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EXPERIMENTAL INVESTIGATION OF LARGE-SCALE BUBBLY PLUMES 

R. Zboray, M. Simiano, F. de Cachard 

Carefully planned and instrumented experiments under well-defined boundary conditions have been 
carried out on large-scale, isothermal, bubbly plumes. The data obtained is meant to validate newly 
developed, high-resolution numerical tools for 3D transient, two-phase flow modelling. Several 
measurement techniques have been utilised to collect data from the experiments: particle image 
velocimetry, optical probes, electromagnetic probes, and visualisation. Bubble and liquid velocity fields, 
void-fraction distributions, bubble size and interfacial-area-concentration distributions have all been 
measured in the plume region, as well as recirculation velocities in the surrounding pool. The results 
obtained from the different measurement techniques have been compared. In general, the two -phase flow 
data obtained from the different techniques are found to be consistent, and of high enough quality for 
validating numerical simulation tools for 3D bubbly flows . 

1 INTRODUCTION 

The primary objective of the ASTAR (Advanced 3D 
Two-Phase Flow Simulation Tool for Application to 
Reactor Safety) project is to enhance the three-
dimensional, two-phase flow prediction capabilities of 
current thermal-hydraulic codes for safety-relevant 
phenomena in present-day and future Light Water 
Reactors (LWRs) [1]. It is the expectation of the 
project that this objective will be achieved by 
developing advanced physical models and numerical 
schemes within existing simulation tools. The new 
methods are to be validated by means of benchmark 
problems, and against data from a comprehensive set 
of new experiments in the bubbly flow regime, 
performed within the framework of the project. These 
3D validation experiments have now been performed 
using the LINX facility at the PSI.  

In the experiments, air is injected at the bottom of a 
pool filled with water. The gas injector is specially 
designed to create a large, axisymmetric bubble 
plume, consisting of bubbles of uniform size. The gas 
flow rate to the injector is kept relatively low in order to 
ensure that there is practically no interaction 
(coalescence/break-up) between the bubbles. Around 
the plume, a large-scale recirculation flow persists, as 
shown schematically in Fig. 1. 

Although bubble plumes have many practical 
applications, the tests are meant to be of a genetic 
nature. In order to provide a useful database for code 
improvement and validation, the tests have been 
performed under well-defined initial and boundary 
conditions, and the gas superficial velocity in the 
plume has been adjusted to correspond to the 
discrete, bubble-flow regime. 

Throughout the tests, bubble flow parameters such as 
void fraction, bubble mean diameter and velocity have 
been measured at various elevations using double-tip 
optical probes. Particle Image Velocimetry (PIV) has 
also been implemented in order to investigate two-
dimensional bubble and liquid motions. In addition, a 
multi-electrode electromagnetic current meter has 
been utilised for determining the liquid velocity in the 
recirculation zone. Finally, visualisation techniques 
have been used to investigate bubble shape and 
bubble-size distribution. 

2 THE EXPERIMENTAL FACILITY AND 
INSTRUMENTATION 

2.1 The LINX Vessel 

The cylindrical vessel (see Fig. 1) is 2 m in diameter 
and 3.4 m in height, with a total volume of 9.42 m3, 
and is rated at 10 bar and 250°C. Twelve glass 
windows are located on the sides, as well as one in 
the vessel roof, to facilitate visual observation from 
outside. Each can be covered with heat insulation 
caps, or used for lighting and/or visualization 
(photography, PIV), as required.  
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Fig. 1: Schematic of the plume experiments in the 
LINX facility. 

A special air injector has been designed, consisting of 
716 capillary tubes of 8 cm height and 2 mm inner 
diameter, distributed uniformly over a circular area of 
30 cm diameter near the bottom of the vessel. Each 
capillary tube is fitted with another tube of 80 cm 
length and 0.3 mm inner diameter beneath the 
injection area. This large number of parallel-coupled, 
high-resistance channels assures an equal pressure 
drop over each needle, and therefore a stable and 
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equal flow rate per needle. The injector produces a 
broad, axisymmetric bubble plume with bubble 
diameters of around 3 to 4 mm. The arrangement also 
ensures that there are no interactions between 
neighbouring bubbles close to the injection region. 

