytically. Eqs. (6) and (8) can be rewritten as

(3)
h¼

Q3=5
C 3=5 B1=5

(9)

where Tr is the reference temperature and T the temperature
of the air, and temperatures are in K. Thus, the Boussinesq
approximation implies T  Tr  Tr; since typically
T  Tr  5 K and Tr  300 K, this approximation is easily
satisfied.
Here we choose the density of the air from the cooling
diffuser rf as the reference density rr. Since there is no
mixing, the reduced gravity in the bottom layer g01 (which
corresponds to the temperature Tl) is the same as that from
the cooling diffuser g0f (or Tf), i.e.

When the heat source is fixed, the interface height h is
proportional to the 3/5 power of the volume flux from the
cooling diffuser. Increasing the ventilation flow rate raises
the interface height by Eq. (9) and reduces the temperature
of the upper layer according to Eq. (10).

g01 ¼ g0f ¼ 0:

2.2. UFAD ventilation model

(4)

When the steady two-layer stratification is established,
the density of the upper buoyant layer is the same as that of
the plume at the density interface. For a self-similar plume
(see [6]), the equations of the volume flux Qp in the plume
and the mean reduced gravity g0p are given in terms of the
buoyancy flux B of the plume source and the distance z from
the plume source as
B ¼ g0p Qp ¼ constant;

(5a)

Qp ¼ Qp ðB; zÞ ¼ CðBz5 Þ1=3

(5b)

and
1
g0p ¼ g0p ðB; zÞ ¼ ðB2 z5 Þ1=3 ;
C

(5c)

where C ¼ ð6=5Þaðð9=10ÞaÞ1=3 p2=3 and a is the entrainment constant for a buoyant plume.
Therefore, the volume flux in the plume at the interface is
Qp ðB; hÞ ¼ CB1=3 h5=3 ;

(6)

which is equal to the volume flux Q from the cooling diffuser
and the volume flux Qout leaving the space, as shown in Eq.
(1). The reduced gravity g02 of air in the upper layer is
determined by the buoyancy flux B of the heat source and the
vertical distance h from the interface height to the origin of
the plume, i.e.
g02 ¼ g0p ðB; hÞ ¼

1 2=3 5=3
B h
:
C

(7)

g02

The reduced gravity
of the upper layer of the steadystate is also determined by the buoyancy conservation
equation, i.e.
g02 ¼

B
;
Qout

(8)

and
g02 ¼

B
:
Q

(10)

When the vertical momentum flux M from the cooling
diffusers is sufficient to penetrate the density interface, the
consequence of mixing with the upper layer needs be taken
into account. Cool air forced upwards by the momentum of
the input crosses the interface into the upper layer. The cool
air then falls back towards the floor entraining some of the
warm air from the upper layer during its penetration through
the density interface. The configuration is depicted
schematically in Fig. 2.
We assume, in a steady-state, that a two-layer stratification forms as in Section 2.1, and this assumption is
confirmed by experimental observations (see Section 4).
Volume conservation in the space is again given by
Q ¼ Qout :

(11)

When the vertical momentum of a turbulent fountain is
large enough to cause penetrative entrainment of upper layer
fluid into the lower layer, the volume flux supplied to the
upper layer by the plume increases, with volume flux QE, to
include this entrained volume flux. In this case, volume flux
conservation in the upper layer is now modified from Eq. (1)
to
Qp ¼ Qout þ QE :

(12)

As before, buoyancy conservation in the room is
g02 Qout ¼ B;

(13)

so the upper layer temperature is the same as for displacement ventilation. Since the penetrative entrainment by the
turbulent cool fountain brings some hot buoyant air into the
lower layer, the reduced gravity of the lower layer is no
longer equal to that from the fountain source, but has a value
between that of the upper layer and that from the fountain
source, i.e. g0f < g01 < g02 .
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The volume flux Qp in the plume at the density interface
is again given by

Since rf is used as the reference density here, g0f ¼ 0.
Hence (18a) and (18b) are also expressed as

