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The formation of local instabilities, identified as isolated pulsing events, in the gas-
liquid distribution within a trickle-bed reactor is shown to be central to the mechanism of
the hydrodynamic transition from trickle-to-pulsing flow. The evolution of these instabil-
ities as the bed moves through the transition is imaged in 3-D using ultrafast magnetic
resonance imaging (MRI). The reactor was of internal dia. 43 mm and packed with
cylindrical packing elements of length and diameter 3 mm, operating under conditions of
air-water, cocurrent downflow. Superficial gas and liquid velocities in the range 25–300
and 0.9–13.0 mm s�1, respectively, were used. For a given gas velocity, the transition
point is defined to be the liquid velocity at which the maximum number of isolated pulses
occurs. The transition point determined using this approach is critically compared with
the predictions of existing correlations and theoretical models. © 2005 American Institute of
Chemical Engineers AIChE J, 52: 1522–1532, 2006
Keywords: trickle-bed reactor, hydrodynamic transition, magnetic resonance imaging,
pulsing regime, two-phase flow

Introduction

Trickle-bed reactors consist of a fixed bed of catalyst parti-
cles, contacted by gas-liquid two-phase flow, with cocurrent
downflow as the most common mode of operation. Trickle
beds are the most frequently used type of gas-liquid-solid
reactor1 with widespread applications in the petroleum, petro-
chemical and chemical industries, as well as increasing appli-
cations in biochemical and electrochemical processing and
waste (gas or liquid) treatment. Typical reactions carried out in
trickle-bed reactors involve hydrogenations, oxidations and
various types of hydrotreatments, for example, hydrocracking,
hydrodenitrogenation and hydrodesulfurization.

For the case of nonfoaming systems, trickle-bed reactors can
be operated in various flow regimes depending on the fluid
properties and flow rates, and the packing characteristics.2

These flow regimes are commonly divided into a low interac-
tion regime (trickle flow), where the flow of one phase is not

affected by the flow of the other one, and a high interaction
regime (including pulsing, bubble and spray flow), where in-
teractions between the two phases do affect the flow pattern.3-5

It is well known that the flow regime within a given trickle-bed
reactor will influence characteristics, such as phase holdups,
power consumption and mass-transfer fluxes,6,7 and, hence,
conversion and selectivity. Therefore, successful modeling of
trickle-bed reactors requires precise tools for the identification
of the flow pattern to be expected for a specified set of oper-
ating conditions. In this article we demonstrate the power of
ultrafast three-dimensional (3-D) MRI to provide such detailed
information.

The transition between the trickle and pulsing flow regimes
has attracted particular attention for two reasons. First, many
industrial trickle-bed reactors are operated either in trickle
flow, in pulsing flow or somewhere near the transition.5,8

Second, it is vital to gain an improved understanding of the
two-phase fluid dynamics and transport processes in pore net-
works both at particle- and reactor-scale to achieve successful
process scaleup.1,9,10 Consequently, numerous empirical,
semiempirical and theoretical models aiming to predict the
transition conditions have been proposed in the litera-
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ture.1,4,7,11-13 Only a brief overview of the most relevant exper-
imental and theoretical approaches is given here.

The earliest approach predicted the transition based on flow
maps and correlations obtained empirically by observing the
flow pattern inside the trickle bed through transparent
walls.14,15 For example, Blok et al.15 observed that the transi-
tion occurred at a constant value of the real velocity, as defined
by their own empirical correlation to determine the liquid
holdup, and proposed a constant Froude number as the criterion
for the transition. The inevitable shortcoming of such ap-
proaches is that one is relying on the observation of hydrody-
namics close to the walls of the reactor as being representative
of the global bed behavior which will not necessarily be the
case. The most recent empirical approach is that reported by
Larachi et al.7 who derived a correlation using a feed-forward
neural network approach, based on a database compiled from a
detailed survey of all trickle-to-pulse flow transition data pub-
lished between 1964 and 1994.

The more theoretical modeling approaches fall into two
groups. The first group relates the bed-scale transition to phe-
nomena occurring at the pore scale, we will refer to these as
“microscopic” models. In this context a “pore” refers to an
element of the channel structure within the bed of a length scale
typical of the packing elements comprising the bed. For in-
stance, Sicardi et al.11 suggested that a trickle bed may be
considered as consisting of constricted parallel channels, and
that inception of pulse flow occurs when large waves on the
liquid surface occlude the constrictions. Along a similar theme,
Ng16 postulated that pulsing occurs when growing liquid films
first block the constrictions between particles. Holub et al.4

suggested that the transition was caused by the loss of stability
of the laminar liquid film, as predicted by Kapitza’s criterion17

for the onset of interfacial waves, and included an empirical
correction to account for the trends in the transition as a
function of Galileo number and the dimensionless liquid phase
pressure drop. Although these models were based on physical
phenomena, in the absence of experimental determination of
the required input data, they still rely, to some extent, on use of
empirical correlations. For example, Ng’s model requires a
value for the liquid holdup at the onset of pulsing. The afore-
mentioned microscopic models postulate that the transition to
pulsing flow is the outcome of a statistically large number of
local pulsatile occurrences in the liquid flow, but make no
attempt to describe the nature of the evolution from local
pulsing events to bed-scale pulsing. The second approach to
describing the hydrodynamic transition is to use a “macro-
scopic” model. The classic example of this approach is the
work of Grosser et al.12 who predicted the trickle-to-pulse flow
transition from a perturbation analysis of a unidirectional, fully
developed, volume-averaged and separated two-phase flow
Navier-Stokes model. A more recent work based on this anal-
ysis is that of Attou and Ferschneider.13