2.2 Instrumentation 

The injected air mass flow rate is directly measured 
and regulated by a set of six thermal mass flow 
controllers. The pressure near the top of the vessel, 
and the water level in the vessel, are measured by 
absolute and differential pressure sensors, 
respectively. Resistance temperature sensors are 
installed close to the vessel wall to measure the liquid 
pool temperature. 

Five double-tip optical probes (OPs) are installed at 
increasing elevations to measure the characteristics of 
the gaseous phase of the plume [2]: i.e. the local void 
fraction, bubble rise velocity, average bubble size and 
interfacial area concentration. The probes are fixed 
using small pinch-screw clips onto 1 mm wires 
stretched between rotating arms, and actuated by a 
stepping motor. This allows the plume to be scanned 
on an arc of a circle whose radius can be chosen 
according to experimental interest. The option of 
suspending the optical probes using thin wires was 
chosen in order not to disturb the plume by the 
presence of robust mechanical objects. 

The facility is equipped with a commercial PIV system. 
The PIV set-up uses a dual cavity laser and works in a 
two-frame, double-exposure mode [3]. Perpendicular 
to the laser light sheet, a CCD camera takes images 
of the plume, which are then processed using a PC. 
Two-dimensional, instantaneous bubble and liquid 
velocity-field measurements are performed in the 
plume using the PIV set-up, making use of the vessel 
windows at three elevations. Liquid and gas velocity 
measurements can be performed independently. For 
the liquid phase, fluorescent seeding particles 
(rhodamin) are employed, which emit orange 
fluorescence light induced by the green laser light. For 
the gas phase, the laser light reflected directly from 
the bubbles is used. 

A three-dimensional electro-magnetic (EM) current 
meter is also available to measure liquid velocities 
(especially in the recirculation region). A rotary arm, 
whose elevation can be changed, is used to anchor 
the probe, and enable measurements over a large 
region of the pool to be made. 

Photographs of the bubbles are taken through the 
vessel windows using a macro objective (200 mm 
focal length) camera. Proper illumination (diffusive 
back-lighting) is achieved using a 3’’ x 3’’ LED screen 
located inside the vessel. The screen is mounted on 
the rotary arm used for the EM probe. A detailed 
description of the instrumentation and facility set-up is 
given in [4]. 

3 EXPERIMENTAL RESULTS AND DATA 
PROCESSING 

3.1 The Test Matrix 

Isothermal tests have been carried out at atmospheric 
pressure and at room temperature. Two parameters 
are varied in the tests: the injection flow rate and the 
pool depth (immersion). Since the tests do not aim to 
simulate any particular configuration, these two 
parameters are chosen mainly on the basis of the 
feasibility of applying the different measurement 
techniques. These considerations have led to the test 
matrix given in Table 1. 

Table 1: The test matrix. 

Air mass flow 
rate (Nl/min) 4 

Mass flux (g/m2s) 
4 

Immersion depth 
(m) u 

7.5 

 

2.285 

 

 

15 

 

4.57 

 

 

30 

 

9.15 

 

 

60 

 

18.3 

 

 

1.5 I1 I2 I3 I4 

2 I5 I6 I7 I8 

Pressure 1 bar (atmospheric) 

Temperature ~20?C 

3.2 Measurements in the Plume 

It should be emphasized that the measurement results 
presented are invariably (long) time-averaged values, 
and reflect the average plume behaviour. However, as 
the plumes are mostly found to be unsteady (plume 
fluctuations), dynamic or instantaneous phenomena 
are also discussed here. 

3.2.1 Void-fraction Distribution 

Figure 2 shows the measured radial void-fraction 
distributions in the plume for several injection flow 
rates. For low elevations, close to the injector (Fig. 
2a), the void fraction exhibits a top-hat-like 
distribution: roughly uniform above the injector (from -
15 cm to +15 cm),  dropping rapidly at the edge of the 
injection region. At higher elevations (Fig. 2b), the 
distribution is more spread out, with the centre-line 
value decreasing corresponding to the physical 
spreading of the plume. As the plume develops, with 
increasing elevation, its shape becomes Gaussian. 

