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a b s t r a c t

A series of experiments was performed to measure the rate of entrainment of ambient fluid into a neg-
atively buoyant turbulent plume emerging from a large area source with low initial momentum flux, a so
called ‘lazy plume’. Immediately below the source, the plume contracts until it reaches a neck of diameter
approximately half the source diameter. Beyond the neck it expands, eventually forming a classic pure
plume with linear radial growth rate. The variation of volume flow rate, Q, with vertical distance from
the source, z, was measured in the near source region, between the source and the neck for different
source values of C0, equivalent to the source Richardson number. Experiments were run for
105 < C0 < 5 � 107. Our results indicate that the volume flux in the plume increases linearly from the
source to the neck, that is, Q / z. This scaling is in contrast to pure plumes where the flow rate increases
as Q / z5/3. Our experimental results collapsed onto a single line when scaled, giving an empirical expres-
sion for the near source flow rate of the form Q / C1=3

0 z. We discuss this result in relation to the classic
entrainment model for turbulent plumes and show that modifications to existing closure schemes are
required for lazy plumes.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Turbulent plumes play a major role in convection problems,
from the rise of hot ash clouds due to volcanic eruptions to hot
air rising above a person sitting at a desk. Much work has been
done to understand these flows in a wide variety of industrial,
environmental, and geophysical settings. For example, work on
air movement and ventilation flows in buildings (Linden et al.,
1990), shows that plumes in a ventilated room create a stable ther-
mal stratification that induces a ventilation flow. In their model the
authors assume that the plumes are ideal point sources of heat and
that the classical plume model of Morton et al. (1956) could be
used to predict the volume flux and buoyancy of the plume. How-
ever, not all heat sources in a room can be considered point
sources. For example, a patch of sunlight shining on the floor will
produce a thermal plume, but not a point source plume. The ven-
tilation flow established is sensitive to the distribution of the heat
input and it is therefore important to understand how the volume
flow rate and buoyancy vary with height above such area sources.
In this paper we consider large area source plumes that are highly
lazy, that is, plumes with a source radius much larger than their
momentum jet length, defined by Baines and Turner (1969) as
Lm / M3=4

0 F�1=2
0 where M0 is the source momentum flux and F0 is

the source buoyancy flux.
ll rights reserved.
A classical approach to modelling Boussinesq turbulent plumes
was presented by Morton et al. (1956) who developed integral
equations for the fluxes of volume, momentum and buoyancy of
an axisymmetric turbulent plume arising from a point source of
buoyancy into still surroundings. The model of Morton et al.
(1956) assumes that Reynolds stresses dominate viscous shear
stresses and that the plume flow is fully developed with self-sim-
ilar profiles of velocity, buoyancy and Reynolds stress at all heights.
The system of equations was closed using the entrainment
assumption that states that the mean horizontal velocity of ambi-
ent fluid being entrained into the plume ue is proportional to the
mean vertical velocity of the plume at that height w. That is, the
rate of increase of volume flux with height is given by

dpb2w
dz

¼ 2pbue where ue ¼ aw ð1Þ

The entrainment coefficient a is typically assumed to be a con-
stant. Although the model of Morton et al. (1956) was developed
assuming a fully developed self-similar turbulent plume, the mod-
el has been applied to other flows that are not self-similar such as
fountains (Bloomfield and Kerr, 2000), plumes in a stratified envi-
ronment (Caulfield and Woods, 1998), and the near source adjust-
ment region (Morton, 1959; Hunt and Kaye, 2001) of the plume.

Extensions to Morton et al. 1956 have been proposed in the
form of variable entrainment coefficient models, see for example
List and Imberger (1973) and Kaminski et al. (2005). These
typically involve expressing the entrainment coefficient as a func-
tion of the local plume Richardson number
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Nomenclature

b plume radius (m)
Cp specific heat of air (J/kg K)
F plume buoyancy flux (m4 s�3)
g gravitational acceleration (m/s2)
g0 fluid buoyancy (m/s2)
Lm momentum jet length (m)
Lq source length scale (m)
M plume momentum flux (m4 s�2)
P plume source heat output (W)
Q plume volume flux (m3/s)
q scaled plume volume flux (–)