To a significant extent, the ability to develop and validate a
model for use in predicting the trickle-to-pulse transition will
be limited by our ability to measure the transition, and, per-
haps, more importantly, to identify unambiguously what we
mean by the term “transition”. For completeness, a summary of
the experimental approaches taken to studying the trickle-to-
pulse transition is now given. As discussed earlier, the earliest
studies were made by visual inspection of columns with opti-
cally transparent walls2; such studies were, therefore, inher-

ently limited in their ability to give insight into what was
happening in the interior of the bed. An alternative approach,
which did reflect the global behavior of the bed, was to use
conductance techniques to detect changes in gas-liquid holdup
averaged over a cross-section perpendicular to the direction of
flow.15,18,19 This method gives important information about
macroscale phenomena occurring during pulsing flow, for ex-
ample, “pulse” velocities and frequencies. Other nonspatially
resolved techniques include pressure probes, and tracer and
anemometry/microphone techniques.11,15 The advent of tomo-
graphic techniques to gain insight into the 2- and 3-D behavior
of the gas-liquid distribution and flow during trickle-bed oper-
ation offers significant opportunities for taking forward our
understanding of hydrodynamic transitions in these systems.
Tomographic methods previously applied to study two-phase
flow under trickle-flow conditions include conductance and
capacitance methods,20-22 optical methods,23-25 X-ray tomogra-
phy26-28 and MRI.29-31 Of these, only capacitance tomography
and MRI have been successfully used to visualize transient
flows in trickle-bed reactors. In particular, Reinecke and
Mewes22,32 successfully implemented capacitance tomography
to acquire rapid (70 Hz) 2-D information with an in-plane pixel
resolution of 3.75 mm � 3.75 mm, and an axial electrode
measurement of 30 mm. They observed that the pulses passing
through the column were not liquid slugs of a certain thickness
covering the whole cross-section but only liquid-rich bands
moving within the bed; estimates of the pulse velocity were
also given. With respect to MRI, Sederman and Gladden29 have
shown that MRI can be used to study the 3-D gas-liquid
distribution during trickle flow from which direct measure-
ments of liquid holdup and catalyst wetting are obtained. More
recently, Lim et al.30 and Sederman and Gladden31 reported the
use of an ultrafast 2-D MRI technique to investigate the sta-
bility of the gas-liquid distribution in the trickle- and pulsing-
flow regimes. At the onset of the transition to pulsing flow,
local pulsing at the length-scale of the size of the packing
elements was observed within the bed. Increasing liquid veloc-
ity, at a constant gas velocity caused an increase in the number
of these pulses, but it was not possible to investigate in detail
the evolution of these local pulsing events through the transi-
tion since only 2-D data were acquired. These studies also
confirmed the conclusion of Reinecke and Mewes22,32 that
liquid slugs did not cover the entire cross-section of the bed,
but merely represented an increase in liquid holdup within
sections of the column. Lim et al.30 extended the application of
2-D MRI studies to perform a preliminary investigation of the
absolute stability of the liquid phase under conditions of trickle
flow. It was shown that even when the macroscopic gas-liquid
distribution is constant, well-defined temporal correlations in
local liquid content exist. These data have been interpreted as
evidence of liquid films of fluctuating thickness on the surface
of the packing elements. Work is ongoing to see the extent to
which these instabilities are associated with the formation of
the local pore-scale pulsing events which we identify as central
to the mechanism of the trickle-to-pulse transition in this arti-
cle.

This article extends our earlier 2-D studies of the nature of
the trickle- to pulse-flow transition by using ultrafast 3-D MRI
of the liquid distribution within the bed. By imaging the liquid
distribution within a 3-D volume of the bed it is possible to
study the spatial evolution of the local pulsing events as a
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function of the operating conditions of the reactor. Image
analysis techniques are used to quantify the number and size of
the local pulsing events so that the evolution of these liquid
instabilities within the bed can be followed through the hydro-
dynamic transition. The following conclusions are drawn from
this study:

1. The onset of the transition is identified by the occur-
rence of local pulsatile events within the bed, suggesting that a
“microscopic” mechanism describing the trickle-to-pulse tran-
sition is most appropriate. These isolated pulses are typically of
size-scale not exceeding that of 2 packing elements within the
bed.

2. The local pulsatile events “switch on” and “switch off”
within the bed as a function of time. Specific regions of the bed
appear to have a high probability of being associated with local
pulsatile events. In other regions of the bed local pulsatile
events do not occur, suggesting that the structure of the bed
determines the location of the local instabilities in the liquid
flow.

3. For a constant gas velocity, as liquid velocity is in-
creased, the number of local pulsatile events increases until a
maximum number Nmax, is reached. We define the liquid ve-
locity at which Nmax occurs as the transition point. At higher
liquid velocities the pulses grow and merge until the whole bed
is characterized by a temporally unsteady liquid distribution.

4. As gas velocity increases so the liquid velocity at which
the trickle-to-pulse transition occurs decreases and the value of
Nmax increases. Furthermore, the transition from the state of the
bed being characterized by local pulsatile events to that at
which the entire bed is associated with unstable liquid distri-
bution occurs over a wider range of liquid velocities at high gas
velocities.

5. Considering our experimental data recorded for the bed
loaded with cylindrical packing elements and using our objec-
tive definition of the transition point we obtained good agree-
ment with the predictions of Blok et al.15 and Larachi et al.33,
suggesting that our association of the liquid velocity at which
Nmax occurs with the transition point is appropriate. Further-
more, we obtained excellent agreement between our experi-
mental determinations of the transition point for the bed packed
with spherical packing elements with the predictions of the
model of Ng.16 This result gives support to our conclusion that
the mechanism for the hydrodynamic transition requires for-
mation of local pulsing events, and that the conditions under
which the transition occurs are dependent on particle shape.