Qp ðB; hÞ ¼ CðBh5 Þ1=3 ;

g01 ¼

(14a)

and the reduced gravity step across the interface is
1
Dg0 ðB; hÞ ¼ g02  g01 ¼ ðB2 h5 Þ1=3 :
C

(14b)

Eqs. (11) and (13) can be rewritten as
B
g02 ¼ ;
Q

(15)

which is the same as that for the displacement case (see Eq.
(10)), and from Eqs. (12) and (14a) we have
ðQ þ QE Þ3=5
:
(16)
C 3=5 B1=5
Comparison of Eq. (16) for UFAD ventilation with Eq.
(9) for displacement ventilation, having the same heat flux B
and volume flux Q, shows that the interface height h
increases as a result of penetrative entrainment by the
diffuser. This entrainment increases the volume flux carried
by the plume through the interface Q + QE > Q.

h¼

In contrast to displacement ventilation where the
lower layer is at the supply temperature, the temperature
of the lower layer in UFAD ventilation depends on
the mixing of warm air from the upper part of the
room. Therefore, one more equation is needed to solve
the problem. We assume that the volume flux entrained
by the fountain across the interface is proportional to
the volume flux Qint in the fountain at the interface.
Thus
QE ¼ EQint ;

(17)

where E is a penetrative entrainment constant.
Using Eq. (17) and balancing the buoyancy inputs and
outputs for the lower layer, we find the reduced gravity g0l of
the lower layer is given by
g01 ¼

g02 QE þ g0f Q þ g01 ðQint  QÞ
:
QE þ Q þ ðQint  QÞ

(18a)

The fluid entrained into the fountain in the lower layer
has the volume flux Qint  Q and reduced gravity g01,
and this fluid falls back to the lower layer. That does not
change the stratification in the space. This fluid enters the
upper layer and circulates back to the lower layer.
However, this fluid entrains upper layer fluid into the
lower layer and provides an additional heat flux g02 QE into
the lower layer. Therefore, the lower layer buoyancy is
also expressed as
g01 ¼

g02 QE þ g0f Q
:
QE þ Q

(18b)

g02 QE
:
QE þ Q

(18c)

Eq. (18c) is consistent with Eq. (4) in the displacement
ventilation when there is no penetrative entrainment at the
interface, QE = 0 and g01 ¼ 0 ¼ g0f . When the vertical
diffuser momentum increases, the penetrative entrained
volume flux QE increases. The reduced gravity g01 in the
lower layer approaches the reduced gravity g02 in the upper
layer as the vertical momentum flux increases. In the limit of
large momentum flux, QE
Q, the whole space becomes
well mixed (and g01  g02 ).
A study of penetrative entrainment at the interface due to
a fountain is addressed in Lin and Linden [11] (see also
Chapter 4 of Lin [12]). The penetrative entrainment constant
E was measured in separate experiments and was found to be
E = 0.6 0.1. We estimate Qint by the fountain model of
Bloomfield and Kerr [13], solved via an explicit Euler
numerical scheme.
Note that the effects of boundaries are not taken into
account in the quantitative estimation of the penetrative
entrained volume fluxes. If the diffuser jet hits a boundary,
such as a sidewall or, more importantly, the ceiling, the
penetrative entrainment rate will be changed from the free
case. However, the equations in this section are still valid
except Eq. (17). It would be necessary to re-evaluate the
penetrative entrainment rate E in these cases.

