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Abstract

The air.ow and thermal strati"cation produced by a localised heat source located at .oor level in a closed room is of considerable
practical interest and is commonly referred to as a ‘"lling box’. In rooms with low aspect ratios H=R.1 (room height H to characteristic
horizontal dimension R) the thermal plume spreads laterally on reaching the ceiling and a descending horizontal ‘front’ forms separating
a stably strati"ed, warm upper region from cooler air below. The strati"cation is well predicted for H=R.1 by the original "lling box
model of Baines and Turner (J. Fluid. Mech. 37 (1968) 51). This model represents a somewhat idealised situation of a plume rising from
a point source of buoyancy alone—in particular the momentum .ux at the source is zero. In practical situations, real sources of heating
and cooling in a ventilation system often include initial .uxes of both buoyancy and momentum, e.g. where a heating system vents warm
air into a space. This paper describes laboratory experiments to determine the dependence of the ‘front’ formation and strati"cation on
the source momentum and buoyancy .uxes of a single source, and on the location and relative strengths of two sources from which
momentum and buoyancy .uxes were supplied separately.
For a single source with a non-zero input of momentum, the rate of descent of the front is more rapid than for the case of zero source

momentum .ux and increases with increasing momentum input. Increasing the source momentum .ux e;ectively increases the height of
the enclosure, and leads to enhanced overturning motions and "nally to complete mixing for highly momentum-driven .ows. Strati"ed
.ows may be maintained by reducing the aspect ratio of the enclosure. At these low aspect ratios di;erent long-time behaviour is observed
depending on the nature of the heat input. A constant heat .ux always produces a strati"ed interior at large times. On the other hand, a
constant temperature supply ultimately produces a well-mixed space at the supply temperature.
For separate sources of momentum and buoyancy, the developing strati"cation is shown to be strongly dependent on the separation

of the sources and their relative strengths. Even at small separation distances the strati"cation initially exhibits horizontal inhomogeneity
with localised regions of warm .uid (from the buoyancy source) and cool .uid. This inhomogeneity is less pronounced as the strength of
one source is increased relative to the other. Regardless of the strengths of the sources, a constant buoyancy .ux source dominates after
su?ciently large times, although the strength of the momentum source determines whether the enclosure is initially well mixed (strong
momentum source) or stably strati"ed (weak momentum source). c© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The thermal strati"cation generated by a localised source
of heat at .oor level in a con"ned space is of considerable
interest to building ventilation. Many sources of heat gen-
eration in buildings may be regarded as being localised,
e.g. computers, occupants etc., and knowledge of the de-
veloping vertical temperature pro"le produced by these
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E-mail address: gary.hunt@ic.ac.uk (G.R. Hunt).

sources is required before air quality and occupant comfort
levels can be determined. In general, these sources may be
classi"ed as either ‘pure’ buoyancy sources, e.g. an elec-
tric "re or a radiator in a hot water heating system, or
as ‘forced’ buoyancy sources which are characterised by
non-zero source momentum .uxes, e.g. in a heating system
in which warm air is injected into the space.
The strati"cation produced by a localised pure heat source

in an unventilated enclosure that initially contains cool air
of a uniform temperature has been considered by Baines
and Turner [1]; referred to hereafter as B&T. Using a saline
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Nomenclature

AS Area of source (m2)
Ar Archimedes number
Ar(0) Source value of the Archimedes number
b Plume radius (m)
B0 Buoyancy .ux of the source (m4 s−3)
B Total buoyancy of upper layer formed ini-

tially (m4 s−2)
cp Speci"c heat capacity (j kg−1 C−1)
c; c2 Dimensionless plume parameters dependent

on the entrainment coe?cient
dmax Maximum penetration depth of the buoyant

intrusion (m)
E Heating load of the source (W)
g Acceleration due to gravity (m s−2)
g′ Reduced gravity of the source (m s−2)
g′i Reduced gravity of the interior (m s−2)
G Constant, ≈ 1:159
H Enclosure height (m)
He; E;ective height of enclosure (m)
I Inertia of plume at the ceiling (m4 s−2)
2L1; 2L2 Horizontal dimensions of enclosure (m)
Lj Jet-length (m)
Lq Length scale characterising importance of

source .ow rate in a plume
M Momentum .ux (m4 s−2)
M0 Momentum .ux of the source (m4 s−2)
Q Volume .ow rate (m3 s−1)
Q0 Volume .ow rate of the source (m3 s−1)
R Characteristic horizontal enclosure dimen-

sion (m)

S Cross-sectional area of enclosure (m2)
t Time (s)
tn time constant; =V=Q0 (s)
t∗ Characteristic time scale; = gV=B0 (s)
Ti; T0 Internal temperature (◦C) at time t, initial

temperature (K) (= initial temp: ◦C + 273)
Uw Velocity in ceiling current at point of impact

with side wall (m s−1)
V Volume of enclosure (m3)
z Vertical co-ordinate (m)
z0 Height of "rst front above actual source (m)
zv Vertical distance between actual and virtual

sources (m)
� Entrainment coe?cient
� Coe?cient of thermal expansion (◦C−1)
Q� Density contrast between plume .uid at

source and surroundings (kg m−3)
� Horizontal source separation (m)
� Source diameter (m)
� Fluid density (kg m−3)
� Empirical constant, = 1:85
� Characteristic time scale (s)