Experimental Methods
Experimental setup and procedure

The experimental setup is shown in Figure 1. The experi-
ments were carried out using a 70 cm long trickle-bed column
constructed of PTFE with an internal dia. of 43 mm. The
column was packed with porous cylindrical alumina pellets of
length and dia. 3 mm, and bed voidage �0.38. The pellets were
soaked in deionized water for 24 h prior to the experiment in
order to fully prewet the pellets. The packed bed was prepared
by loading the column to a height of 10 cm, and then tapping
repeatedly to consolidate the packing. This procedure was
repeated, each time increasing the height of the packing by 10 cm
until the column was full. The bed was then operated in the
pulsing-flow regime to further consolidate the bed over a

period of 1.5 h before MRI measurements were acquired. The
liquid and gas used were water and air, respectively. The liquid
was pumped using a gear pump and its flow rate controlled by
an electronic Coriolis mass flow controller (M55C4-AAD-11-
K-C from Bronkhorst). The trickle bed was operated under
cocurrent downflow conditions. The liquid was fed to the bed
through a distributor plate at the top of the PTFE column, and
the gas flow was taken from a 6 barg oil-less airline and passed
through a variable pressure reducer to 2 barg, after which it was
fed through a rotameter and needle valve. The gas entered the
top of the column around the outside of the distributor plate. At
the base of the column, a single return line returned the liquid-
gas mixture to a reservoir where the gas was released to
atmosphere. Pressure drop measurements were taken over a
length of the packing of 68 cm at time intervals of 0.5 s and
logged for a period of 10 min; these measurements were
recorded simultaneously with the MRI data.

Experiments were performed for gas superficial velocities
uG, of 25, 75, 150, and 300 mm s�1 (0.04, 0.09, 0.18 and 0.36
kg m�2s�1), and for each of these gas velocities, 27 liquid
superficial velocities uL were studied in the range 0.9 –
13.0 mm s�1 (0.9 and 13.0 kg m�2s�1). Experiments were
performed by setting the gas velocity and then monotonically
increasing or decreasing the liquid velocity at the constant gas
velocity. Before changing the gas or liquid flow rates to the
bed, a standard protocol was followed: (1) Before each of the
gas superficial velocities was fixed the bed was operated in the
fully developed pulsing regime for 20 min at uG � 300 mm s�1

and uL � 12.0 mm s�1. (2) Both the gas and liquid flows were
then stopped and the bed was allowed to drain for 30 s. The
required gas velocity and the lowest liquid velocity were then
set simultaneously. Having established the gas and liquid
flows, the bed was operated for 15 min at these conditions to

Figure 1. Flow loop: 1: column; 2: liquid reservoir; 3: liq-
uid gear pump; 4: liquid flow meters; 5: gas
flow meters; 6: electronic mass flow measure-
ment and control; 7: compressed air line (6
barg); 8: pressure reducer; 9: pressure trans-
ducer; 10: PC; 11: gas saturator; 12: 4.7 T su-
perconducting magnet.
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reach steady state before MRI data were acquired. Confirma-
tion of steady state during trickle flow was obtained using two
techniques: ultrafast (20 ms/frame) 2-D MRI images and pres-
sure drop measurements. By acquiring successive 2-D images
and integrating the signal intensity within each image, it was
observed that total signal intensity, corresponding to liquid
content within the image slice, reached a constant value in less
than 10 min. More detailed study of the individual images
confirmed that the spatial distribution of the liquid within the
bed was also constant by this time. Simultaneous pressure drop
measurements also showed that the pressure drop had con-
verged to a steady value over the same time-scale. (3) After
each acquisition, the liquid velocity was stepped up to the next
highest liquid velocity, and, once the maximum value had been
reached, the liquid flow was then stepped down in the same
increments. This procedure was adopted to investigate the
presence of any hysteresis in the behavior of the trickle-to-
pulse transition. MRI data were acquired from a 3-D volume of
dimension 60 mm � 60 mm � 60 mm, the center of which was
50 cm below the liquid distributor plate.

A preliminary investigation of the effect of particle shape on
the characteristics of the hydrodynamic transition was per-
formed using the 70 cm long bed, packed with alumina spheres
of dia. 3 mm. The bed loading procedure was exactly the same
as that described earlier for the cylindrical packing elements.
For the column packed with spherical packings, five constant
gas velocities were studied: 25, 75, 150, 225 and 300 mm s�1.
The same liquid velocities were studied as for the experiments
performed on cylindrical packing elements.

MRI

The 1H MRI data were acquired at a frequency of 199.7
MHz on a Bruker Spectrospin DMX 200, 4.7 T magnet with a
birdcage coil of length and dia. 6.3 cm, and shielded gradient
coils providing a maximum gradient strength of 13.50 G cm�1.
Two types of images were acquired. First, a high-spatial reso-
lution image of the completely water-saturated bed was ac-
quired using a RARE pulse sequence34 to provide accurate
identification of the position of packing elements within the
bed. A spatial resolution of 175 �m � 175 �m � 175 �m was
obtained using a recycle time of 5 s, an echo time of 7.4 ms, 4
averages and a RARE factor of 32 giving a total acquisition
time of 11.5 h. Second, 3-D images of the liquid distribution
within the bed for each set of operating conditions were ac-
quired using an ultrafast FLASH pulse sequence35 with ramped
gradients. A bed volume (that is, field-of-view) of 60 mm � 60
mm � 60 mm was excited using hard pulses with a pulse of
length 7 �s giving a pulse angle (�°) of 5.5° and a gradient-
echo time of 0.6 ms. The relatively long gradient-echo time
compared to the T*2 of the intraparticle water, which is approx-
imately 0.3 ms, means that the contribution of the intraparticle
water to the signal is negligible, and, therefore, allows us to
visualize only the interparticle liquid. Figure 2 shows the pulse
sequence used. The data arrays acquired were of size 16 �
16 � 32, which, given the field-of-view used, yielded a spatial
resolution 3.75 mm � 3.75 mm � 1.87 mm; thus, the volume
of a single image voxel is approximately that of an individual
packing element within the bed. The data acquisition time was
280 ms. 3-D images were acquired in immediate succession,
therefore, data were acquired at a rate of 3.6 images per s. Due

to hardware limitations only 8 consecutive images could be
acquired. For each set of operating conditions of the trickle
bed, 6 sets of 8 consecutive images were acquired. As dis-
cussed in our earlier article,36 the FLASH imaging pulse se-
quence used here provides a robust measure of the liquid
distribution (that is, whether or not liquid is present within a
given image voxel), but we do not attempt to quantify the
liquid holdup from these data.