Ri Richardson number (–)
ue entrainment velocity (m/s)
w mean vertical velocity (m/s)
z distance from plume source (m)
a entrainment coefficient (–)
C flux balance parameter: Ri (–)
n scaled vertical distance (–)
q plume fluid density (kg/m3)
qa ambient fluid density (kg/m3)
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Ri ¼ g0b
w2 ð2Þ

where b is the ‘top hat’ radius and g0 is the buoyancy given by

g0 ¼ g
q� qa

qa
ð3Þ

Here q is the density of the plume fluid, qa is the ambient fluid
density, and g is the acceleration due to gravity. These models have
focused on the transition from jet-like to plume-like behavior in
flows of buoyant fluid with a relatively high initial momentum
flux, so-called ‘forced plumes’. Very little work has considered
the entrainment of plumes with very low source momentum flux.

In this paper we consider the problem of highly lazy turbulent
plumes, that is, plumes that originate from finite area sources with
relatively low momentum flux. The degree of ‘laziness’ is charac-
terized by the non-dimensional parameter

C0 ¼
5

8a
Q 2

0F0

M5=2
0

ð4Þ

where Q is the volume flux, F is the buoyancy flux and M is the
momentum flux – the subscript ‘0’ denoting the source value, i.e.
at z = 0. For thermal plumes the buoyancy flux of the source can
be calculated from the heat output following (Batchelor, 1954).
The buoyancy flux F0 ¼ Pgb=ðCpqaÞ where P is the heat output
(W), Cp is the specific heat of air at constant pressure, and b is the
coefficient of thermal expansion for the fluid (in air b = 1/Ta where
Ta is the ambient temperature in Kelvin). For sources that yield
C0 > 1 the plume is considered lazy and for C0 < 1 it is forced. See
Morton and Middleton (1973) and Hunt and Kaye (2005) for a more
detailed discussion of plume classification. The parameter C0 is
equivalent to the source Richardson number.

There have been a number of recent experimental studies of
lazy area source plumes, see Colomer et al. (1999), Friedl et al.
(1999), and Epstein and Burelbach (2001). Each of these papers
has a different motivation ranging from large scale oceanic and
atmospheric convection to mixing above accidental leaks from
gas storage facilities. All three papers observe that the flow con-
tracts as it moves away from the source reaching a minimum ra-
dius, or neck. Beyond the neck the plume begins to expand
eventually forming a pure plume with the radius growing linearly
with height. The consensus of Colomer et al. (1999), Friedl et al.
(1999) and Epstein and Burelbach (2001) is that the neck height
is approximately equal to one source radius and the neck has a ra-
dius of approximately half the source radius. Furthermore, these
measurements were independent of C0. Beyond these basic geo-
metric results, Colomer et al. (1999), Friedl et al. (1999) and Ep-
stein and Burelbach (2001) have few measurements in common.
None of these papers presents measurements of the volume flux
in the near source region which is key to understanding the rate
of entrainment of ambient fluid into the plume.
Various theoretical models have been used to describe highly
lazy plumes. For example, Epstein and Burelbach (2001) used a
boundary layer approach to describe the contraction above the
source. The most commonly used model applied to plumes with
high values of C0 is that of Morton et al. (1956). See for example,
Hunt and Kaye (2005) and Fannelop and Webber (2003). The re-
sults of these models show good qualitative agreement with exper-
imental results. They predict a necking of the plume a short
distance from the source, albeit a function of C0, and a far field flow
that behaves like a pure plume. However, the models’ quantitative
predictions, including of the plume volume flux, have not been rig-
orously validated.

In this paper we present results of a series of experiments that
directly measured the volume flux in lazy plumes for a broad range
of C0. In Section 2 we describe our experimental technique as well
as the setup and procedure for running the experiments. The results
of these experiments are presented in Section 3 together with a
brief discussion of the scaling required to collapse the data. The re-
sults are discussed in Section 4 and conclusions drawn in Section 5.
2. Experimental setup and technique

A series of experiments was conducted to measure the volume
flow rate in the near source region of highly lazy plumes using the
technique developed by Baines (1983). The goal of these experi-
ments was to establish the functional relationship between the
plume flow rate at a given distance from the source and the source
conditions. The experiments were conducted using salt water re-
leases from area sources in fresh water environments in order to
form the density difference and the release stained with a dye
for flow visualization. Five sets of experiments were run for
C0 = 9.1 � 104, 1.6 � 105, 5.4 � 105, 5.7 � 106 and 5.4 � 107.