The depicted void-fraction values are corrected for a 
negative bias caused by the signal processing 
technique: usually a threshold is applied, in order to 
obtain from the raw probe signal a phase-indicator 
function from which the void fraction may be 
determined [2,5]. Due to the thresholding, some useful 
parts of the signal are lost, resulting in a slight 
underestimation of the void fraction. This bias is 
estimated by following independently the evaluation of 
the raw probe signals with a high-frequency 
acquisition board. The values have a low standard 
deviation of 2-4% due to the long time-averaging. 
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Fig. 2:  Void-fraction distributions for different injection 
flow rates: (a) close to the injector, and (b) far 
from the injector. Both figures correspond to a 
1.5 m immersion depth. 

3.2.2 Liquid- and Bubble-Velocity Field 

Fig. 3 shows average radial profiles of the vertical 
bubble velocity for several gas injection rates. First, 
the numerous instantaneous two-dimensional bubble 
velocity vector fields measured by PIV are averaged. 
Then, the average radial velocity distributions shown 
are obtained by spatial averaging of appropriate parts 
of the average vector field for the associated velocity 
component. The results show (not on the figures) that 
the velocity distribution is quite uniform close to the 
injector and it becomes centre-peaked further 
downstream from the injector. The relatively large 
uncertainty bars on the figures reflect the (turbulent) 
fluctuations of the velocity. 

 

Fig. 3: Radial profiles of the vertical bubble velocity 
obtained by PIV technique for several 
injection rates. 

Figure 4 shows radial distributions of the vertical liquid 
velocity component for different injection flow rates. 

Obviously, higher injection rates result in higher 
velocities. It should be noted that the velocity 
distributions, just like the void-fraction distributions at 
higher elevations (see Fig. 3), are perfectly Gaussian, 
as has also been reported in the literature for other 
experimental set-ups [6,7]. 

3.2.3 Comparing OP and PIV Measurements 

The vertical component of the bubble velocity can also 
be measured using the double-tip optical probes [2]. 
For this, the two tips of the probes, with a spacing 

s∆ , need to be aligned vertically. 

A raw comparison of PIV and OP results show 
reasonably good agreement, although it seems that 
the optical probes give slightly higher velocities. 

There may be several reasons for this discrepancy. 
Firstly, one should take note of the difference between 
the two techniques: for the OP velocity measurement, 
we average over the velocities of individual bubbles 
touching the probe, while for PIV one gets a weighted 
average velocity (possibly corresponding to different 
bubbles) within a small, so-called, interrogation area, 
which is averaged over time, and over a specified 
number of such areas. Secondly, the fact that the OP 
measurement is an intrusive technique, whereas the 
PIV is not, might also be a source of error. 

There is also an important effect due to the detection 
mechanism, which plays a role in the case of 

(a) 

(b) 
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fluctuating flows: namely that a velocity measured by 
an OP, denoted by vm, can be different from the true 
vertical component of the velocity, depending on the 
combined effects of bubble shape, non-vertical bubble 
velocity orientation and probe geometry [8,9]. This can 
result in a systematic deviation in the measured 
values, though the effect can be estimated 
statistically. 

 

Fig. 4:  Influence of the gas injection rate on the liquid 
(vertical) velocity distribution, measured at the 
second window. Note that only half of the 
bubble plume can be measured reliably due to 
the attenuation of the laser light by the 
bubbles. 

For this, following [8,9,10], we assume that the bubble 
velocity fluctuates around a mean, vertical velocity 

bv according to: 

 )(` `` vbvb nHkvnvkvv +=+= , (1) 

where 
bH νν /̀=  is the relative strength of the 

fluctuations, assumed to be uniformly distributed over 
the interval [0,Hmax], and `vn is the unit vector of the 
velocity fluctuation (see Fig. 5), given by 

 kjin v ξϕξϕξ cossinsincossin` ++= . (2) 

Further, we suppose that the bubble velocity is 
constant between sensor tips. Considering that the 
bubble velocity fluctuations are mainly driven by 
turbulent eddies, which are isotropic to first-order 
accuracy, it may be assumed that the unit vector of 
the velocity fluctuations has an isotropic distribution 
[8,9,10], from which it follows that the probability 
density function (pdf) of the angles ϕξ ,  is given by: 

 ]2,0[],,0[   ,4/sin),( πϕπξπξϕξ ∈∈=P . (3) 

It is further assumed that the bubbles have a spherical 
shape (with diameter D), and that they are pierced by 
the probe with equal probability over their effective 
surface (the bubble cross-sectional area 
perpendicular to the bubble velocity, see Fig. 5). 
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Fig. 5: The scheme shows the bubble velocity 
components, the corresponding angles, the 
effective surface of the bubble (shaded area) 
and the surface normal at the piercing point. 