Data Analysis

The FLASH images acquired were analyzed as follows.
First, 3-D standard deviation maps were calculated from the
groups of 8 images acquired within a single experiment. High
values of standard deviation identify voxels that are associated
with time-varying liquid content. Following calculation of the
standard deviation map, the data are binary gated such that only
those voxels associated with a value of standard deviation
higher than a critical value are identified as being associated
with local pulsing regions within the bed. It is only these
pulsing regions, which lie above the gating level that are
considered in calculating the statistics describing the evolution
of the locally pulsing regions through the hydrodynamic tran-
sition. Finally, to provide insight as to how local pulsing relates
to the structure of the bed the data arrays of the standard
deviation map and the image of the bed are superimposed; this
is achieved by linearly interpolating the standard deviation
maps (spatial resolution: 3.75 mm � 3.75 mm � 1.87 mm) to
the same resolution as the high-resolution RARE image of the
bed (spatial resolution: 175 �m � 175 �m � 175 �m).

Details of the analysis procedure are now given. The calcu-
lation of the standard deviation (�) map has been described for
the case of analyzing 2-D data sets in earlier work.31 In this
work the concept of the �-map is extended to the analysis of

Figure 2. 3-D FLASH pulse sequence used in all the fast
3-D MRI data acquisitions; TE and TR are the
echo time and recycle time, respectively.
32 points were acquired in the read direction (GR) and 16
points were acquired both in the first (GP1) and second (GP2)
phase directions. GR is applied in the direction of superficial
flow.
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3-D data sets. The standard deviation of the signal intensity of
voxel i, �i, for a series of n images (n � 8 in this work) is
calculated as

�i � ���xi � x� i�
2

n

where xi is the signal intensity of voxel i and x�i is the average
intensity of voxel i. Hence, 6 �-maps were calculated for each
set of operating conditions of the trickle bed. For each 3-D
standard deviation map, a mean value (�mean) of the standard
deviation is calculated from the values comprising the com-
plete map; this parameter acts as a single-value descriptor of
the instability of the liquid distribution within the volume of the
bed imaged.

To use the 3-D array of information in the standard deviation
map, each standard deviation map was binary-gated such that
voxels associated with a value of standard deviation lying
above the gating value (�crit) were considered to be associated
with a significantly unstable liquid content (that is, they are
identified as locally pulsing regions), whereas those lying be-
low the gating level were considered to have a stable liquid
content, and were not considered further in the analysis. Given
that the standard deviation of the noise level (�noise) in the
images was �0.2, and that the standard deviation of a voxel
associated with fully pulsing flow rarely exceeds 2.0, a value of
�crit equal to 1.0 was used in the analyses reported here. This
is equivalent to taking a gating level of 5�noise and is, therefore,
consistent with the analyses of 2-D data reported elsewhere.30

All analyses reported here were also performed with gating
levels in the range 0.8 � �crit � 1.4. While the absolute number
of isolated pulsing regions that were identified decreased
slightly as the gating level increased, the trends in the data
presented, including the liquid velocity at which the maximum
number of isolated liquid pulses occurs, remained the same.

Following gating, the 3-D standard deviation maps comprise
values of only 1 and 0 indicating voxels associated with un-
stable and stable gas-liquid content, respectively. These gated
data arrays were then analyzed using an in-house algorithm to
identify the number and size (in terms of number of voxels) of
clusters of voxels associated with an unstable gas-liquid dis-
tribution. The fraction of the total bed void space associated
with unstable gas-liquid distribution is also obtained. A “clus-
ter” of voxels comprising a local pulsing region is defined as a
group of 1-value voxels connected to each other by at least one
corner. This choice of connectivity criterion is rationalised by
the fact that if we consider the 3-D interparticle space (void
space) of the bed to be comprised of a 3-D network of pores
and constrictions, it is most likely that if voxels either side of
a constriction are associated with locally pulsing flow, then the
two pulsing regions are not independent of one another —
hence, they are assigned to the same cluster. An alternative
choice of connectivity criterion is that “pulsing” voxels belong
to the same cluster only if they share at least an edge. All
results presented here are robust to this change in criterion,
although the absolute numbers of cluster and their sizes will
differ. The liquid velocities at which the onset of pulsing
occurs and the transition point itself do not change. All data
were analyzed over a bed height of 45 mm.

Results

The results are reported as follows. First, an example of the
analysis of the evolution of local pulsing behavior is presented
as a function of liquid velocity. Data for the case of a constant
gas velocity of 300 mm s�1 are shown. At this point an
objective definition of the transition point is proposed. The
evolution of the number and size of local pulsing events as a
function of liquid velocity is also compared with the behavior
of the pressure drop readings along the length of the bed.
Second, the effect of the gas velocity on the nature of the
trickle-to-pulse transition is presented. Third, the sensitivity of
the analysis to the location of the imaging volume along the
length of the column is reported. Finally, for each of the four
gas velocities studied, the liquid velocity at which the maxi-
mum number of isolated pulses is observed is compared with
the predictions of earlier workers. At this point the data ob-
tained for the bed packed with spherical packing elements is
also presented. In Figures 3–5 individual standard deviation
maps are shown which have been calculated from a single
series of 8 consecutive 3-D images. The statistical data shown
in Figures 6–10 are calculated from the 6 standard deviation
maps obtained form the 6 separate experiments performed at
each operating condition.