The plume was formed by passing a salt water solution of
known density through a nozzle into a large glass-sided visualiza-
tion tank containing a still body of fresh water. The plume and tank
fluids were at the same temperature. The plume salt water solution
was dyed using a blue food coloring. The density of the source and
ambient fluid was measured using an Anton Paar DMA 35 N den-
sity meter to an accuracy of 5 � 10�4 g cm�3. The density of the salt
solution was in the range 1.015–1.083 g cm�3. The salt solution
was supplied by a constant head gravity feed with a total head of
approximately 2.5 m. The plume supply flow rate was controlled
by a needle valve and measured using an in-line rotameter flow
rate meter. Typical source flow rates were in the range 1.4–
15.2 cm3/s.

The plume nozzle was designed specifically to create a uniform
velocity profile across the exit plane of the source. The nozzle body
was constructed from a section of PVC pipe sealed at one end ex-
cept for an inlet for the plume fluid. The nozzle outlet was a
152 mm diameter disc made of 5 mm thick sintered stainless steel



Fig. 1. Schematic diagram of the plume nozzle used to create a highly lazy plume
with a uniform velocity profile at the source.
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(40 lm powder size GKN sintered metals part number SIKA
M40AX). Inside the nozzle was a series of coarse sponges to dis-
perse the momentum from the nozzle inlet pipe followed by a
layer of sand. This design ensured that the bulk of the pressure loss
in the nozzle was in the sand layer and the sintered metal plate.
The pressure loss was therefore evenly distributed across the area
of the nozzle ensuring a uniform outlet velocity. A schematic of the
nozzle design is shown in Fig. 1 and a series of images of the initial
outflow showing the uniformity of flow is shown in Fig. 2.

The volume flow rate in the plume was measured using the
method of Baines (1983). This technique involves activating a stea-
dy plume source in a visualization tank in which there is a net co-
flow in the ambient fluid, i.e. in the same direction as the plume
flow. A two-layer stratification forms in the tank that, after an ini-
tial transient period, settles with the density interface at a constant
distance from the plume source. As the stratification is stable, the
only way fluid can pass across the density interface is through the
plume. Therefore the volume flow rate in the plume at the height
of the interface is equal to the known volume flow rate of the co-
flowing ambient. This is the forced ventilation analogue of the nat-
ural ventilation flow presented by Linden et al. (1990).

In our experiments, fresh water was added at the top of the
visualization tank using a constant head tank and at a steady rate
Fig. 2. A pair of images showing the initial uniform
measured using an in-line flow-meter. Fluid was removed from the
base of the tank at the same rate using a number of siphons oper-
ating in parallel. The rate at which fluid was removed was also
measured using rotameter flow rate meters. The inlet and outlet
flow rates were closely balanced throughout each experiment.
Any minor imbalance resulted in small changes in the depth of
the tank, though they did not affect the measured flow rates (taken
to be the flow rate of the fluid extracted from the base of the tank).
Care was also taken to ensure that the fresh ambient fluid added at
the top of the tank had negligible vertical momentum. This en-
sured that the inlet ambient co-flow did not create mixing at the
density interface or create background turbulence through which
the plume would descend. The momentum was minimized by
feeding the fluid into the tank through a porous hose, with the hose
outlet flowing over a flat plate with a series of holes in it. Despite
these precautions we were still only able to maintain a stable inter-
face for a co-flow rate of up to approximately 150 cm3/s, though
this value varied from experiment to experiment. For the lower
values of C0 considered we had to use lower source buoyancy flux
values, and therefore the density jump across the interface was
lower. In these cases we were limited to co-flow rates of less than
150 cm3/s. A schematic of our experimental setup is shown in
Fig. 3.