3. Experiments
Experiments were conducted in two different Plexiglas
water tanks using salt solutions to simulate airflow inside
buildings (Linden et al. [14], and Baker and Linden [15]).
The first has width W = 15.0 cm, height H = 30.0 cm and
length L = 30.0 cm, and is filled to a depth of 23.0 cm with
fresh water at the beginning of the experiment; this tank is
denoted as Tank 1. The second has W = 28.0 cm,
H = 58.5 cm and L = 58.5 cm, and is filled with water to
25.0 cm; this tank is denoted as Tank 2. Two sources were
placed in the tank: a salt solution plume source simulating a
heat source and a fresh water jet source simulating a cooling
diffuser. Both sources were located at the level of the water
surface. A siphon pipe, with inlet at the tank base, was
connected to a constant head drain to keep a constant volume
in the tank during the experiment. The geometry of this
arrangement is inverted from a real UFAD system. In the
following, the description and the results are presented as
though the experiment is inverted (see Fig. 4(a)) so that they
correspond to the ventilation orientation.
From our experimental observations, we find that a
steady-state was reached after the fresh water jet injects 8–
10 times as much fluid as the tank volume to replace the fluid
in the tank. The smaller size of Tank 1 reduces the time to
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The optical technique developed by Cenedese and
Dalziel [18] was used to measure the density in the tank.
Dye was added to the plume source and acted as a tracer for
density. The intensity attenuation due to the dye under a
constant light source was used to determine the local density
averaged across the width of the tank. Fig. 4(b) shows an
image of light intensity after correction for the background
lighting. The positions of the windows for measuring the
light intensity in the tanks are shown in Fig. 4(a). Each two
adjacent windows have an interval of 0.5 cm between them.
The window size in Tank 1 is 2 pixels high by 30 pixels wide
(about 0.1 cm high by 2.0 cm wide in real scale), and that in
Tank 2 is 2 pixels high by 38 pixels wide (about 0.2 cm high
by 5.5 cm wide in real scale).
When a fixed cross-section area nozzle is used, the
momentum flux varies with the volume flux. The momentum
flux M is related to the cross-section area A and the volume
flux Q of the nozzle by
4 Q2
;
(19)
3 A
assuming that the exit flow has a parabolic-shape velocity
profile. This is a reasonable assumption for the velocity
profile at the exit of the pipe flow. Therefore, two different
nozzles were used to produce different initial volume fluxes
at almost the same momentum flux (Runs 2 and 3 in Table 1),
or different initial momentum fluxes at almost the same
volume flux (Runs 2 and 4), in order to isolate the effects of
variations in M and Q.

M¼

4. Qualitative observations

Fig. 4. The orientation of this experimental arrangement is inverted to be
consistent with the UFAD system. (a) An image before running an experiment, and positions of the windows for measuring the light intensity in the
tank. (b) An image of light intensity of Run 2 in the steady-state after
correction for variations in the background lighting. The intensity scale for
this experiment is corresponding to the reduced gravity from 0 to 7.3 cm/s2.

attain the steady-state significantly compared to the larger
one (Tank 2).
The plume nozzle is the same as the one used in Lin and
Linden [16]. It is 0.5 cm in diameter, and the detail of the
plume nozzle design is described in Hunt and Linden [17].
There are two different fountain nozzles used in the
experiments; in Tank 1 a fountain nozzle was 1.27 cm in
diameter, and in Tank 2 a fountain nozzle was 0.5 cm in
diameter. Each of their exits was covered with wire mesh to
promote disturbance of the flow and generate a turbulent jet.

The plume and fountain sources were both positioned at
the floor level (z = 0) in all cases. When the fountain nozzle
and the plume nozzle were turned on, the fluid from the
plume source entrained the ambient fluid as it ascended,
spread out at the ceiling of the tank and pushed down
ambient fluid, thereby establishing an upper layer. The
fountain source injects fluid upwards, which penetrates
some distance into the upper layer and brings some of the
upper layer fluid to the lower layer. The two-layer structure,
the plume and the flow from the diffuser penetrating into the
upper layer can be seen in Fig. 4(b).
The time to reach a steady-state depends on the size of the
tank and the volume flux of the fountain source that replaces
the fluid in the tank. The lower layer is supplied by the fluid
Table 1
The experimental conditions of four different runs (D is the diameter of
fountain nozzle exit)
Run no.