Trickle-to-pulse transition for uG � 300 mm s�1

Figures 3 and 4 show two different views of the combined
3-D structural image of the bed, and the standard deviation
maps for a constant gas superficial velocity of 300 mm s�1.
Data are shown for 8 liquid superficial velocities spanning the
trickle-to-pulse transition increasing from 3.9 mm s�1 to
12.2 mm s�1. In both figures the cylindrical pellets are depicted
in black, and the interparticle space was assigned a range of
colors between blue and red (as indicated by the legend)
depending on the value of the standard deviation of the signal
intensity in that region of the bed observed between successive
images, that is, the stability of the gas-liquid distribution in that
region. Large fluctuations in the liquid distributions, corre-
sponding to values of the standard deviation equal to or greater
than 1.0 are depicted in red. It is only the regions identified as
red that are used in the analysis of the local pulsing clusters in
subsequent analysis.

Figure 3 shows the evolution of the liquid instabilities for
increasing liquid velocities in a cross-section of the column
perpendicular to the direction of flow; a bed height of only
9 mm is shown. For liquid superficial velocities (uL) below
5.2 mm s�1 the gas-liquid distribution is constant, as expected
for trickle-flow conditions, with most of the cross-section
showing values of the standard deviation between 0.2 and 0.5
(in blue and green). In the section of the bed shown, localized
regions of liquid instability occurring over a length scale of
order the size of a packing element are observed at values of uL

as low as 4.6 mm s�1 (Figure 3b). At increasing values of uL

these regions increase in number, grow and then merge with
each other, eventually covering most of the cross-section. The
evolution of the pulsing events observed in the 3-D images
acquired at 280 ms per frame is consistent with the 2-D data
reported earlier30,31 which were acquired at a faster rate (20 ms
per frame). The time scales over which the local pulses oc-
curred, as determined in the 2-D study, were typically 0.4 –
10 s, and, therefore, both the 2- and 3-D acquisitions will be
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sensitive to the local pulsing events, which are the focus of this
article. However, the 3-D data acquisition will not be sensitive
to any rapidly changing liquid content that averages to a similar
value in successive image acquisitions. Therefore, the 3-D
experiments are unlikely to be able to detect the higher fre-
quency fluctuations (�0.1 s) in liquid content that occur during
trickle flow that have been observed in 2-D studies, and which
have tentatively been assigned to fluctuations in the thickness
of surface wet layers on the packing elements prior to forma-
tion of the local pulsing events.30

Figure 4 shows the evolution of the liquid instabilities in a
section of the bed of height 40 mm. This cut through the 3-D
dataset allows us to visualize the spatial extent of the local
pulses. When the local pulses are first formed they have a
volume no greater than 2 Vp, where Vp corresponds to the
volume of one packing element (�0.02 cm3). The more quan-
titative analysis, to be presented later, reveals that the maxi-
mum number of local (isolated) pulsing regions (Nmax) oc-
curred at a uL of 6.1 mm s�1 (Figure 4d). At liquid velocities
greater than this, the regions of unstable liquid content start to
merge and form larger pulsing clusters with volumes in the
range 5 – 10 Vp, eventually occupying the whole volume of the
column at the highest liquid velocities studied (Figure 4h).

Figure 5 shows six standard deviation maps presented as in
Figures 3 and 4, but in this case all maps are shown for a value
of uL of 6.1 mm s�1. The height of the bed shown is 34 mm.
Each standard deviation map is calculated from a separate
series of 8 images of the gas-liquid distribution within the bed;
the total data acquisition time for all 8 images in a given series
was 2.24 s. In Figure 5 we clearly observe that at this value of
uL, which corresponds to that at which the maximum number
of local pulsing events occurs, the local pulses “switch on” and
“switch off” as a function of time, as seen in the highlighted
regions A and B. Other regions of the bed (region C) are
identified in which no isolated pulses are observed. Thus, we
suggest that some regions of the bed are more likely to be
associated with a stable or unstable liquid distribution, suggest-
ing that the structure of the bed plays a role in determining the
position of local pulsing events.

Figure 6 shows the results of the analysis of the binary-gated
standard deviation maps. Figure 6a shows both the average
number of individual pulses and the total pulsing volume as a
function of liquid velocity. Both these sets of data show aver-
age values calculated from the 6 standard deviation maps, each
of which was calculated from a series of 8 images of gas-liquid
distribution. It is seen that at low values of uL there are no
pulsing (that is, unstable) regions in the volume imaged. As the
liquid velocity is increased, the number of pulsing regions
increases until it reaches a clear maximum (Nmax) of 28 at a
liquid velocity of 6.1 mm s�1. This characteristic peak shape
describing the evolution of the number of isolated liquid pulses
as a function of liquid velocity was observed in all experiments
and, therefore, we have taken the liquid velocity at which Nmax

occurs to be an objective definition of the transition point
between trickle and pulsing flow, and will now refer to the
liquid velocity at which this Nmax occurs as uLT. For uL 	 uLT,
the number of independent regions associated with unstable
liquid distribution decreases until it reaches 1 or 2. Combining
this information with the total pulsing volume data, we observe
that the volume of the first liquid pulses is very small. Con-
sidering the data from all 8 standard deviation maps, the first

pulses are observed at a uL of 3.0 mm s�1 and have an average
volume of 2.17 Vp. The behavior of the average number of
liquid pulses and the associated total pulsing volume show the
same characteristics for each of the 4 values of uG investigated.
Figure 6b shows how the number of pulsing regions relates to
the standard deviation of the pressure drop measurement taken
over the length of the column. A sharp increase in the standard
deviation of the pressure drop measurements occurs near uLT.
However, this transition is not as clearly defined as that iden-
tified by the peak in the number of liquid pulses.