The same procedure was adopted for running each experiment.
An experiment was started by turning on the plume salt supply
and setting the desired volume flow rate using the needle valve at-
tached to the flow rate meter. A plume was observed to form below
the nozzle and a filling box flow developed (cf. Baines and Turner,
1969) with a dense salty layer forming at the bottom of the visual-
ization tank. This layer was allowed to deepen, and the interface to
approach the nozzle. Once the interface was close to the nozzle –
typically 1–5 cm below – the ambient co-flow was turned on. A
timer was started and the system was left to adjust for approxi-
mately 20 min. During this time regular checks were made on all
the flow rate meters to ensure they were stable. After this settling
time the distance from the interface to the nozzle was measured by
eye, to within half a millimeter, using a ruler taped to the side of
the tank. This measurement was repeated every 5 min until the
measurement stopped changing from one recording to the next.
The flow was now assumed to have reached a steady state, and this
distance was taken to be the final measurement. The outflux from
the base of the tank was measured using a stop-watch and measur-
ing cylinder, to verify that the flow rate measured using the rotam-
eters was correct. This additional flow rate measurement was to
check if there was any flow rate reading variation due to the small
outflow of dense salt water from the nozzle.
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change in density in the outflow due to the plume fluid. The flow
rate measured using the stop-watch and measuring cylinder was
taken to be the ambient flow rate.

Once the initial measurement was completed the co-flow rate
was increased by 1 l/min and the settling and measurement proce-
dures were repeated. After each measurement the co-flow flow
rate was increased until we were no longer able to maintain a sta-
ble density interface. At this point the co-flow rate was reduced by
½ l/min and then by 1 l/min increments until the co-flow rate was
½ l/min. The flow rate was then increased by ½ l/min and then by
1 l/min increments until the initial flow rate was reached. This
meant that we had flow rate measurements in ½ l/min increments.
This procedure also provided a check on our settling time as half
the measurements were made with the interface rising between
measurements (due to reductions in the co-flow volume flux)
and half with the interface falling (due to the increases in the co-
flow volume flux). If the interface had not stabilized when we took
each measurement the results would have shown some hysteresis.
As such a variation was not systematically evident in our measure-
ments we are confident that the flow had fully settled when each
measurement was made.

The source conditions were then adjusted and the entire proce-
dure repeated.

All distance measurements were made directly by eye using a
ruler taped to the tank. However, a couple of visualization experi-
ments were run to verify the uniformity of the outflow. The exper-
imental setup was identical except that there was no co-flow. The
plume was turned on and filmed until the ambient started to fill up
with plume fluid, a period of about 20 s. The images were then pro-
cessed to account for background variations in lighting and the
light attenuation was calculated using the DigiFlow system
(Dalziel, 1993). See Hacker et al. (1996) for more details on the
light attenuation technique for measuring buoyancy. The resulting
video was time averaged to produce an image of the mean
buoyancy profile of the plume. As the images were only used as
a check on the uniformity of the outflow and to verify that the
plume was axisymmetric, detailed calibration and re-scaling were
not performed. A typical image of the mean buoyancy is shown in
Fig. 4. The image clearly shows the contraction above the source
and an axisymmetric plume. Measuring the exact location and
radius of the neck requires fitting Gaussian curves to the buoyancy
profile at each height and then calculating the standard deviation
of the curve. We did not do these calculations as there are already
a number of neck height measurements in the literature that show
good agreement (Colomer et al., 1999; Friedl et al., 1999; Epstein
and Burelbach, 2001).
Fig. 3. Experimental setup used for measuring the volume flux of the plume at
various distances from the source using the method of Baines (1983). The
visualization tank is 1.8 m deep and has a square base of side length 1.25 m.
3. Experimental results

The flow observed in our experiments is similar to that ob-
served by Colomer et al. (1999) and Friedl et al. (1999). The fluid
came out of the nozzle with a uniform velocity as a slug flow (cf.
Fig. 2). The fluid fell away from the nozzle and mixed in a manner
visually similar to Rayleigh–Taylor flow. The flow grew laterally
and formed a thermal-like structure at the end of the plume.
Behind this cap a plume flow developed. The flow began to
contract and a neck formed. The neck moved toward the nozzle
over time and settled at a distance of approximately one source
radius from the nozzle. The neck location and radius did not appear
to vary between experiments despite changing C0 by almost three
orders of magnitude. All these observations are identical to those
described by Colomer et al. (1999) for the initial flow development.
As a consequence we did not make any detailed measurements
during this phase of the flow, or of the neck location as these
parameters are well documented in the literature.