The surface normal vector at the point where the first 
probe tip hits the surface can be written in a 
coordinate system (x`y`z`), with the z` axis aligned 
with the bubble motion, as:  

 kjin i µνµνµ cossinsincossin` ++= , (4) 

and the pdf of the polar (µ) and azimuthal angle (ν) of 

in`  can be given as: 

 ]2,0[],2/,0[   ,/cossin),( πνπµπµµνµ ∈∈=P . (5) 

The unit vector in` can be transformed back to the 
original xyz coordinate system using 

 ii nAn `= , (6) 

in which the matrix A  is given by 
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It can be shown using simple geometric 
considerations that there is a relationship between the 
measured velocity, vm=∆s/∆t, and the average vertical 
bubble velocity, bv , which can be expressed as: 
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with γ=D/∆s. 

Obviously, if the bubble motion is always aligned with 
the vertically positioned probe (no lateral velocity 
fluctuations), then vm is just the true vertical bubble 
velocity. Using Eq. (9), a relationship can be 
established between the average of the measured 
velocities, mv , and the mean vertical velocity, bv  [9]. 

For a sufficiently large sample base, the averaging 
procedure can be replaced by an integration with the 
appropriate pdfs, and a correction factor for the two 
velocities can be obtained: 
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In practice, the integration with the probability density 
functions in Eq. (10) are carried out numerically, due 
to the complexity of both the integrands and the 
integration domain. The value of Hmax is estimated 
using PIV data.  

Assuming that the PIV technique actually measures 
the “true” vertical bubble velocity component, vPIV= bv , 
using the above assumptions it can be shown that the 
standard deviation of vPIV may be expressed as 

 
9

])cos1([
2
max

2
22 Hv

vHv b

PIVv bb =−+= ξσ . (12) 

The correction factor, given in Eq.(10) has been found 
to be around 1.02 to 1.04, meaning that vm always 
overestimates bv  by 2-4% (see also [9]).  

In the above derivation, we have assumed that bv  is 
vertically oriented, which in reality is not true. PIV data 
shows that the mean bubble velocity also possesses a 
small lateral component (especially close to the plume 
edge, due to spreading). Although this, in principle, 

influences the results, the effect was found to be less 
than 0.2%, and was therefore ignored. It should be 
noted that the PIV results show that the standard 
deviations of the vertical and horizontal components 
of the bubble velocity fluctuations are practically the 
same, justifying our assumption that v’ represents a 
distribution of velocity fluctuations on a sphere. 
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Fig. 6:  Comparison of radial velocity profiles 
measured by PIV and OPs after correcting the 
OP results. There is a good agreement 
between the two techniques and differences 
between them are comparable with the 
uncertainties of the values. 

The corrected profiles are compared to the PIV 
measurements in Fig. 6. A significant portion of the 
differences have now been eliminated with respect to 
the raw results. The remaining discrepancies, which 
are anyway comparable with the uncertainties in the 
velocity estimates, might be attributed to the 
fundamental differences between the two 
measurement techniques, as mentioned before: for 
example, the above analysis did not take into account 

(a) 

(b) 
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that the optical probe measurement is intrusive, i.e. no 
bubble deformation had been assumed during the 
piercing of the bubble by the probe. 

3.2.4 Interfacial Area Concentration 

As well as the local void fraction and interfacial 
(bubble) velocity, it is possible to determine other 
important two-phase flow parameters using double-tip 
OPs, such as the interfacial area concentration (IAC) 
and the bubble size. The IAC is defined as the total 
interface area per unit mixture volume. According to 
Ishii [11], the time-averaged, local IAC at the point of 
interest can be expressed as: 