Figure 7 focuses on the statistical evolution of the individual
pulsing regions, and their sizes up to uL� uLT (� 6.1 mm s�1).
Figure 7a shows the total number of pulses of sizes between
1–30 Vp occurring at uL � 4.6 mm s�1 at which point isolated
pulses are only just beginning to form. At uL � 5.7 mm s�1

(Figure 7c) 52 regions had volumes of 1-2 Vp, while only 14
pulsing regions presented the second most commonly occur-
ring volume size (2–4 Vp). Figures 7(b–d) show that as the
liquid flow rate was increased up to uLT the number of pulsing
regions increased and, furthermore, the majority of the pulsing
regions remain characterized by small volumes. For all four
values of uL shown in Figure 7, the majority of individual
pulses had volumes of 1-2 Vp. For completeness, Figure 8
shows how both the total pulsing volume and the average
standard deviation value calculated from the 3-D �-maps have
the same form as a function of liquid velocity, with their point
of inflection occurring near uLT.

Effect of gas velocity

The effect of changing the gas velocity on the nature of the
hydrodynamic transition is shown in Figure 9. As observed in
Figure 9a, the value of Nmax decreases and the value of uLT

shifts to higher values, with decreasing uG. For example, at
uG � 300 mm s�1 the values of Nmax and uLT were 27.5 and 6.1
mm s�1, respectively, while at uG � 25 mm s�1 Nmax took the
value of 12.5 and uLT occurred at a liquid velocity of 8.7 mm
s�1. The observation that the hydrodynamic transition occurs at
lower values of liquid velocity as gas velocity increases is in
agreement with previous experimental observations14,37,38 and
theoretical predictions12,15,16. Figure 9b shows the fraction of
the bed that is associated with pulsing liquid as a function of
uL. These data suggest that the merging of isolated liquid
pulses such that the bed moves into the pulsing regime, occurs
more rapidly with decreasing uG. Figure 10a,b shows the
evolution of the number of isolated pulses as a function of uL

for gas velocities of 75 and 300 mm s�1. Data are shown for
both increasing and decreasing liquid velocity, and it is clearly
seen that no hysteresis is observed. These data are consistent
with the pressure drop readings recorded at the same time,
which also showed no hysteresis. The data shown in Figures 9
and 10 also show that the isolated pulses that exist prior to the
transition are small, indeed �70% being less than 2Vp for
uL�uLT. These data also suggest that higher gas velocities
result in isolated pulses of larger size.

Effect of the location of the image volume

The objective of this part of the study was two-fold. First, to
confirm that the data presented are not dominated by the fact
that the image volume is located only �20 cm from the bottom
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of the bed. Second, to investigate the effect of moving the
image volume to different distances from the entrance to the
bed. A bed of length 2.20 m was loaded with the same packing
material using the same procedure as described previously for
the shorter bed. For a constant gas velocity of 75 mm s�1, 27
liquid superficial velocities, uL, were studied in the range 0.9 –
13.0 mm s�1 for each of two image volume locations; namely

with the center of the image volume being 1.0 m and 2.0 m
below the distributor plate. These data were then compared
with those obtained from the short column in which the data
were acquired with the center of the image volume 0.5 m below
the distributor plate. It follows that if all three data sets give
consistent values of the liquid velocity at which the hydrody-
namic transition occurs, uLT, then we can conclude that the
characteristics of the hydrodynamic transition are the same
throughout the length of the column (certainly to within 20 cm
of the column exit). Alternatively, if the MRI data for the short
column agree with the data recorded 2.0 m below the distrib-
utor in the long column, but are significantly different to the
data obtained at 1 m below the distributor in the long column,
then it may be that the data we report for the short column are
dominated by exit effects.

The values of uLT at distances of 1.0 and 2.0 m from the
entrance to the bed of length 2.2 m, were found to be 7.2 and
6.6 mm s�1, respectively. These values compare with a value
of uLT � 7.5 mm s�1 for the shorter column used in the earlier
studies for which the imaging volume was 0.5 m from the top
the bed and 0.2 m from the bottom of the bed. From these data
it is clear that the value of uLT scales linearly with distance
from the top of the bed, and does not correlate with distance
from the bottom of the bed. Thus, we can conclude that the data
reported in this article are not dominated by the location of the
imaging volume in the 70 cm long column being 20 cm from
the bottom of the bed. Furthermore, our data are in agreement
with the results of earlier workers who reported that the value
of liquid velocity at which the hydrodynamic transition occurs
decreases with increasing distance from the distributor.21,23

Figure 3. Evolution of local pulsing events across the
bed as a function of liquid velocity.
3-D standard deviation maps calculated from data acquired
with the bed operating at a constant gas velocity of 300 mm
s�1 for liquid velocities in the range 3.9 – 12.2 mm s�1 are
shown. The height of the bed section is 9 mm. The standard
deviation maps are shown combined with the 3-D RARE
image of the internal structure of the bed. The standard
deviation maps (3.75 mm � 3.75 mm � 1.87 mm) have been
linearly interpolated to the same resolution as the RARE
image (175 �m � 175 �m � 175 �m) to provide a better
insight to how local pulsing relates to the structure of the bed.
The direction of superficial flow is perpendicular to the cross-
section of the bed shown. Regions of unstable liquid content,
that is, local pulsing regions) are identified as red. The same
color scale is used in Figures 4 and 5.

Figure 4. Evolution of local pulsing events along the length
of the bed as a function of liquid velocity.
3-D standard deviation maps of a vertical section, of height 40
mm, through the bed are shown. The bed is operating at a
constant gas velocity of 300 mm s�1 for liquid velocities in
the range 3.9 – 12.2 mm s�1. As in Figure 3, the standard
deviation maps have been linearly interpolated to the same
resolution as the RARE image (175 �m � 175 �m � 175
�m).