A series of five experiments were run in which multiple volume
flow rate measurements were made. Each experiment was run for
a different value of C0. To vary C0 both the buoyancy of the source
fluid (g00) and the source volume flux (Q0) were varied. In order to
present the results in a consistent manner, the measured volume
flow rates were scaled on the plume source volume flow rate to
yield the dimensionless volume flux q = Q/Q0. For a pure point
source plume in an unstratified ambient there is no vertical length
scale associated with the source on which to scale vertical distance.
However, for a source of finite horizontal extent there are two pert-
inant length scales, the momentum jet length Lm ¼ M3=4

0 =F1=2
0 (see

Morton, 1959) and the source flow rate length, namely

Lq ¼
5b0

6a
¼ Q0

M1=2
0

ð5Þ

which represents the distance from the actual physical source to the
virtual origin of a pure plume (C0 = 1) of source radius b0. The
parameter C0 is the ratio of the square of these two length scales
(C0 � L2

q=L2
m). For highly lazy plumes (large C0) Lq� Lm. Therefore,

vertical distances from the source (z) are scaled on Lq. The scaled
height is thus
Fig. 4. An inverted, unscaled contour plot of a plume, with C0 = 1.6 � 105, showing
mean buoyancy (shading) and contours of constant mean buoyancy (lines).



N.B. Kaye, G.R. Hunt / International Journal of Heat and Fluid Flow 30 (2009) 1099–1105 1103
n ¼ z
Lq

ð6Þ

See Hunt and Kaye (2001, 2005) for more details on virtual ori-
gins and the appropriateness of this length for scaling vertical dis-
tances from the source. Although the entrainment coefficient (a) is
known to vary with (C0) we can, without loss of generality, use the
pure plume (C0 = 1) value for a when calculating the source
parameter C0, and the length scale Lq as, for any given experiment,
these two parameters are constant.

The data measured for each of the five experiments is shown in
Fig. 5. There is clearly significant variation in the rate of entrain-
ment into the plume with C0. It is also clear that the flow rate in-
creases approximately linearly with height for any given C0. We
would therefore expect the flow rate data to collapse when plotted
against a linear function of n and an unknown function of C0, that
is, q = nf (C0).

The flow rate at any given height will be a function of the ver-
tical distance from the source and the source fluxes, i.e.

Q ¼ Qðz;Q 0;M0; F0Þ ð7Þ

where the source radius can be written in terms of the source vol-
ume and momentum fluxes (b0 ¼ Q0=

ffiffiffiffiffiffiffi
M0
p

). As the nozzle used in
the experiments had a fixed radius, it was not possible to vary the
volume flux and momentum flux independently. It was, however,
possible to vary the buoyancy flux independently of the volume
and momentum fluxes.

Dimensional analysis allows us to re-write this expression in
terms of non-dimensional groups

Q

F1=3
0 L5=3

q

¼ f
z
Lq

� �
or

q

C1=3
0

¼ f ðnÞ ð8Þ

Despite the fixed nozzle radius, we were able to vary the con-
trolling non-dimensional parameters (C0 and n) independently of
each other.

Although dimensional analysis tells us nothing of the form of
the function f(z/Lq), we have established that, in general, q / C1=3

0

at any height. We would, therefore, expect that plotting q against
C1=3

0 n would collapse our data onto a single curve. This is indeed
the case as shown in the re-scaled data of Fig. 6.

The data shows a clear linear relationship and so a line was fit-
ted through the re-scaled data, forced through q = 1 at n = 0 giving
a fit of
Fig. 5. Plume flow rate scaled on the source flow rate as a function of scaled height.
The symbols indicate the different values of C0 and are given by (}) C0 = 5.4 � 107,
(h) C0 = 5.7 � 106, (�) C0 = 5.4 � 105, (s) C0 = 1.6 � 105, and (+) C0 = 9.1 � 104.
q ¼ 1þ 3:4C1=3
0 n ð9Þ

This is in stark contrast to the far field pure plume relation
q � C1=3

0 n5=3 (from Morton et al., 1956). This suggests that as C0 in-
creases the local rate of entrainment decreases.