B (cm4/s3)

M (cm4/s2)

Q (cm3/s)

D (cm)

Tank

1
2
3
4

63.2
63.2
59.1
59.5

228.1
150.3
154.1
770.5

17.0
13.8
5.5
12.3

1.27
1.27
0.5
0.5

1
1
2
2
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Fig. 5. The buoyancy profiles of (a), (b), (c), and (d) were measured in Runs 1, 2, 3 and 4, respectively. Each profile has five consecutive measurements with an
interval of 1 min between each.

from the fountain and that entrained from the upper layer,
and the fluid in this layer is taken out by lateral entrainment
of the plume as it ascends. The supply volume flux and the
size of the lower layer determine the time for the lower layer
to reach a steady-state. The properties of the upper layer are
determined by the fluid from the plume and the fluid of the
lower layer, because the fluid from the plume source entrains
the fluid of the lower layer, and supplies to the upper layer.
The fluid in the upper layer is extracted by penetrative
entrainment of the fountain, and the outflow.
The ventilation directions in the room, outside the plume
and the fountain, are both downward in both layers. The fluid
of the upper layer is supplied by the plume from below, and
extracted at the opening of the ceiling and the penetrative
entrainment at the interface. The fluid in the plume spreads
out at the ceiling level and has a volume flux larger than the
volume flux exiting the room, so the remaining fluid moves

downwards. The fluid of the lower layer is extracted by
lateral entrainment into the plume, and supplied by the
fountain and its entrainment volume flux from the upper
layer. This fluid comes from above, so the movement of the
fluid in the lower layer is downward too.
We observed steady two-layer stratification in all the
experimental cases. Fig. 5 shows vertical buoyancy profiles
of the four experiments. Each profile in Fig. 5 has five
consecutive measurements with an interval of 1-min
between each. These measurements all superimpose
together as one thick line, showing that a steady-state is
achieved.
We maintained almost the same input buoyancy flux B in
all the experiments (see Table 1). For the maximum Q, Run
1, we observe the smallest values of buoyancy (temperature)
(Fig. 5(a)). When Q is decreased, so is M, and in Run 2, we
observe the increasing values of buoyancy and the
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decreasing interface height in the space (Fig. 5(b)),
compared with Run 1. When the almost same M as Run
2 is produced and Q is decreased to the minimum value of all
the experiments, in Run 3, we observe the interface is
relatively close to the floor and the buoyancy in the space is
large (Fig. 5(c)). Keeping a similar Q to Run 2 and
increasing M significantly, in Run 4, we observe a similar
magnitude of buoyancy and a much larger interface height,
compared with Run 2 (Fig. 5(d)).

5. Comparisons with the model
Predictions of the theoretical model in Section 2.2 are
compared with the experimental results in Section 5.1.
Analyzed cases were confined to a certain range of
momentum fluxes and volume fluxes such that the fountain
did not reach the ceiling. We observed that, when
M 530 cm4/s2, the fluid from the fountain source hit the
ceiling of the tank. This boundary effect is a complex issue
and beyond the scope of the theoretical model discussed in
this paper, but some results for this case are discussed briefly
in Section 5.2.
5.1. Without impingement on the ceiling
We apply a virtual origin correction for the plume (Hunt
and Kaye [19]) in the calculations. The virtual origin length
zv for the plume in these experiments is from 1.03 to 1.1 cm.
Then Eqs. (14a) and (14b) for this system become
Qp ðBr ; hÞ ¼ CðBr ðh þ zv Þ5 Þ1=3 ;

(20)

and
1
Dg0 ðBr ; hÞ ¼ ðB2r ðh þ zv Þ5 Þ1=3 :
(21)
C
In the lower layer, the buoyancy flux of the plume now
becomes Br ¼ ðg0s  g01 Þ Qs , where g0s and Qs are the reduced
gravity and volume flux of the plume source, respectively.
Buoyancy conservation of Eq. (13) gives the value of the
upper layer reduced gravity g02. To improve the calculation
accuracy of g02 , the small volume flux Qs (0.7 ml/s in all
experiments and Qs  Q (see Table 1)) from the plume
source is taken into account. Hence g02 is estimated by
g02c ¼

B
:
Q þ Qs

(22)

