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a b s t r a c t

We report a novel method using laser induced fluorescence (LIF) for observing cyclopentane hydrate
formation in an oscillatory baffled column (OBC). In LIF, a dye fluoresces in a hydrate system when
induced by a laser; this highlights the areas in which hydrates are present, allowing the hydrate formation
regimes to be identified and rates evaluated. Using temperature measurements of the system, the rates
eywords:
scillatory baffled column
aser induced fluorescence
yclopentane
as hydrates
ydrate formation

of hydrate formation are also determined by a thermal method. The work shows that there is a high
correlation between the LIF and the thermal techniques in obtaining kinetic information on cyclopentane
hydrate. The results indicate that there are possibly three mechanisms governing hydrate growth. With
the absence of mixing, a film formation is observed. At high mixing intensities uniform droplet dispersion
is resulted, where fluid mechanics is the controlling parameter. At low mixing conditions a combination
of the two mechanisms co-exists, interfacial mechanics is thought to be the dominant factor. The trends

mati
nergy balance in the rates of hydrate for

. Introduction

When pressurised, cooled and mixed with a range of (guest)
olecules, from hydrocarbon gases (methane, ethane and propane)

o water soluble and insoluble solvents (tetrahydrofuran and
yclopentane) as well as some non-hydrocarbon gases (carbon
ioxide and hydrogen), water will form crystalline compounds
nown as clathrate hydrates. Through hydrogen bonding the water
host) molecules arrange into a framework containing large cavi-
ies that can be occupied by the guest molecules. These structures
re similar to crystal framework formed by freezing pure water to
ce, however, due to non-bonded interactions between the encaged
uest molecules and the water cavities, these clathrate hydrates
re thermodynamically stable at conditions typically unsuitable
or ice [1], e.g. at atmospheric pressure ice melts at 273.2 K,
hereas cyclopentane hydrates at 280.9 K [1]. Depending on the
ature and size of the guest molecules, hydrates will form one
f three structures: sI, small pentagonal dodecahedron and large
etrakaidecahedron cages [2]; sII, small pentagonal dodecahedron
nd large hexakaidecahedron cages [3] or sH, small pentagonal

odecahedron, medium irregular dodecahedron and large icosa-
edron cages [4].

In seeking to discover more about the equilibrium and kinetics of
ydrates, numerous techniques have been employed ranging from
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on are different in each of these regimes.
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rheometery [5], differential scanning calorimetry [6,7], scanning
electron microscopy [8] and neutron spectroscopy [9], to molecular
scale measurements through scattering of X-rays [10] as well as
Raman spectroscopy [11,12]. At macroscopic level, particle video
microscopy [13] and infrared imaging [14] have also been utilised
to obtain information relating to fluid mechanical conditions under
which hydrates are formed. However, to date no work has been
published regarding the use of laser induced fluorescence (LIF).

LIF is a spectroscopy technique employed in studies of flow
visualisation and measurement. Areas of applications can be found
from combustion of gases and liquids [15,16], human and cell biol-
ogy [17,18] to reaction kinetics and energy transitions [19–21]. LIF
relies on the absorption, excitation and emission (fluorescence)
of energy from certain molecules, generally a special dye. When
illuminated with laser light of a certain wavelength (high energy
photons), e.g. 510 nm, the molecules are promoted to a higher
energy state (excitation). However, these higher energy states are
unstable and quickly decay back to the lower one. During this decay
photons of a lower energy than the ones applied are emitted at a
higher wavelength, e.g. 590 nm. This can be utilised by recording
the light emission using a digital camera coupled with a filter to
only accommodate light of the higher wavelength. In this way, an
image recording of such a light emission due to fluorescence can be

obtained; in turn this is closely related to the physical or chemical
changes of the focused element occurring in a system.

Although numerous models exist for the nucleation and growth
of clathrate hydrates the majority of models are based on mass
transfer being the limiting factor [1]. Therefore, a reactor that

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:x.ni@hw.ac.uk
dx.doi.org/10.1016/j.cej.2009.11.019
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Fig. 1. Experimental setup (hatched area represents one baffled cell).

Fig. 2. (A) LIF image before hydrate formation and (B) the area plot for one image
frame.
Fig. 3. (A) LIF image after hydrate formation and (B) a plot showing area difference.
enhances mass transfer rates would be desired, to this extent an
oscillatory baffled column (OBC) was employed.