Subscripts

c refers to quantities in the ceiling current
i refers to quantities in the interior
s refers to quantities at the supply
0 refers to initial quantities

plume in a water tank as a model for a heat source in air, 1

B&T observed and measured the developing vertical strat-
i"cation. Their experiments showed that for a range of as-
pect ratios H=R (room height H to characteristic horizontal
dimension R) the rising turbulent plume spreads across the
ceiling to form a warm layer of air, separated by a hori-
zontal initial ‘front’ (or thermal interface) from the layer
of cooler air below. Turbulence in the warm upper layer
decays and the spreading warm air becomes part of the
non-turbulent environment. Subsequently, the plume rises
through this growing warm layer and arrives at the ceiling
warmer than it did before. As a result, the out.ow from
the plume is warmer and occurs above the existing warm
region that is displaced downwards and a stable strati"ca-
tion develops. B&T tracked the position of the initial front
and, using plume theory (Morton et al. [2]), showed that the
relationship between front height z= z0 above .oor level
and the time t after the plume "rst reached the ceiling is

1 Throughout this paper the results of laboratory experiments are de-
scribed as though for heat rising in air. Images of the .ows observed
during experiments are shown as seen in the laboratory.

closely predicted by the expression

z0
H
=

[
4�
5

(
18�
5 

)1=3 tH 2=3B1=30
R2

+ 1

]−3=2

for H=R¡ 1; (1)

where B0 denotes the buoyancy .ux of the source and �
(≈0:083, Turner [3]) is an empirically determined plume
entrainment coe?cient. At large aspect ratios H=R, B&T
observed that the initial out.ow from the plume intruded ver-
tically downwards into the cooler layer below after colliding
with the side walls of the container, and that this intrusion
was re-entrained by the plume. This resulted in mixing and a
general overturning motion that increased in scale asH=R in-
creased. The (stabilising) buoyant ceiling layer opposes the
(destabilising) momentum .ux generated by the plume, and
B&T argued that if this momentum .ux could be de.ected
downwards, a measure of the tendency towards overturning
is the ratio of the inertia and buoyancy forces I=B, namely,

I
B
=
9�
10

(
H
R

)2
: (2)



G.R. Hunt et al. / Building and Environment 36 (2001) 871–882 873

B&T found H=R ≈ 1 to be the maximum value for which
the "lling box model (1) holds and, thus, the limiting value
of the parameter I=B in (2) is approximately 0.1, i.e. the
inertia force need only be about 10% of the buoyancy force
to prevent the "lling box behaviour. For H=R¡ 1, the depth
of the layer formed by the initial plume out.ow is small
compared with H and overturning motions are negligible.
For larger aspect ratios (1.H=R.6) an increasing pattern
of overturning is observed with increasing H=R, and the
geometry of the space plays a signi"cant role in encouraging
mixing. ForH=R& 6, the strati"cation changes dramatically
from that of the "lling box (Barnett [4]).
B&T consider the strati"cation established by a pure

source of buoyancy. In practical situations, however, real
sources of heating and cooling in a ventilation system often
include initial .uxes of both buoyancy and momentum.
With combined buoyancy and momentum inputs, a number
of questions arise, such as how does the balance between
the buoyancy and momentum of a single source or supplied
individually from two separate sources a;ect the mixing,
strati"cation and air quality in a room? To determine the
dependence of both the ‘front’ formation and strati"cation
on the source momentum M0 and buoyancy B0 .uxes new
experiments were performed. First, the case of an enclosure
containing a forced buoyancy source was considered. We
then further extended the concept of a "lling box with an
input of momentum by considering an enclosure containing
two localised sources, namely, a source of momentum .ux
only (a jet) and a source of buoyancy .ux only (a plume).
The primary motive for considering this latter con"gura-
tion of sources was to determine how the strati"cation is
modi"ed as a result of the spatial distribution of the source
.uxes.
The layout of the paper is as follows. In Section 2, we

describe the experiments for a forced plume from a single
source. A model, extending B&T, and taking account of the
"nite source momentum .ux is given in Section 3. Exper-
iments on two sources are discussed in Section 4 and the
conclusions given in Section 5.

2. Single source experiments

2.1. Governing parameters

A source of momentum (with no buoyancy) in an enclo-
sure leads to a turbulent jet and this provides the turbulence
to keep the interior stirred and well mixed. When the source
emits both buoyancy and momentum, such as a forced vent
of warm or cold air, there are many possible .ows depend-
ing on the directions of the momentum and buoyancy. When
they act in the same direction, i.e. warm air forced upwards
or cold air blown downwards, the resulting .ow is a forced
plume or buoyant jet. In this case, there is a competition be-
tween the buoyancy tending to stratify the interior and the
momentum tending to mix it. Thus with a forced plume it

is possible to go from the strati"ed case to the mixed case
by changing the relative magnitudes of the buoyancy and
momentum .uxes.
The properties of a forced plume are determined by the

buoyancy .ux B and the momentum .ux M . If the .uid is
forced through a vent of area AS with volume .ow rate Q0

and has a density �i−Q� relative to the density �i within the
space, these .uxes at the source are de"ned by B0 = g′0Q0

andM0 =Q2
0A

−1
S , where g′0 ≡ gQ�=�0 is the reduced gravity

of the input and �0 denotes the initial density within the
space. For a heat source, the buoyancy .ux is proportional
to the heat .ux, see (22). The properties of a forced plume
are determined by the dimensionless parameter