 ∑ 









=

j jii
i nvT

a
11

, (13) 

in which j denotes the jth surface passing, T the 
measurement time, and iv  and in  the local interface 

velocity and surface normal vectors, respectively 

Assuming a homogeneously distributed population of 
spherical bubbles, with unidirectional (i.e. vertical) 
velocity, and assuming that a bubble may be pierced 
with equal probability anywhere on its (projected) 
surface, the above formula reduces to the simplified 
expression [8,12]: 

 
m

i vT
N

a
1

4= , (14) 

in which TN /  represents the frequency of bubbles 
hitting the upstream tip of the probe. In fact, Eq. (14) 
leads to a bias in the estimation of the IAC. The 
reason is twofold. In reality, the bubble velocity also 
has a (fluctuating) lateral component, and vm is not 
equal to the true bubble velocity, as explained in the 
previous Section. On the other hand, Eq. (14) is not 
valid when there are velocity fluctuations. In this case, 

the average mν/1  cannot be taken over all the 

bubbles hitting the upstream probe tip, because not all 
of them give a meaningful value for mv , as also 

experimental evidence shows. These so-called 
“missing” bubbles are the ones caught by the probe 
tip close to their sides [8,10], and for which the 
magnitude of the interface velocity in the surface 
normal direction is small. As a consequence, the IAC 
carried by them is generally larger than that carried by 
the bubbles which have been detected normally [see 
Eq. (13)]. 

The problem can be remedied making use of a similar 
statistical approach to that outlined in the previous 
Section for the bubble velocity measurement, and a 
correction factor (ftot) for the IAC can be obtained as 
well [8]. Using the same assumptions as given there, 
the actual IAC can be obtained as: 

normm
tot

totii
i v

f
T
N

nvT
Na 1212 =










= , (15) 

where the last factor on the right hand side is what is 
actually measured, and where the index “tot” or 
“norm” indicates averaging over all the bubbles, or 
over those yielding a meaningful vm, respectively. 
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Fig. 7: Radial IAC distribution obtained assuming 
spherical bubble shape for 1.5m pool depth 
and 30 nl/m injection rate. 

The factor ftot can be calculated as: 
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In the absence of velocity fluctuations, ftot  = 2, and Eq. 
(15) then reduces to Eq. (14). In our measurements, 
ftot  varied typically between 2.01 and 2.05. 

Figure 7 shows some typical distributions of ia  

obtained in the tests. Comparing with Fig. 2, one 
notices that the shape of the distributions closely 
follows that of the void fraction. 

Another estimation of the IAC can be obtained if one 
relaxes the assumption of spherical bubble shape. 
Macro-photographic images show that the actual 
bubbles do not remain spherical, but assume a more 
ellipsoidal shape.  Following Liu and Clark [13], we 
assume an ellipsoidal shape with rotational symmetry 
around the vertical (shorter) axis, where the principal 
(half) axes of the ellipsoid are R, eR and R, 
respectively, with e being the shape factor. Their 
analysis is based on transforming the measured cord 
length distribution into a bubble size distribution using 
a statistical approach. According to this, the relation 
between the mean of the cord length distribution and 
of the bubble size distribution is: 

 RCL M
e

M
3
4

=  (19) 

Based on analysis of the macro-photographic images 
using a pattern-recognition software [14], the average 
value of e was found to be 0.515. The IAC for a 
control volume containing n ellipsoidal bubbles around 
the measurement point is then given by: 

 
2

2

2
22

14

11

11ln)1(23

/ eeR

e

eee

nV
nFa i

−⋅













−−

−++−

==

α

α
, (20) 

in which F and V  are the surface area and the volume 
of the ellipsoid, respectively. Applying this equation, 
with e = 0.515, results in a considerably lower 
estimation of the IAC than that obtained by assuming 
spherical bubbles (Fig. 7). This is due to the fact that, 
in both cases, the same value of the void fraction 
(total volume) is used, and that the surface/volume 
ratio decreases as 1/R. Since R is larger in the 
ellipsoidal case, this results in a lower estimate for ai. 

3.2.5 Bubble Size Distribution 

Under the assumption of spherical bubble shape, and 
having ai known, it is straightforward to estimate the 
mean bubble radius by applying the appropriate 
expressions for spherical surface and volume from the 
first equality in Eq. (20) as: 

 
ia

R
α3

= . (21) 

This gives a rather uniform value for the mean radius 
of around 1.25 mm over the whole plume for each 
measurement case. The average bubble diameter can 
also be estimated from the average cord length using 
Eq. (19), as we have already indicated. Setting e=1 in 
Eq. (19) corresponds to assuming spherical bubbles. 