Our experimental result that the volume flow rate in the plume
increases linearly with distance from the source in the near source
region disagrees with the constant entrainment coefficient result
of Hunt and Kaye (2005), which predicted negligible entrainment
for large C0 and, therefore, an essentially constant flow rate in
the very near source region. Our experimental results (9) also im-
ply that the mean buoyancy should vary inversely proportional to
the distance from the source (g0 / z�1) as the buoyancy flux is con-
stant with height and therefore Qg0 = const.

4. Discussion

We now discuss our experimental results in relation to existing
theoretical work on turbulent plumes. We begin by comparing our
results with existing theoretical predictions. We show that both
constant a and existing variable a models do not adequately de-
scribe the plume in the near source region of lazy plumes. We then
discuss the implications of our results for calculations of the virtual
origin for highly lazy plumes.

4.1. Entrainment coefficient

It was shown by Hunt and Kaye (2005) that the model of
Morton et al. (1956) applied to highly lazy plumes gives a solu-
tion with negligible entrainment in the near source region. This
is in stark contrast to the experimental results presented in this
paper suggesting that the constant entrainment coefficient for-
mulation of the plume conservation equations of Morton et al.
(1956) are inappropriate for large C0. This is also true of existing
variable entrainment coefficient models. For example, List and
Imberger, (1973) and Kaminski et al. (2005) suggest that locally
a = a(Ri) = a(C) and that the function a(C) is linear and increases
with increasing C. The closures (List and Imberger 1973;
Kaminski et al., 2005) were developed to model the transition
of a highly forced buoyant jet flow into a pure plume flow. That
is, they were designed for source conditions with 0 < C0 < 1. This
a(Ri) variable entrainment coefficient model has been used to
account for the experimentally measured differences in a
between jets and plumes. However, for highly lazy plumes, C0

can be very large (C0 > 107 at the source in our experiments).
Fig. 6. Scaled plume flow rate plotted against C1=3
0 n. The symbols are the same as for

Fig. 5. The line is q ¼ 1þ 3:4 C1=3
0 n.



Fig. 7. Plume virtual origin location navs as a function of C0. The thin line is the
theoretical prediction of Hunt and Kaye (2001). The overlayed thick line is the
empirical correction based on the neck height (10).
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The models of List and Imberger (1973) and Kaminski et al.
(2005) would therefore lead to values of a / O (106) which is
clearly unrealistically high and unbounded in the limit of a zero
momentum flux source such as a heated plate.

The inapplicability of Morton et al. (1956) to highly lazy plumes is
to be expected. The equations were developed for idealised long thin
self-similar plumes, while highly lazy plumes are neither thin nor
self-similar in the near source region. The entrainment process is
also unlikely to be horizontal as the perimeter of the plume is bent
in toward the source (see Fig. 4). Although a full theoretical model
is beyond the scope of this paper, we believe that the key process will
be a vertical mixing process similar to Rayleigh–Taylor mixing.

4.2. Virtual origin

We now turn to the problem of finding the virtual origin of a
highly lazy plume. The virtual origin of a plume is the point from
which the far field plume appears to originate. This problem has
been addressed theoretically (Morton, 1959; Caulfield and Woods,
1995; Hunt and Kaye, 2001) using the plume conservation equa-
tions of Morton et al. (1956). For example, Hunt and Kaye (2001)
developed series solutions for the plume volume flux at large dis-
tances from the source and then projected the flow rate back to lo-
cate the virtual origin. Their theoretical prediction compared well
with a series of experiments, though the experiments were only
run for C0 6 4. The experimental results in this paper suggest that
for large values of C0 this model should not apply, and that the vir-
tual origin, along with other geometric distances such as the neck
height, should become independent of C0.