Ar(0)=
(
Lq
Lj

)2
; (3)

where Ar(0) is the source value of the Archimedes number
Ar and

Lj
H
=

M 3=4
0

HB1=20
(4)

and

Lq
H
=

Q0

HM 1=2
0

; (5)

are dimensionless length scales associated with the e;ects
of the initial momentum .ux and volume .ux, respectively,
in a space of height H .
The jet-length Lj=H , sometimes known as the thermal

length, gives a measure of the stratifying properties of the
forced plume. A pure jet has in"nite Lj=H and the inte-
rior remains unstrati"ed for all times, while as Lj=H → 0 a
strati"ed "lling box occurs. In an uncon"ned environment,
.ow above a buoyant source with a non-zero initial momen-
tum .ux is jet-like close to the source and tends towards a
pure plume-like .ow further above the source. A measure
of the vertical height over which the .ow is dominated by
its source momentum .ux and is essentially jet-like is called
the jet-length. In a con"ned space, the .ow may not always
develop into a plume-like .ow before reaching the ceiling.
For Lj�H the .ow is jet-like over a relatively small vertical
height and will develop into a plume-like .ow well before
reaching the ceiling. For Lj�H , the .ow is dominated by
its source momentum .ux over the entire vertical height of
the enclosure and will be jet-like on reaching the ceiling.
The ratio Lq=H gives a measure of the height over which
the initial volume .ux is signi"cant compared with that en-
trained by the plume. For the present experiments, Lq=H is
small and the plume is well represented as a point source
with zero initial volume .ux. We will not discuss this pa-
rameter further.
Other dimensionless length scales of signi"cance are the

enclosure aspect ratios

H
L1

and
H
L2
; (6)
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Table 1
Dimensions of the plexiglass tanks

2L1 (cm) 2L2 (cm)

Tank #1 61 61
Tank #2 58.3 27.9

(see Fig. 7) which determine the level of overturning in-
duced by the enclosure geometry.

2.2. Experiments

Two plexiglass tanks were used for the experiments; one
of square cross section (tank #1) and a second of rectangular
cross section (tank #2, see Table 1 for dimensions). The
tank was "lled to a depth H with fresh water (Fig. 7). The
aspect ratio of the enclosure was increased by increasing H .
The nozzle, designed to produce a turbulent plume (for a
schematic of the nozzle design see Hunt and Linden [5]),
was suspended in the tank just below surface level; the large
density step at the air=water interface provides a barrier to
the .ow and represents the enclosure .oor.
The nozzles produced turbulent .ow at the point of dis-

charge even at relatively low supply .ow rates. This enabled
forced plumes with relatively small jet-lengths (see (3))
compared with H to be generated. Larger jet-lengths were
achieved by reducing � or increasing Q0. For the largest
jet-lengths considered, an electric pump was used to supply
.uid to the nozzle.
Fluid was not removed from the tank during an exper-

iment so that the total volume increased. The supply .ow
rates of the sources were negligibly small compared with
the volume .uxes entrained by the sources and the relatively
large cross-sectional area of the tank resulted in only a small
change in the overall depth of the .uid (always less than
0:05H) over the course of a typical experiment. This depth
change had a negligible e;ect on the strati"cation and .ow
in the tank. To aid visualisation, dye was added to the saline
solution. Fig. 7 shows schematically the enclosure and nota-
tion. The plume nozzle was located at the centre of the tank
and supplied with brine via a constant-head tank to ensure
a constant .ow rate. The tank was di;usely lit from behind
using .uorescent lighting and the experiments "lmed using
a video camera. Images were recorded onto video tape and
simultaneously, via a frame grabber, to computer hard disk.
A mirror positioned at one end of the tank at 45◦ to the cam-
era enabled the .ow from both the front and side of the tank
to be "lmed simultaneously.
The falling turbulent saline plume is dynamically equiv-

alent to a thermal plume rising from a heat source in air
and, thus, the observed .ow was simply inverted, by invert-
ing the camera, in order to represent warm air rising in a
room. Using saline inputs as a model for heat sources pre-
cludes the modelling of radiative e;ects and, thus, we expect
buoyancy gradients to be greater in the model than in a real
room. Furthermore, the use of saline solutions does not al-

low for transfers between the .uid and the ‘building’ fabric
and corresponds to the situation of adiabatic boundaries.

2.3. Results

We consider low aspect ratios for which overturning and
mixing are negligible in the absence of source momentum
.ux and focus on the e;ect of M0 on the initial front for-
mation. Source conditions considered ranged from an al-
most pure buoyancy source (Lj=H =0:14) to a highly forced
buoyancy source (Lj=H =1:58).
For Lj=H =0:14, the formation and descent of the initial

front (Fig. 2a) were as expected, similar to the pure buoy-
ancy source case described by B&T, since the source mo-
mentum .ux only a;ects the motion over a vertical height
of the order of a jet-length. Above this height the momen-
tum .ux generated by the buoyancy exceeds M0 and thus,
on reaching the ceiling the .ow is plume-like, although with
a greater momentum .ux than for a pure buoyancy source.
The initial stages of the .ow, showing the change in scale

of the overturning motion with Lj=H , are depicted schemat-
ically in Fig. 1. After colliding with the side and end walls
of the enclosure the buoyant ceiling current was forced ver-
tically downwards into the ambient layer. For small Lj=H ,
the downward .ow was weak and only extended a small dis-
tance into the layer below. On increasing Lj=H , the length
of the intrusion increased and mixing was observed as the
intrusion was re-entrained by the plume, i.e. a pattern of
overturning developed. The vertical scale of the overturning
motion increased as Lj=H increased.
For Lj=H�1 (Fig. 1a), the collision of the ceiling current

with the walls of the enclosure produced a negligible down-
.ow, and at the time of collision, the ceiling layer depth
was comparable with the plume radius at the height of the
ceiling. Wave-like motions were observed on the horizon-
tal interface as a result of the intrusion ‘slumping’ back and
the ceiling current re.ecting o; the walls. The interface was
horizontal and the enclosure "lled with buoyant .uid as de-
scribed by B&T.
On increasing Lj=H the intrusion descended further into