Figure 5. Time-dependent behavior of local pulsing
events.
3-D standard deviation maps combined with a RARE image
of the bed structure are shown for a bed height of 34 mm. All
maps were calculated from 3-D MRI datasets acquired with
the bed operating under the same conditions with gas and
liquid velocities being 300 and 6.1 mm s�1, respectively. The
data for each map was acquired in 2.24 s and the time interval
between the data acquisition for each of the standard deviation
maps was 2 s. Regions A and B identify volumes within the
bed at which local pulses are observed; these local pulses
“switch on” and “switch off” as a function of time. There also
appear to be regions in the bed, such as that identified as C, in
which local pulses are not observed suggesting that the local
structure of the bed plays a role in determining the spatial
location of the local pulsing events.
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Comparison with theoretical models

Figure 11 shows a summary of the experimental results
obtained. For each of the gas velocities studied the value of uLT

is shown. The values of uLT obtained for the experiments

performed with the column packed with spherical packing
elements are also presented. It is clearly seen that the value of
uLT shifts to higher values of uL as we switch from cylindrical
to spherical packing elements. The effect of the size and shape
of the packing elements on the nature of the hydrodynamic

Figure 6. Analysis of the 3-D standard deviation maps cal-
culated from data acquired with the bed operat-
ing at a constant gas velocity of 300 mm s�1.
(a) The average number of independent liquid pulses identi-
fied at each liquid velocity (F), and the total number of voxels
within the 3-D image associated with liquid pulses (�). (b)
The average number of pulsing regions (F) in the image
volume and the standard deviation of the pressure drop read-
ings recorded along the length of the column (
). The average
standard deviation in the pressure drop was calculated from
data recorded at 0.5 s intervals over a period of 10 min.
One-sigma error bars are shown.

Figure 7. Histograms showing the number of local
pulses of a given size where the unit of size is
Vp, the volume of an individual packing ele-
ment within the bed (0.02 cm3).
The data for these histograms were obtained from 6 standard
deviation maps. Data are shown for the bed operating at a
constant gas velocity of 300 mm s�1 and at liquid velocities
in the range 4.6 – 6.1 mm s�1. For clarity data are shown only
up to local pulse volumes of 30 Vp. In addition to the data
shown at uL � 5.7 mm s�1 single pulses of volume 34, 37, 47,
57 and 65 Vp were observed. At uL � 6.1 mm s�1 single
pulses of volume 32, 38, 70, 88 and 96 Vp, and two pulses of
volume 84 Vp were also observed.

Figure 8. The evolution of the total number of voxels
associated with liquid pulses (�) is compared
with the average of the 3-D standard deviation
values (�mean) calculated from 6 individual
standard deviation maps (■); one-sigma error
bars are shown.
Data are shown for the bed operating at a constant gas
velocity of 300 mm s�1. The one-sigma error bars on the total
pulsing volume data are no larger than the dimensions of the
symbols used.

Figure 9. Effect of gas velocity on the characteristics of
the trickle-to-pulse transition.
(a) Number of local pulsing regions identified as a function of
liquid velocity for four different gas velocities: 25, 75, 150
and 300 mm s�1. For each value of gas velocity a peak in the
number of local pulsing regions, Nmax, is clearly identified.
The liquid velocity at which Nmax occurs decreases with
increasing gas velocity. (b) The volume of the bed associated
with local pulsing events for the same operating conditions as
shown in (a). These data are derived from the absolute number
of voxels associated with unstable liquid content. The data are
normalized because the maximum number of voxels associ-
ated with unstable liquid content depends on the value of uG
considered.
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transition is the subject of ongoing work and will not be
discussed here. These preliminary data are shown purely in the
context of discussing the performance of the various empirical
and theoretical predictions of the liquid velocity at which the
hydrodynamic transition occurs. The particular models consid-
ered are the empirical models of Blok et al.15 and Larachi et
al.7,33, and the theoretical models of Ng16 and Grosser et al.12.
The model of Ng16 is based on the “microscopic” approach,
while that of Grosser et al.12 is a “macroscopic” model.

A sensitivity analysis of the predictions of the various mod-
els to their input parameters was performed because the con-
ditions used as input to these models when originally reported
did not necessarily correspond to those used in our experi-
ments. The parameters considered were gas density, bed void-
age, and in the case of the model of Grosser et al., the Ergun
constants. The sensitivity to gas density was considered by
comparing values of gas density corresponding to an operating
pressure of 2 bar, as used in our experiments, with that corre-
sponding to operation at 1 bar. The predictions of the model of
Larachi et al.33 were found to be insensitive to this change in
gas pressure. In contrast, the models of Blok et al., Larachi et
al.7, Ng and Grosser et al. were sensitive to gas pressure. The
most sensitive of these was the model of Grosser et al. for
which the value of liquid velocity at which the transition
occurred decreased by up to 25% in moving from operation at
2 bar to 1 bar. The model of Ng was more sensitive to gas
pressure at high-gas velocities and predicted an increase of
�17% in the liquid velocity at which the transition occurred for
a gas velocity of 300 mm s�1, when the gas pressure was
decreased to 1 bar. The same variation in gas pressure modified
the values predicted by the models of Blok et al. and Larachi et
al.7 by less than 6% for all gas velocities considered. Sensitivity
to bed voidage was considered as follows. The value of the bed
voidage determined for the column packed with cylindrical
packing elements was 0.38; this value was obtained from the
high-resolution 3-D magnetic resonance image of the bed, and
it is in agreement with values reported in the literature for
similar packings.3,4 The predictions of the models, except for
that of Larachi et al.33 which does not have bed voidage as an

input parameter, were considered for values of bed voidage in
the range 0.38 � 0.02. Increasing the bed voidage, increased
the value of the liquid velocity at which the transition was
predicted to occur. For the models of Ng, Blok et al. and
Larachi et al.7 the predicted transition point was changed by
less than 5%. The model of Grosser et al. was more sensitive
and was found to vary by up to 28%. However, the model of
Grosser et al. was relatively insensitive to the values of the
Ergun constants. In Figure 11, the predictions of the model are
shown for models of the Ergun constants A and B of 180 and
1.8. Using values of A and B of 300 and 2.0, respectively,
increased the liquid velocity at which the transition was pre-
dicted to occur by less than 5%. Given the results of this
sensitivity analysis we are confident that the general conclu-
sions we draw in comparing the predictions of the models to
the results of our experimental study are valid.