The main problem with applying Morton et al. (1956) is that the
flow is contracting above the source and the entrained inflow is not
horizontal. However, it may be reasonable to assume that Morton
et al. (1956) can be applied in regions where the flow is not con-
tracting, that is, above the plume neck. It was shown by Caulfield
(1991) that at the neck, C = Cneck = 5/2. Also, the experimental re-
sults of Hunt and Kaye (2001) showed good agreement with theory
for C0 6 4. This suggests that Morton et al. (1956) can reasonably
be applied to plumes near and slightly below the neck. Until now
we have only used C as a source condition. However, it is possible
to calculate the volume, momentum and buoyancy fluxes at any
height, and therefore, to calculate C(n). We can therefore calculate
the virtual origin of any lazy plume using Hunt and Kaye (2001) by
calculating the virtual origin of the plume as if its source was the
plume neck. Using previous measurements of neck height and
radius (Colomer et al., 1999; Friedl et al., 1999; Epstein and
Burelbach, 2001) we find that the virtual origin for all highly lazy
plumes is at a distance
Fig. 8. Plots of qC�1=3
0 vs n in the limit of C0 ?1. The thick line is the pure plume volume

thin line is the near source volume flow rate in the limit of C0 ?1 based on the experim
the q � n5=3 regime and (b) exploded view of plot (a) showing the transition between fl
navs ¼ �0:31 ð10Þ

below the source. This result is plotted in Fig. 7 along with the the-
oretical prediction of Hunt and Kaye (2001). Scaled directly on the
source radius (b0) Eq. (10) becomes zavs = �2.2b0. This result is al-
most identical to the experimental result of Bouzinaoui et al.
(2007) who measured the far field radial growth rate of a thermal
plume that formed above a heated disc (C0 =1), projected these
measurements back to a virtual origin and found that zavs = �2b0.

Clearly Eq. (10) does not intersect the theoretical prediction of
Hunt and Kaye (2001) at C0 = 5/2. This is because the neck height
and radius only become constant fractions of the source radius for
sufficiently large values of C0. For intermediate values of C0 the
neck will be thicker and closer to the source and our correction will
not apply. There will, therefore, be some transition away from the
theoretical line toward the dashed line. The exact nature of this
transition is beyond the scope of this paper. The far field volume
flux will therefore be given by q ¼ C1=3

0 ðnþ navsÞ5=3 following Mor-
ton et al. (1956), Hunt and Kaye (2001, 2005). We can therefore
write an approximate expression to describe the volume flux at
all heights

qC�1=3
0 ¼

C�1=3
0 þ 3:4n for n < 0:055

ðnþ 0:31Þ5=3 for n > 0:055
ð11Þ
flow rate solution q � C1=3
0 n5=3 of Morton et al. (1956) with a virtual origin offset. The

ental data presented in this paper: (a) the transition from the q � n flow regime to
ow regimes at n � 0.055.
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where the transition value of n = 0.055 is the height at which, in the
limit of C0 ?1, the two volume flux expressions match. Plots of
Eq. (11) are shown in Fig. 8.

5. Conclusions

We have presented experimental measurements of the near
source volume flow rate for large area highly lazy plumes. Near
the source the flow contracts to a neck and then begins to expand
with increasing distance from the source. Our qualitative measure-
ments of the flow perimeter indicate that the neck height and radius
are independent of the source Richardson number (C0), which is in
agreement with existing published data (Colomer et al., 1999; Friedl
et al., 1999; Epstein and Burelbach, 2001). Our measurements of the
volume flow rate in the near source region are the first comprehen-
sive set available. Our results indicate that near the source, the flow
rate increases linearly with height and with the cube root of the
source Richardson number. That is Q / C1=3

0 z, see Eq. (9).
Based on these measurements we proposed an empirical

expression for the virtual origin of a highly lazy plume. The expres-
sion assumes that the model of Morton et al. (1956) can be applied
downstream of the plume neck and uses the result of Hunt and
Kaye (2001). This leads to navs = �0.31 for C0� 1. This is in excel-
lent agreement with experimental results published for highly lazy
thermal plumes (see Bouzinaoui et al., 2007) giving us confidence
in this result.

The primary goal of this paper is to present experimental mea-
surements of plume flow rate as a function of distance from the
source, source buoyancy flux, and source Richardson number
(C0). Based on our results, we have shown that the classic plume
conservation equations of Morton et al. (1956) are not valid in the
near field for highly lazy plumes. Existing second order closures
(List and Imberger, 1973; Kaminski et al., 2005) are also physically
unrealistic. Further theoretical modeling work is required.
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