the layer below (Fig. 1b). Again the intrusion slumped
back, but the depth of the ceiling layer formed at the end
of the slumping stage, and which marked the start of the
‘"lling’ box dynamics as described by B&T, increased as
Lj=H increased. Disturbances on the interface were more
pronounced as Lj=H increased. For Lj=H�1, the intrusion
extended a considerable vertical distance down the walls
of the enclosure (Fig. 1c) and was re-entrained by the
plume. In this case, a descending front was not observed
and buoyant .uid was mixed throughout the majority of the
interior.
Dye released in the plume indicated a signi"cant radial

variation in the depth of the buoyant ceiling layer during
the initial development of the strati"cation; the layer was
deepest at the perimeter of the enclosure and became pro-
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Fig. 1. Qualitative illustration of the change in scale of the initial overturning with increasing jet-length. The shaded region depicts the descending .ow
from the source, the lateral spreading current and intrusion at the side walls into the less dense .uid above. The jet-length increases between (a), (b) and
(c). In (a) Lj=H�1 and in (c) Lj=H�1. Note that the scale of overturning increases with increasing Lj=H . Filling box type .ows follow the situation
depicted in (a) and (b). In (c), the majority of the interior subsequently becomes well mixed.

Fig. 2. Shadowgraph images of a forced saline plume with buoyancy .ux B0 = 70:2 cm4 s−3 in a rectangular unventilated enclosure (tank
#2; H=L1 = 0:5; H=L2 = 1:05). (a),(c) Weakly forced plume with M0 = 44:6 cm4 s−2, Lj=H =0:14, and (b),(d) strongly forced plume with
M0 = 1115:6 cm4 s−2, Lj=H =1:58. The left portion of each image shows the .ow viewed from the front of the enclosure and the right portion shows
the end face of the enclosure. The ‘top’ of the enclosure is the free surface. Although not visible on these images it is just above the level of the source.
Note that at t=180 s the saline layer is deeper and less dense (as indicated by the reduced concentration of dye) in (d) than in (c).

gressively shallower towards the centre of the ceiling. For
highly forced plumes, the radial increase in the depth of the
initial out.ow current was signi"cantly greater than that pro-
duced by a pure plume of identical buoyancy .ux. Entrain-
ment into the radially spreading ceiling current produced
by a pure buoyancy source is weak (for small aspect ra-
tios) and the current tends to decrease in depth, or remain
at approximately constant depth with increasing radius. The
increase in buoyant layer depths between Lj=H =0:14 and
Lj=H =1:58 can be seen by comparing Fig. 2c and d at 180 s.
This entrainment leads to reduced upper layer temperatures
with increasing Lj=H .
In the square-sectioned enclosure (tank #1; L1 =L2),

the geometry is characterised by the single aspect ra-
tio H=L1. The two aspect ratios H=L1 and H=L2 describe
the rectangular-sectioned enclosure (tank #2) for which
H=L2¿H=L1. In the tank #2, we observed that the initial
ceiling current collided with the ‘front’ and ‘back’ walls
before colliding with the end walls of the enclosure (Fig.
2c and d, images at t=15 s). As the current spreads later-

ally its depth increased rapidly as a result of shear-induced
mixing and mixing caused by collision with front and back
walls. A true "lling box .ow was observed only when both
aspect ratios were less than unity and Lj=H�1.
For su?ciently highly forced sources (Fig. 2b,d), buoyant

.uid mixed throughout the entire .uid column (i.e. from
ceiling to .oor level) after colliding with the front and back
walls before being re-entrained into the forced plume. A
similar pattern was observed when the spreading current
reached the left and right hand end walls. After a short time,
warm air from the forced source was mixed throughout the
enclosure (Fig. 2b,d).

3. Theoretical considerations for a single source

3.1. Small jet-length

For the case of Lj=H�1, we may extend the analysis of
B&T by considering a forced plume issuing from a point
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source (i.e. with zero source volume .ow rate) located at
.oor level in an insulated enclosure. By making the point
source approximation we require that the volume .ux added
at the source is negligible compared with the volume .ux
entrained by the plume. The source is assumed to be away
from the enclosure walls at all heights and able to entrain
freely. The .ow above the forced plume source may be re-
lated to the .ow above a pure buoyancy source located at the
virtual origin, a distance zv behind the actual source. Mor-
ton [6] demonstrates that in the far "eld, the .ow generated
by a forced plume is equivalent to that produced by a virtual
point source of buoyancy with source located a distance

zv
Lj
=

1:057
25=4�1=2 1=4

≡ G; (7)

behind the actual source of the forced plume. With �=0:083
(Turner [3]), (7) reduces to G=1:159. Assuming Gaussian
pro"les for velocity and buoyancy in the plume, the radius,
momentum .ux and reduced gravity as functions of the dis-
tance z from the actual source (at z=0) may be expressed
as

b=
6�
5
(z + zv); M = c2B

2=3
0 (z + zv)4=3 and

g′=
B2=30

c(z + zv)5=3
: (8); (9); (10)

where

c=  
(
5
4�

)1=3(6�
5

)5=3( 2
 

)1=3
and

c2 =
 
2

(
5
4�

)2=3(6�
5

)4=3( 2
 

)2=3
; (11)

are dimensionless constants which depend on the plume en-
trainment coe?cient � (Morton et al. [2]). Hence, following
B&T, for a forced plume the ratio of the inertia at the ceiling
to the buoyancy of the upper layer may be written as