Fig. 6 shows the estimated values (g01c , g02c and hc), using
a minimum penetrative entrainment rate E = 0.5 and a
maximum one E = 0.7, along with the experimental results.
Experiments of Runs 1 and 2 were conducted in Tank 1,
with a large fountain source nozzle (D = 1.27 cm). Fig. 6(a)
presents the theoretical predictions and the experimental
results of Run 1. The predicted values of interface height
hc = 14.3 and 17.8 cm somewhat overestimate the experimental value he = 14.1 cm. The predicted values of the lower

layer reduced gravity g01c = 2.2 and 2.5 cm/s2 span the
experimental measured value g01e = 2.3 cm/s2. The predicted
value of the upper layer g02c = 3.1 cm/s2 has a deviation
0.2 cm/s2 from the experimental value g02e = 2.9 cm/s2. The
light intensity technique is considered to have 10%
deviations with the real buoyancy value. The difference
between g02c and g02e is within the region of experimental
uncertainty 0:1g02e.
Fig. 6(b) shows the theoretical predictions and the
experimental results of Run 2. The predicted values of
interface height hc = 11.3 and 12.0 cm are in good
agreement with the experimental value he = 11.8 cm. The
predicted values of the lower layer reduced gravity g01c = 2.9
and 3.3 cm/s2 slightly underestimate the experimental
measured value g01e = 3.3 cm/s2. We present the results
having the accuracy to 101 cm/s2. Although the second
prediction is the same as the experimental measurement, from
Fig. 6(b) we can see the prediction is slightly below the
experimental measurement. The difference between these
two values is within 101 cm/s2. The estimated value of the
upper layer buoyancy g02c = 4.4 cm/s2 has a difference of
about 0.2 cm/s2 from the experimental value g02e = 4.2 cm/s2.
Theoretical predictions of Run 3 have good agreement
with the experimental results (Fig. 6(c)). The predicted
values of the interface position (hc = 8.3 and 13.7 cm) and
the lower layer reduced gravity (g01c = 7.4 and 8.4 cm/s2)
both span the experimental results (he =9 cm and
g01e = 8.0 cm/s2). The estimated upper layer buoyancy
g02c = 9.5 cm/s2, by Eq. (22), has a difference of about
0.3 cm/s2 from the experimentally determined average
buoyancy g02e = 9.8 cm/s2. These differences are within
the experimental uncertainty.
These results show that, when the fountain does not
interact with the boundary, the UFAD model provides
reasonable predictions with experimental results in the
steady state. The theoretical predicted values are within 10%
of the experimental results.
5.2. With impingement on the ceiling
When a turbulent fountain hits the ceiling, Eq. (17) is no
longer valid. The penetrative entrainment assumption is
based on a certain ratio of the available kinetic energy at the
density interface being converted into the gained potential
energy in the system. Since the boundary impact dissipates
part of available kinetic energy, we expect the value E of the
penetrative entrainment rate to be reduced.
In Run 4, the turbulent fountain had sufficient momentum
to impinge on the ceiling of the tank. The upper layer
buoyancy can still be estimated by Eq. (22), and we have
g02c = 4.6 cm/s2, in good agreement with the experimental
measurement g02e = 4.8 cm/s2 (see Fig. 5(d)). But the
penetrative entrained volume flux by the turbulent fountain
across a density interface is more complicated than that
discussed in this paper. The model uses the minimum and
maximum limits of penetrative entrainment rate E = 0.5 and
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Fig. 6. The theoretical estimations are compared with the experimental results of (a) Run 1, (b) Run 2 and (c) Run 3.

0.7 to estimate the values of the interface height hc, between
23.6 and 34.7 cm, and the lower layer buoyancy g01c, between
4.3 and 4.4 cm/s2. The predicted interface position is
significantly different from the experimental measurement
he = 19.5 cm. However, the average measured value of the
lower layer reduced gravity g01e = 4.1 cm/s2 is not too far
from the predicted values g01c although this model is not
valid.