From that, one obtains a comparable estimation of the 
average bubble radius to that derived using Eq. (21). 

Similarly, if one assumes an ellipsoidal shape for the 
bubble, and uses the aforementioned average value 
of e, it is possible to derive an estimation of the 
average values of the axes of the ellipsoid from Eq. 
(19). The average (vertical) semi-minor axis of the 
ellipse is equal to the estimate of the spherical bubble 
radius given in Eq. (19). The average (horizontal) 
semi-major axis is 1/e times this, and varies between 
2.5-3 mm for the different measurements. However, 
more information can be obtained if one attempts to 
estimate the bubble size distribution. This is done by 
applying the method of Liu and Clark [13,15]. It is 
shown in [13] that the relation between the pdf of the 
size of the bubbles touching the probe, and the pdf of 
the cord length for homogeneously distributed 
bubbles, can be given as: 

 )]2(2)2([)( ' eReRPeRPeRP CLCLP −= . (22) 

To estimate the pdf of the cord length, PCL, from the 
ensemble of measured cord lengths, they propose 
use of a non-parametric method based on the Parzen 
window estimator [15]. Using that for a set of cord 
length data (Y1, Y2,…, Yn), the pdf of the cord-length 
distribution can be estimated as [16]: 

 ∑
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where h is the Parzen window width. Its optimal value 
can be determined: e.g. by likelihood cross-validation, 
selecting the value that maximizes “the leave-one-out 
log-likelihood”: 
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where ),(, hyP
iYCL  is the Parzen windows pdf estimate 

constructed by leaving out Yi. For the estimated PCL, 
Eq. (22) can be applied to obtain the size distribution. 
Our experience shows that, in order to obtain a 
physically reasonable bubble size distribution, h 
should be chosen somewhat higher than that given in 
Eq. (24).  

Finally, the bubble size distribution in the flow domain 
can be obtained from the pdf of bubbles touching the 
probe, as described in [13]: 
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Figure 8 shows a typical measured cord-length 
distribution, and the estimated bubble-size 
distributions obtained from it by assuming spherical or 
ellipsoidal bubbles, respectively. Note that under the 
aforementioned assumptions, the size distribution of 
the short (vertical) axis for ellipsoidal bubbles is the 
same as the distribution of the spherical bubbles. 
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The distribution of the bubble size has also been 
determined, based on the photographic images of a 
large number of bubbles using pattern-recognition. 
For that, an ellipsoidal bubble shape has been 
assumed, and Fig. 8 shows the distributions of the 
semi-major and semi-minor axes of these ellipsoids. 
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Fig. 8:  Typical cord-length and bubble-size 
distributions. The latter are estimated from the 
former by assuming spherical or ellipsoidal 
bubble shape (solid and dashed lines), 
respectively. The average ellipsoidal bubble 
size distribution is also estimated based on 
photographic images. 

There are differences to the bubble size distributions 
obtained from the cord length data, especially in the 
case of the major axis. There are several possible 
explanations for this: for example, the major axis 
distribution has been determined from the cord 
lengths using a constant (average) value for e. 
Another source of discrepancy is that the 
aforementioned analysis based on the cord length 
assumes that the ellipsoidal bubbles travel with the 
minor axis being vertically aligned. However, photo 
images show that the actual bubbles, in many cases, 
are tilted. This might result in a broadening of the 
measured cord-length distribution, and therefore the 
estimated bubble-size distributions are broader as 
well. 

3.2.6 Plume Fluctuations and Instantaneous 
Profiles 

Bubble plumes, depending on the size of the 
experimental set -up, injection rate and depth of 
immersion, are prone to fluctuations and unsteady 
behaviour [17]. Generally, in our experiments, the 
higher the immersion depth, and the higher the 
injection rate, the stronger the system fluctuates. The 
behaviour is readily observable, and consists of a 
meandering, precessing-like motion of the plume 
around its axis. In addition, the plume diameter 

fluctuates. Statistical and Fourier analyses of the 
fluctuations, based on processing the PIV images, 
imply a mixed random-periodic character of the plume 
motion [1]. Empirical distributions of the plume centre 
position given on Fig. 9 show that the plume 
fluctuations increase at higher elevations. 