I
B
=
9�
10

(
H + zv

R

)2
=
9�
10

(
He;

R

)2
: (12)

The ‘e;ective’ room height aspect ratio He; =R represents
the room geometry in which a pure buoyancy source would
produce the same .ow as the forced source in a room with
aspect ratio H=R. The e;ect of source momentum manifests
itself through the virtual origin correction as a modi"cation
to the aspect ratio. For example, if momentum is added to
the source of buoyancy in a space with aspect ratio H=R
then the aspect ratio e;ectively increases to (H + zv)=R. For
Lj=H ¡ 1, the .ow will be plume-like on reaching the ceil-
ing and, hence, increasing the e;ective aspect ratio by in-
creasing the source momentum .ux (and, hence, Lj) results
in a larger momentum .ux at the ceiling when compared
with a pure plume. Substituting for (7) into (12) and tak-
ing the maximum value of I=B=0:1 (see B&T) we obtain
an estimate of the critical jet-length required to create an

Fig. 3. The dimensionless critical jet-length plotted as a function of the
room aspect ratio from (13). Above the line we expect overturning to
occur and below the line we expect the interior to remain strati"ed at all
times.

overturning motion(
Lj
H

)
crit

=
1
G

[
1

3�1=2

(
H
R

)−1

− 1

]
: (13)

The critical jet-length (13) is plotted in Fig. 3 as a function
of H=R. The "gure shows that as the aspect ratio is increased
the jet-length of the source must be reduced in order to
maintain a strati"ed environment.
A simple model to predict the depth of the buoyant layer

with time may be developed by introducing a time o;set.
We assume that, following the initial transients in which an
overturning motion is generated (Fig. 1), the layer depth is
not zero at time t=0 as assumed by the idealised model of
B&T, but rather a layer initially forms whose depth scales
on the depth of the initial overturning motion. We assume
further, as do B&T, that the interface subsequently descends
according to the rate at which the plume supplies the layer.
We now proceed by formulating an estimate of the layer
depth formed by the initial overturning motion.
The momentum of the plume is assumed constant as it

turns and spreads horizontally across the ceiling. The subse-
quent collision between the out.owing current and the side
walls of the enclosure forces buoyant .uid downwards. The
descending .ow is buoyant and driven downwards into the
denser layer by its momentum. The maximum vertical de-
scent dmax of this intrusion may be estimated by modelling
the intrusion as a fountain (Turner [7]),

dmax = �
M 3=4
c

B1=2c
; (14)

where Mc and Bc denote the momentum and buoyancy
.uxes of the current, respectively, and the dimension-
less constant �=1:85. The volume .ux at the ceil-
ing is known from plume theory and we assume that
the out.ow spreads with constant depth given by the
plume radius at z=H (a simpli"cation, but following
a similar approach used by B&T for estimating I=B).
Then the velocity of the current Uw at the point of
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Fig. 4. The dimensionless initial layer depth dmax=H as a function of the
dimensionless jet-length Lj=H in an enclosure of aspect ratio H=R=0:5,
from (16). Full overturning occurs in this case for Lj=H & 6:5.

impact with the side wall is

Uw =
5cB1=30
12 �R

(H + zv)2=3: (15)

The momentum .ux Mc =Q(H + zv)Uw and from (14), we
obtain

dmax
H

= �
(
5c2

12 �

)3=4 (
1 +

zv
H

)7=4(H
R

)3=4
: (16)

Fig. 4 shows the variation of dmax=H with Lj=H in an enclo-
sure of aspect ratio H=R=0:5. From (16), we deduce that
the .ow down the side walls will extend as far as the .oor if

Lj
H
¿

1
G

(
1
�4=7

[
12� 
5c2

R
H

]3=7
− 1

)
; (17)

and for the values used in Fig. 4, this gives Lj=H&6:5.
We suppose that the buoyant layer depth takes the value

dmax at t=0, i.e. z0 =H − dmax at t=0. The solution of

dz0
dt

= − Q(z= z0 + zv)
S

; (18)

where S is the (constant) cross-sectional area of the enclo-
sure, yields the interface position

z0
H

= − zv
H
+

[
2c
3

t

(H−2=3B−1=3
0 S)

+
(
H − dmax + zv

H

)−2=3
]−3=2

; (19)

where S =4L1L2 for a rectangular container and S =  R2

for a cylindrical container. If the jet-length is zero then
both dmax and zv are zero and (19) reduces to the expres-
sion (1) deduced by B&T. For a given Lj=H , both zv and
dmax can be predicted from (7) and (16), respectively, and
substituted into (19). However, from (19) we note that
the ratio of the strengths of the momentum and buoyancy

input at the source (as characterised by Lj) is not su?-
cient to determine z0=H as the source buoyancy .ux B0 is
also required.
We expect the model to overestimate the initial layer

depth as not all of the plume momentum will be con-
served and thus the constant of proportionality � is
likely to be lower than the value determined by Turner
[7]. Interface positions deduced from (19) are plotted
as a function of time in Fig. 5 for a range of source
conditions.
Comparisons between measured and predicted interface

heights show close agreement; Fig. 6 shows such a compar-
ison for Lj=H =0:14. Following the collision of the ceiling
current with the side walls of the enclosure during the ini-
tial transients, signi"cant wave-like motion was observed on
the interface (Fig. 6 for t.180 s, i.e. t=�.8:5). During this
period (19) underestimates the layer depth. At later times,
(19) overestimates the layer depth, however, the di;erences
between observed and predicted interface heights remain
within 10%.
Theoretically, over the range of validity of the model

(19), the interface will not reach the .oor of the enclo-
sure as zero volume .ux is added at the source. Owing
to the nature of the asymptotic expression (7) for the vir-
tual origin correction, which Morton [6] gives as valid for
z=Lj ¿ 5=(25=4�1=2 1=4) ≈ 5:5 the predictions of interface
height (19) are expected to be less accurate as the layer
deepens. Thus, the model is only expected to be accurate
for Lj�H .