Supply air temperature (SAT) from the cooling diffuser is
20 8C.
Fig. 7(a) shows a case has the fixed input volume flux
Q = 6.6 104 cm3/s (about 147 CFM) and momentum flux
M = 3.46 106 cm4/s2, and the heat flux H varies from 420
to 620 W. Linden [20] shows that flows driven by sources of
heat with heat flux H are characterized by the buoyancy flux
B¼

ggH
;
rcp

(23)

6. Numerical simulation
Eqs. (12), (14a), (14b) and (17) coupled with the fountain
model of [13] are solved numerically to estimate the values
of the lower layer reduced gravity g01 and the interface height
h. Here we examine the effects of varying one of parameters
B, Q or M. Typical parameters in the present design of UFAD
systems (see [10]) are used in our stimulation. The room has
a height of 3 m and a square area, with 4.8 m at each side.

where g is the coefficient of thermal expansion and cp the
specific heat capacity at constant pressure. Fig. 7(b) has the
fixed heat flux H = 520 W and momentum flux
M = 3.46 106 cm4/s2, and Q is varied from 4.8 104 to
8.4 104 cm3/s (about 107–187 CFM). Fig. 7(c) has the
fixed heat flux H = 520 W and ventilation rate
Q = 6.6 104 cm3/s, and M is varied from 2.46 106 to
4.46 106 cm4/s2.
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Fig. 7. Numerical simulation of the vertical stratified profiles in the space has (a) different heat loads, (b) different ventilation rates, and (c) different momentum
fluxes when the other conditions are fixed.

The results of the model show predicted interface heights
about 1.5–2 m. These show that for the typical conditions the
cooled zone reaches up to about head height, as expected.
The variations of interface height are quite modest for the
parameter ranges under consideration. On the other hand,
the lower zone temperature shows a significant variation
(about 3 8C) with ventilation rate (Fig. 7(b)).
We can see the influence of a single parameter of B, Q or
M on the flow stratification from the results of numerical
simulations. When the heat load increases, the temperatures
in the space (both layers) increase and the interface height
reduces as shown in Fig. 7(a). When the ventilation flow rate
increases, the height of the interface increases and the
temperatures of the both layers decrease (see Fig. 7(b)).
When the momentum flux increases, the interface height
increases and the temperature contrast across the interface
decreases (see Fig. 7(c)). The temperature contrast between
two layers is related to the penetrative entrained volume flux

by the fountain. The larger penetrative entrained volume flux
results in a smaller temperature difference across two layers
when the other conditions are fixed (see Eq. (18)).

7. Discussion
When the vertical momentum flux from the diffuser is
small, the penetrative entrainment mechanism at the
interface is not significant and a displacement model is
suitable for design. As the vertical momentum flux
increases, penetrative entrainment becomes important. In
that case, the interface is raised above the height obtained by
the displacement case and the lower layer temperature
increases. A trade-off between these changes is required to
obtain optimal performance from the UFAD system.
A two-layer stratification forms in the space when the
steady state is reached. The interface height is controlled by
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the ventilation rate and the momentum flux, while the
temperature contrast between the two layers is set by the
momentum flux. The heat load determines the temperature
in the space for a given ventilation condition.
When the flow from the diffuser hits the ceiling, the
theoretical model is still able to estimate the upper layer
temperature but fails to estimate the interface height and
the lower layer temperature. However, this case is of little
practical importance, since the system is designed to have
the cooling jets that terminate before they reach the
ceiling.

8. Conclusions
We present a study of the steady-state flow driven
by a heat source and an UFAD cooling diffuser in a
ventilated space having a ceiling return. We have
developed a new UFAD ventilation model for the flow
in this specific space, and carried out laboratory
experiments using the salt-bath technique to simulate
the flow. Our study shows that the control parameters on
the flow pattern are the buoyancy flux of the heat source,
the volume flux and the momentum flux of the cooling
diffuser.
Both qualitative behaviors and quantitative predictions of
this system are presented. The UFAD ventilation model is
applied to describe and estimate the properties of the indoor
environment. The model explains plainly the qualitative
observations from our experiments. Theoretical predictions
by this model are in reasonable agreement with our
experimental results.
Comparisons between the results of this research and the
measurements of full-scale buildings are being conducted in
order to provide some guidelines to building designers for
designing UFAD systems.
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