The mixing in OBC is achieved by eddies that are created when
oscillatory motion of fluids pass through stationary orifice plates.
Previous studies show that the mixing is uniform [22–25] and mass

Fig. 4. Rate of image change as a function of time (Reo = 767, St = 0.637).
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Fig. 5. Location of heat flows and temperature probes.

ransfer is much higher than that in a conventional stirred tank [26].
luid mechanics of an OBC can be characterised by the dimension-
ess oscillatory Reynolds number (Reo) and Strouhal (St) number,
ased on the amplitude of oscillation, xo (m), angular frequency, ω
rad/s), diameter of column, D (m), kinematic viscosity of fluid, �
m2/s) as

eo = xoωD

�
(1)

D

t =

4� xo
(2)

Cyclopentane–water hydrate was chosen as the model system
or our work that is carried out in an OBC. The reasons of selecting
yclopentane–water system are:

ig. 6. Temperature and rate of energy removal by coolant (QC) as a function of time
Reo = 767, St = 0.637).
g Journal 157 (2010) 131–139 133

(a) these are of liquid state, enabling hydrate formation at rela-
tively mild conditions;

(b) the pressure changes are minimal allowing optic techniques,
such as LIF, to be implemented;

(c) the cyclopentane–water hydrate is of the sII type, which is the
most commonly found structure in the oil and gas industry [6];

(d) a significant amount of work has already been carried out using
cyclopentane–water hydrates, advocating their use as a suitable
laboratory analogy [6,27,28].

For the sII hydrates aforementioned, the largest water cavity
has a radius of 4.73 Å. In LIF, we add a fluorescent dye in water,
the size of dye molecule is much larger than that of the cavity. This
means that the dye molecule will not enter the cavities, but high-
light the areas where activities of hydrates are not or less present.
By analysing the fluorescence patterns, the amount of hydrate pro-
duced can indirectly be determined. This is the base for us to adopt
LIF in the hydrate study. Incidentally, the smaller unfilled cavi-
ties in the cyclopentane–water hydrate could be filled by other gas
guest molecules at moderate conditions [6], this would extend the
application of LIF technique to the study of hydrate further far a
field.

2. Experimental setup, operational and analytical
procedures

An OBC and LIF that are similar to a previous study [29] are used,
the schematic of which is shown in Fig. 1. Light was supplied by a
continuous 4 W Argon-Ion laser (Spectra Physics) and a light sheet
generator, consisting of a combination of a 16-sided rotating mirror
and a parabolic mirror. This 1 mm wide light sheet was directed
through the centre of the OBC that is operated vertically. A neutrally
buoyant dye, Rhodamine B, was utilised as the fluorescence agent.

The OBC consisted of a square jacketed column with 5 equal
spaced stationary orifice baffles (the provision of the square jacket
is to minimise the curvature effect when using optic equipment,
such as LIF). Fluid oscillation was applied via a diaphragm driven
by an electric motor. Temperature probes were installed along the
column to monitor the profile within the OBC, as well as that of
coolant inlet and outlets. Temperatures were recorded via a data
logging software (LoggerPro) installed on a PC. The detailed setup
can be found elsewhere [29].

The OBC was filled with 145 ml of water, 40 ml of cyclopentane
(C5H10·19H2O) together with 10 ml Rhodamine B dye equalling to
0.322 × 10−7 mol/l [30]. The dye is soluble and neutrally buoyant
in water, but insoluble in cyclopentane. Oscillation was applied to
the OBC at 5 Hz and 4 mm for 5 min in order to fully disperse the
dye into water. The solution was then left for 30 min to allow the
cyclopentane and water phases to separate out. Prior to imaging,
there is a clear interface between cyclopentane and water/dye solu-
tion, with cyclopentane being less dense at the top, as shown in
Fig. 2A. The OBC is now cooled and maintained at 263.2 K by pump-
ing ethylene glycol/water coolant at 258.2 K to the shell side of the
OBC at 8.3 ml/s, subsequently cyclopentane hydrate is induced and
formed. At the same time the OBC was oscillated at 2 Hz and 4 mm in
order to promote uniform mixing. Temperature logging was taken
at a rate of 1 reading every 10 s from the start.

In parallel to the operation of the OBC the column was illu-
minated by a light sheet of 1 mm by 300 mm at its maximum
exposure time of 0.5 ns. An image set, consisting of 50 frames,

was taken using a CCD camera (SensiCam) fitted with a narrow
pass filter (590 nm) at an initial interval of every 5 min, followed
by every 1 min during the formation of hydrate. Each image set
was then loaded into Matlab for further processing. Images were
converted to greyscale where each pixel can have a value rang-



134 C.J. Brown, X. Ni / Chemical Engineering Journal 157 (2010) 131–139

te for

i
v
c
b
d
m
a
t
u

Fig. 7. Histograms for Reo = 0 at initial conditions (A), pre-hydra

ng from 0 (black) to 255 (white). At the start pixels with a high
alue represent water with the presence of fluorescent dye in white
olour, whereas pixels with a low value indicate cyclopentane in
lack colour, as shown in Fig. 2A. For each individual frame, it is

ivided into many pixels, each column of pixels was then sum-
ated and plotted against the corresponding column number [30],

s shown in Fig. 2B. Since the summation of the pixels is related
o the distribution and variation of dye in the system, the area
nder the curve would correspond to the area of the image with
mation (B), post-hydrate formation (C) and final conditions (D).

the presence of dye. This area was calculated via the trapezoid
rule.