3.2. Large jet-length

3.2.1. Constant buoyancy =ux
For Lj�H , the interior is well-mixed and the rate of in-

crease in the density of the interior is dependent on the rate
of supply of buoyancy B0 (independent of time) and the
volume V of the enclosure:
dg′i
dt

=
B0
V
; (20)

where g′i = g(�i − �0)=�0 and �i denotes the density of the
interior at time t. For an ideal gas g′i ≡ g(Ti−T0)=T0 where
T0 (K) and Ti denote the initial temperature of the interior
and the interior temperature at time t. Integrating (20), we
"nd that the internal temperature increases linearly with time
according to
Ti
T0

= 1 +
t
t∗
; (21)

where the characteristic time scale t∗= gV=B0. The power
E (W) of a heat source can be expressed in terms of a
buoyancy .ux via

B0 =
g�E
�cp

; (22)

where cp (= 1012 j kg−1 ◦C−1 at 15◦C) is the speci"c heat
of the air, � (= 3:48 × 10−3 ◦C−1) is the coe?cient of
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Fig. 5. The predicted interface heights z0=H as a function of time t=� from (19) in an enclosure of aspect ratio H=R=0:5. Predictions are shown for
Lj=H =0:1; 0:5; 0:8 and 1, B&T’s solution (1) for a pure buoyancy source is shown as the unmarked line. Note that as Lj=H increases the ascent rate of

the interface increases. The time scale �=H−2=3B−1=3
0 R2.

Fig. 6. Measured and predicted interface heights z0=H as a function of
time t=� for Lj=H =0:14. The data plotted is taken from the experi-
ment shown in Fig. 2 (tank #2; H =14:6 cm, H=L1 = 0:5, H=L2 = 1:05,
M0 = 44:6 cm4 s−2, B0 = 70:2 cm4 s−3). Measurements of interface po-
sition, averaged over the half-width of the tank, were acquired at
2 s intervals during the course of the experiment—the discrete sam-
pling accounts for the ‘step-like’ descent of the interface as plotted.
Tank #2 has cross-sectional area S =1626:6 cm2 and hydraulic radius
R= (S= )1=2 ≈ 22:8 cm. Predictions from (19), shown as the smooth
curve, are thus with H=R=0:64.

thermal expansion, and � (= 1:225 kg m−3 at 15◦C) is the
density of air. In a room initially at 15◦C, the time taken to
increase the air temperature by 1◦C is therefore

t1◦C =
V�cp
E

: (23)

3.2.2. Non-constant buoyancy =ux
In practice, if a vent supplies warm air at a constant tem-

perature Ts then as buoyancy accumulates in the space the
temperature contrast between the warm air supply and the
interior Ti(t) decreases. Hence, the supply buoyancy .ux

(B(t)=Q0g′(t)=Q0g(Ts−Ti)=T0) decreases with time and
a corresponding increase in Lj (from (4)) indicates that mo-
mentum e;ects become increasingly signi"cant. The rate of
accumulation of buoyancy may be expressed as
dg′i
dt

=
B(t)
V

; (24a)

or equivalently,
dTi
dt

=
Q0

V
(Ts − Ti): (24b)

Integrating (24), and using the initial condition that Ti =T0
at t=0, we obtain the dependence of the interior temperature
with time

Ti(t)=Ts − (Ts − T0)e−t=tn ; (25a)

where tn =V=Q0 is a time constant. In terms of the reduced
gravity of the interior as a fraction of the initial reduced
gravity of the source (25a) may be written
g′i
g′0
= 1− e−t=tn ; (25b)

where g′0 = g(�0 − �s)=�0 is the reduced gravity of the sup-
ply at time t=0; �s denotes the density of the supply. For
large times (25a) yields Ti → Ts, i.e. the temperature of the
interior tends to the temperature of the supply. From (25),
the reduced gravity of the supply as a function of time is
g′

g′0
= e−t=tn : (26)

Thus, the buoyancy .ux B(t)=Q0g′0e
−t=tn and from (4) the

jet-length can be written

Lj =
M 3=4
0

Q1=2
0 g′1=20 e−t=2tn

: (27)

Hence, Lj increases with time (Lj → ∞ as t → ∞) and
we predict that momentum e;ects will dominate the .ow
regardless of the source conditions in a "nite time.
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Table 2
Aspect ratios and dimensionless separation distances considered

Tank H (cm) Separation Aspect Aspect �=H
� (cm) ratio H=L1 ratio H=L2

#1 15.3 28 0.5 0.5 1.83
#2 14.6 28 0.5 1.05 1.92
#2 7.3 28 0.25 0.52 3.84
#2 3.6 28 0.125 0.26 7.78
#2 14.6 16 0.5 1.05 1.10
#2 14.6 8 0.5 1.05 0.55
#2 14.6 4 0.5 1.05 0.27
#2 14.6 28 0.5 1.05 1.92

Fig. 7. Schematic diagram of the apparatus showing the two-source set-up
and notation. For a single plume, the source was located at the centre of
the tank cross section.