However, we have seen that, in spite of the 
displacements of the plume around the vessel axis, 
the distributions, averaged over a long-time, are 
axisymmetric. 
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Fig. 9:  Empirical distributions of the plume centre for 
Test Case I3. 

The influence of the plume fluctuations on the 
measured average profiles, and the relation between 
instantaneous and averaged profiles, have been 
examined in terms of the void-fraction profile. 
Assuming rotational symmetry, an ensemble of 
random numbers (typically 300) is generated following 
the empirical distribution shown in Fig. 9 (at the 2nd 
window). This is taken as the distance of the plume 
centre from the geometrical centre.  

Another set of random numbers has been generated 
with uniform distribution on the interval [0,2π] to 
determine the polar angle of the plume centre 
position. These two sets of random number pairs 
together characterise the plume centre position. A 
Gaussian distribution, somewhat narrower than the 
one fitted to the measured void-fraction profile, is 
taken as an instantaneous profile, and its centre is 
shifted according to the actual random number pair. 
The shifted instantaneous profiles are averaged along 
a radius, and this average profile is compared with the 
measured void-fraction profile. The process is 
repeated by resetting the variance of the 
instantaneous Gaussian profile until the average 
profile is a reasonable fit to the measured one, as 
illustrated in Fig. 10. As can be seen, the averaged 
profile is slightly more spread out than the 
instantaneous profile. 
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Fig. 10:  Relation between instantaneous and 
average radial void-fraction distributions for 
Test Case I3, measured at the second 
window. 

3.3 Measurements in the Recirculation Region 

The liquid velocity in the surrounding water pool has 
been measured using a 3D electromagnetic probe at 
a number of points along horizontal curves (traced out 
by the rotating arm); and, at fixed radial positions, 
vertical scans have been taken close to either the 
vessel wall or to the plume edge. Results are shown 
in Fig. 11.  
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Fig. 11:  Liquid velocity components in the 
recirculation region. Measurements have 
been carried out at a fixed radial distance 
(close to the plume edge) for different 
elevations of the probe. 

Because of the rotational symmetry of the set-up, the 
horizontal velocity is decomposed into radial and 
azimuthal components. From the Figure, the 
existence of the large-scale recirculation flow in the 
outer liquid region, as indicated schematically in Fig. 
1, can be quantitatively reconstructed. Results show 
that only in a layer of about 20 cm depth beneath the 
free surface is there a significant outward radial 
velocity corresponding to the large-scale recirculation. 
Below this depth, there is an inward radial velocity of 
small magnitude, corresponding to the liquid 
entrainment into the plume. The vertical velocity 
component of the recirculation flow has a maximum of 
0.4 m/s about 30 cm below the free surface, but which 
vanishes on approaching either the water surface or 
the elevation corresponding to the injection needles. 
The azimuthal velocity is of little significance, and is 
scattered around a small value close to zero at all 
elevations, indicating that  there is practically no large-
scale rotation. Results also show that the EM probe 
measurements and the PIV results are consistent 
close to the edge of the plume. 

4 CONCLUSIONS 

Experiments have been performed in the LINX facility 
featuring large-scale bubble plumes. The tests have 
been carried out under well-defined boundary 
conditions, and the gas injection flow rate and the pool 
depth have been varied in the tests. Void-fraction, 
phasic-velocity, interfacial-area-concentration and 
bubble-size distributions have been obtained inside 
the plume using different measurement techniques: 
namely, using PIV and optical probes. The 
recirculation vortex around the plume has also been 
examined. The experimental data have been 
processed using advanced methods, able to correct 
for systematic deviation and bias in the data caused 
by the measurement technique. In spite of the fact 
that the plumes exhibited unsteady (fluctuating) 
behaviour, the distributions of the long-time average 
values of the different two-phase flow parameters in 
the plume were found to be axisymmetric. However, 
the fluctuations have led to a slight broadening of the 
(time-) averaged profiles. The results obtained using 
the different measurement techniques have been 
shown to be consistent, and have agreed quite well 
with each other. The database assembled from these 
experiments forms a valuable, consistent set, and can 
therefore be used for the validation and development 
of advanced, numerical, two-phase flow simulation 
methods. 
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