With reference to Figure 11, we see that there is quite good
agreement between our values of uLT for cylindrical packing
elements and the liquid velocities at which the transition occurs
as predicted by the models of Blok et al. and Larachi et al.33.
This might be expected due to the fact that these two empirical
models were based on experimental studies in which a signif-

Figure 10. The average number of local pulses and total
number of voxels associated with individual
liquid pulses for a constant gas velocity of
(a) 75 mm s-1 and (b) 300 mm s-1.
Data are shown for increasing and decreasing liquid veloc-
ity. No hysteresis is observed. The average number of pulses
are shown as (F) and (�) for increasing and decreasing
liquid velocity, respectively. The total pulsing volume is
also shown for increasing (_____) and decreasing (. . . . . .)
liquid velocity.

Figure 11. Comparison of the results of the analysis of
the 3-D MRI data with the predictions of em-
pirical correlations and theoretical analysis.
The values of liquid velocity at which Nmax occurs for
cylindrical (■) and spherical (F) packing elements are
shown. The predictions of the transition point based on the
earlier studies of Blok et al.15, Ng,16 Grosser et al.12, Larachi
et al.7,33 are also shown. The parameters used in the various
models are: internal column column dia. � 0.043 m; diam-
eter of packing element � 0.003 m; bed voidage � 0.38;
Ergun constants: A � E1 � 180 and B � E2 � 1.8;
self-diffusion coefficient of air � 1.40 � 10�5 m2 s�1;
self-diffusion coefficient of water � 2.00 � 10�9 m2 s�1;
sphericity factor � 1; air-water surface tension � 0.0728 N
m�1; gas density � 2.32 kg m�3; liquid density � 998 kg
m�3; gas dynamic viscosity � 1.85 � 10�5 Pa s; liquid
dynamic viscosity � 1.00 � 10�3 Pa s. Fluid properties are
given at 293 K and 2 bar, corresponding to the conditions
used in the MRI experiments.
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icant number of the systems studied considered air/water
cocurrent downflow in columns operating at atmospheric pres-
sure. Furthermore, the majority of the packing elements used
were cylinders or Raschig rings of similar size and aspect ratio
to those studied in this work. This good agreement suggests
that the association of the transition point with the liquid
velocity at which the maximum number of isolated liquid
pulses occurs is appropriate. The trend predicted by the neural
network model of Larachi et al.7 also shows reasonable agree-
ment with our experimental results; this model is based on data
for columns packed with a wider range of packing elements
and column operating conditions than the model of Larachi et
al.33. All of the aforementioned models over-predict the liquid
velocity at which the transition occurs relative to our determi-
nation of uLT. The extent of the disagreement between our
experimental data, and the model predictions increases with
decrease in gas velocity. The macroscopic model of Grosser et
al.12 predicted the transition to occur at values of uL signifi-
cantly lower than the values of uLT determined from our MRI
data. However, we note that the values predicted by Grosser at
al.12 are more consistent with the liquid velocities at which the
onset of pulsing occurs as identified from the data shown in
Figure 9a.

From Figure 11 it is also seen that the microscopic model of
Ng16, which was developed for packing elements of spherical
geometry, gives excellent agreement with our experimental
data. Of course, such good agreement may be fortuitous, and,
therefore, the influence of the shape and size of packing ele-
ments on the nature of the trickle-to-pulse transition (for ex-
ample, values of uLT and Nmax) is the subject of ongoing work.
Furthermore, we are also considering the interpretation of these
MRI data in the light of mesoscale transition models, such as
the discrete cell model,39 and the cell model for structured
packings suggested by Mewes et al.40.

Conclusions

3-D ultrafast MRI has been used to study the mechanism of
the transition from trickle-to-pulsing flow for the first time. The
results confirm that the transition to pulsing flow is initiated by
local pulsing events of a size-scale typical of the packing
elements contained within the column. 3-D MRI allows us to
explore the 3-D evolution of the local pulses as the system
moves through the trickle-to-pulse transition as a function of
liquid velocity for a constant gas velocity. As liquid velocity is
increased, the number of isolated liquid pulses increases until a
maximum number is reached. The liquid velocity at which the
peak in the number distribution of isolated liquid pulses occurs
is very clearly defined and, hence, we define this liquid velocity
as the transition point. At liquid velocities above the transition
point, the pulses grow and merge until the whole bed is
characterized by a temporally unsteady liquid distribution. 3-D
MRI allows us to estimate the size of the local pulses as the
system moves through the trickle-to-pulse transition.

The effect of gas velocity on the hydrodynamic transition
has also been studied. As gas velocity increases, so the liquid
velocity at which the transition occurs decreases, and the
transition from the state of small isolated pulses to the fully
pulsing state occurs over a wider range of liquid velocities. The
number of isolated pulses existing at the transition point also
increases with increasing gas velocity.

The 3-D time-resolved images of liquid distribution within
the bed provide strong evidence that the mechanism of the
trickle-to-pulse transition in fixed-bed reactors is best described
by a “microscopic” or “pore-scale” approach. Comparison with
the predictions of existing correlations and theoretical ap-
proaches suggests that (1) our definition of the transition point
is consistent with that identified by earlier workers using other
experimental approaches, and (2) our observations are consis-
tent with the assumptions and predictions of Ng16 who used a
microscopic approach in considering the hydrodynamic transi-
tion to be initiated by liquid bridges forming across adjacent
packing elements.
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