4. Two-source experiments

In this section, we examine how the strati"cation estab-
lished by a single forced buoyancy source, with initial .uxes
M0 and B0, is modi"ed as a result of supplying these ini-
tial .uxes independently via two separate sources; namely,
a source of momentum .ux M0 only (a jet), and a source
of buoyancy .ux B0 only (a plume), and separated by a
horizontal distance �=H (Fig. 7). The dimensionless source
separation �=H is signi"cant in determining, for example,
whether the .ows produced by the sources interact as they
rise or whether they reach the ceiling independently. A range
of separation distances (see Table 2) and relative jet=plume
strengths were considered. Only the strati"cations produced
by simultaneously initiated inputs from the two sources are
described here, although, those produced by "rst establishing
a stable strati"cation and then supplying a source momen-
tum .ux, and conversely, creating a turbulent well-mixed
environment by an input of momentum .ux and then sup-
plying buoyancy have also been examined.
Fresh water was supplied to the jet nozzle (of outlet di-

ameter �=1 or 2 mm) and coloured saline solution to the
plume nozzle (nominally �=5 mm); each supply was via
a separate constant-head tank which ensured a constant vol-
ume .ow rate.
For the two source experiments, the jet and plume nozzles

were suspended at equal heights above the base of the tank
and separated horizontally by distances of �=4; 8; 16 or
28 cm.

Fig. 8. Schematics of the typical .ow patterns established during the
experiments depending on the relative strengths of the buoyancy source
(LHS) and the momentum source (RHS). (a) Weak plume; the jet .ow
initially dominates and creates an approximately well-mixed interior. (b)
Jet and plume sources of comparable strength; buoyant .uid from the
plume is removed at the collision zone and the density of the interior
decreases. (c) Strong plume; the interior stably strati"es and the plume
enters the strati"cation as a turbulent fountain. Once su?cient buoyancy
has accumulated within the space the momentum source can no longer
reach the base and spreads horizontally to form an intrusion. The distance
between the intrusion and source decreases with time.

4.1. E>ect of relative strengths of sources

Typical .ow patterns within the enclosure during the ini-
tial stages of development and are illustrated schematically
in Fig. 8. For a weak buoyancy source (Fig. 8a), the plume
is strongly a;ected by the turbulence generated by the jet
and a clearly de"ned buoyant ceiling layer is not typically
formed. Buoyancy from the plume is distributed throughout
the enclosure and vertical density gradients are weak.
For sources of comparable strength the typical .ow pat-

tern (Fig. 8b) has laterally spreading out.ows which col-
lide at a ‘collision zone’. Here buoyant .uid is entrained by
turbulent eddies created by the jet and carried downwards
and mixed with the .uid below (as indicated by the arrows
in Fig. 8b; note the "gure depicts the .ow as seen in the
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laboratory and the text describes the ‘inverted’ picture as re-
alised in a heated room). As a consequence, the density of
the .uid originally at ambient density decreases with time.
When the jet .ow is weak (Fig. 8c) the buoyancy

source is able to establish and maintain a stable strati"ca-
tion and a ‘"lling box’ .ow develops. Once strati"cation
has developed the jet .uid becomes dense relative to its
surroundings and it has a negative buoyancy .ux. The abil-
ity of the momentum source to create overturning is then
further diminished. As buoyancy accumulates in the space
over time, eventually the fountain will no longer have su?-
cient source momentum to reach the ceiling and will spread
to form an intrusion (Fig. 8c) at its neutral buoyancy level.
The details of the developing density strati"cation are then
complex as the intrusion is entrained into the plume. The
dynamics of a turbulent fountain are described by Turner
[7] and Bloom"eld and Kerr [8].
As the jet strength increases, buoyant .uid from the plume

is drawn down into the lower regions of the room by the
turbulence and overturning motion associated with the jet.
The buoyancy is mixed throughout a larger volume of the
space until, for high jet strengths, a front is not observed
and buoyant .uid is mixed throughout the space. For a
constant buoyancy .ux, the internal temperature increases
uniformly with time. The total buoyancy continues to ac-
cumulate within the space and after su?ciently large times
is able to dampen out overturning motions created by the
jet. In fact, regardless of the strength of the jet, the buoy-
ancy will always dominate the motion after su?ciently large
times.
Note that in the experiments the momentum source is

represented as an injection of fresh water. This .uid is
positively buoyant relative to the saline solution which ac-
cumulates in the tank from the saline plume and, hence, a
fountain forms. In practice, the momentum source may not
be associated with an input of .uid into the space, e.g., if
.uid from the room were redistributed by a fan, in which
case an intrusion may form if the fan directs either upwards
or downwards.

4.2. E>ect of source separation �=H

For all dimensionless separation distances considered,
namely, �=H =0:27–1.9, the jet and plume .ows did not
interact strongly (although interaction increased as �=H
decreased), and the developing strati"cation was horizon-
tally inhomogeneous. The buoyant ceiling current produced
by the plume spread radially and collided with the turbu-
lent radial ceiling jet produced by the momentum source.
Where the current and ceiling jet collided there was vig-
orous mixing and a downward .ow was observed which
carried buoyant .uid into cooler air below. This .uid was
re-entrained into both the rising jet and plume and a layer
formed at intermediate temperature. At later times, .uid
carried from the collision region had mixed throughout the
entire volume and the temperature throughout the enclosure

increased with time. After initially increasing in depth, the
buoyant layer approached a steady depth, indicating that the
rate of removal of .uid from this layer (at the collision re-
gion) was matched by the rate of .uid supplied to the layer
by the plume and jet. The steady layer depth, which in-
creased with increasing H , was comparable with the plume
width at the ceiling. Fig. 9 shows the saline strati"cation at
90 s for �=H =1:9 and �=H =0:27.
Note that the .ow was more symmetric (about the ver-

tical axis midway between the sources) at the smaller sep-
aration and, in addition, the horizontal variation in density
is reduced (as indicated by the concentration of the dye).
This trend might be expected to continue and, for su?-
ciently small �=H , the motion is anticipated to be similar to
that established by a single forced plume with the combined
.uxesM0 and B0. Further experiments are planned to exam-
ine in detail the transition from two-source to single-source
behaviour. Similar .ows were observed in both square and
rectangular section enclosures.

4.3. E>ect of aspect ratio

Aspect ratios of H=L1 = 0:5 (Fig. 10a), 0.25 (Fig. 10b)
and 0.125, with a source separation of �=H =1:9 were con-
sidered. At each aspect ratio, the ascending .ows from the
sources remained separate and did not strongly interact and
mix. On reaching the ceiling, the horizontal out.ows from
sources collided (as described above) and buoyant .uid
from the plume out.ow was carried downwards and mixed
throughout the enclosure. The degree of overturning de-
creased as the aspect ratio decreased. With an aspect ratio
of H=L1 = 0:5 the out.ows collided roughly at the midpoint
between the jet and plume centre-lines (Fig. 10a). As the
aspect ratio decreased the collision occurred closer to the
jet centre-line. The stable buoyant layer fed by the plume
initially increased in depth and intruded further across the
ceiling toward the origin of the turbulent ceiling jet .ow.
For the smaller aspect ratios considered buoyant .uid was
observed to spread above the opposing ceiling jet and the
buoyant layer extended across the entire surface area of the
ceiling (Fig. 10b).

5. Conclusions

We have described results of an experimental study that
examines the strati"cation established by a localised buoy-
ant source of non-zero source momentum .ux on the .oor
in a closed room of aspect ratio (H=L) less than unity. In the
absence of source momentum .ux, a stably strati"ed region
of warm air forms at the ceiling separated by a horizontal
interface from the cooler air below. The descent of the in-
terface is initially rapid and the rate of descent decreases
as the enclosure "lls. Increasing the source momentum .ux
leads to increased mixing and overturning motion, and as a
result the warm air layer descends more rapidly than for the
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Fig. 9. Localised buoyancy source (saline plume, LHS) and momentum source (water jet, RHS) in an unventilated enclosure. The .ow is shown at 90 s.
For the jet M0 = 1115:6 cm4 s−2; for the (weakly forced) plume M0 = 44:6 cm4 s−2 and B0 = 70:2 cm4 s−3. Tank #2 with H=L1 = 0:5, H=L2 = 1:05.

Fig. 10. Localised buoyancy source (saline plume, LHS) and momentum source (water jet, RHS) in an unventilated enclosure. The .ow is shown at
180 s. For the jet M0 = 1115:6 cm4 s−2; for the (weakly forced) plume M0 = 44:6 cm4 s−2 and B0 = 70:2 cm4 s−3. Tank #2 with �=H =1:9. In (a)
H=L2 = 1:05 and in (b) H=L2 = 0:52.

zero momentum .ux case and is on average cooler. Baines
and Turner [1] observed that the scale of overturning motion
increased with increasing aspect ratio and thus, the qualita-
tive e;ect of increasing M0 is equivalent to increasing the
aspect ratio of the space. The vertical scale of the overturn-
ing motion is characterised by the dimensionless jet-length
and aspect ratio of the enclosure. If two characteristic hor-
izontal length scales are available, e.g., in a room of rect-
angular cross-section, the smaller of the aspect ratios de-
termines the initial extent of the overturning motion. For
source jet-lengths Lj=H�1, the motion inside the enclosure
was well described by the "lling box model of B&T with the
"nite momentum .ux treated by considering that the plume
rises from a virtual origin. The interior is stably strati"ed
and the temperature and the vertical temperature gradient
increase linearly with time.
For source conditions which yield jet-lengths su?ciently

larger than the room height, the heat from the source is
distributed throughout the enclosure by the momentum of
the plume and a horizontal descending initial front was
not observed. There are two distinct possibilities depend-
ing on the nature of the heat input. If a constant heat .ux
is maintained, the e;ects of the momentum .ux diminish
with time and the interior strati"es. The form of the strati-
"cation is then determined by the small Lj=H limit at large
times and the temperature of the interior increases contin-
uously. On the other hand, if the input is such that a con-
stant supply temperature is maintained, the interior remains
well-mixed at all times and eventually reaches the supply
temperature.

When buoyancy and momentum .uxes are input from
separate sources, the developing thermal strati"cation is dif-
ferent from that established by an equivalent single source.
The initial mixing produced by the momentum source de-
pends critically on the separation and relative strengths
of the sources. At large times, a constant heat input pro-
duces a strati"cation irrespective of the momentum .ux of
the jet.
This study has explored the e;ects of the combined ef-

fects of sources of buoyancy and momentum in a single
space. We have focused here on the forms of the strati"ca-
tion that form under idealised conditions, with the aim of
isolating the competing e;ects of the stratifying in.uences
of the buoyancy input and the mixing e;ects of the momen-
tum input. In a real building other e;ects will in.uence the
strati"cation, notably radiation and heat transfers between
the walls and the interior air. However, these are unlikely
to alter the basic .ow patterns described here, since they
tend to be smoothing e;ects which are partly a response to
the strati"cation set up by the internal sources. One signif-
icant exception would be the case of a cool ceiling which
would produce convection on contact with the warm ceil-
ing layer. Generally, we would expect this to reduce the
strati"cation and lead to a more mixed state than for an adi-
abatic ceiling.
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