The area of the image affected by dye was then averaged over
the 50 frames for that image set. This minimised any effect of fluc-

tuations in the image due to the oscillation on the calculated area.
Standard deviation was also calculated as an indication of to what
a degree the frames varied.

During the formation of hydrate the image in terms of pixel val-
ues is altered by the presence of hydrate crystals. Although the dye
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ig. 8. Histograms for Reo = 767 at pre-hydrate formation (A) at the trough of an os
t the trough (C) and post-hydrate formation (D) at the peak.

olecules are too large in size to enter the hydrate cages, they can
till be entrained between the hydrate crystals distributing the dye
nto the cyclopentane phase. Therefore, as hydrates form the per-
entage of white pixels would increase. As a result the summation

f each column will increase in terms of pixel values.

In comparison of the areas affected by dye between with (the
pper curve) and without (the lower curve) hydrates in Fig. 3B,
he difference in the area (shaded) is closely associated with the
mount of hydrate formed. It is the area difference that is used
on, pre-hydrate formation (B) at the peak of an oscillation, post-hydrate formation

to determine the quantity of hydrates that have been produced in
this study. Furthermore the net change in the area of white pixels
divided by the time interval at which the change took place will
give the rate of image change in pixel/min, which is related to the

rate of hydrate generation. Plotting this rate against time in Fig. 4,
we see a sharp rise during the hydrate formation by this method,
which is followed by a steep decrease once the maximum quan-
tity of hydrates has been produced. Note that this rate of change
was determined over a complete run, with each point representing
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ig. 9. Histograms for Reo = 1278 at pre-hydrate formation (A) at the trough of an o
t the trough (C) and post-hydrate formation (D) at the peak.

ne image set consisting of 50 frames. It can be seen that the dif-
erence in the rate of image change between each image set from
0 to 62 min is initially minimal, suggesting that there was no or

ittle activity of hydrate forming. A sudden surge occurred at about
3 min, indicating the start of hydrate formation. As the hydrate for-
ation progressed further the changes in the rate lessened, until it
evelled off from 76 min. The time at which the hydrate formation
egan was defined as the time when the largest positive change in
he pixel rate (pixel/min) occurred, i.e. 63 min in Fig. 4. The end time
f the hydrate formation was when the smallest change in the pixel
ate took place, i.e. 80 min shown in Fig. 4. Therefore, the difference
ion, pre-hydrate formation (B) at the peak of an oscillation, post-hydrate formation

in these two points can be equated to the time taken to produce the
corresponding amount of hydrates. For the sample size used in our
work, a maximum of 206 g of hydrate was produced between 63
and 80 min, giving the overall averaged rate of hydrate generation
is 12.2 g/min during this period.
3. Thermal analysis

To validate the hydrate formation rates evaluated from the LIF
image analysis, the onset of hydrate formation can also be esti-
mated through an energy balance around the system. To achieve
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ig. 10. Rate of hydrate formation as a function of oscillatory Reynolds number (�,
hermal analysis; �, image analysis).

his, temperatures of the coolant inlet, outlet and OBC must be
nown.

In Fig. 5, QR is defined as the rate of energy change within the
BC. QC and QG are the rate at which energy is removed from the
BC by the coolant and gained by the OBC from the surround-

ng environment, respectively. Therefore, the total energy removed
rom the OBC is

QR − QC + QG = 0 (3)

G can be calculated from the differences in temperature between
he coolant inlet and outlet with no formation of hydrate, i.e. this is
he rate of energy gained by the OBC from the environment. Based
n natural convection principles [31] and previous work with the
BC QG was found to be on average 41 W. QC can be calculated from

he differences in the temperatures of coolant inlet and outlet when
ydrate does occur.

Assuming the rate of heat gain from the environment (QG) was
onstant throughout each experiment, any variation in QC would
e attributed by the energy changes within the reactor, QR. Two
nergy sources are encountered for QR, firstly the sensible heat
ausing the temperature of the reactor, TR, to decrease, secondly
he latent heat relating to the formation of hydrate crystals causing
he temperature of the reactor, TR, to increase.

Shown in Fig. 6 are examples of the temperature and energy pro-
les. It can be seen that the temperature (solid line) of the reactor
ontinually decreases until the point at which hydrate formation
ccurs, this corresponds to the sharp rise in temperature at 61 min
ue to the exothermic nature of this hydrate formation process.
owever, the reactor temperature remains constant from this point
nwards, giving no indication of when the hydrate formation would
ave been completed. In terms of energy profile, on the other hand,
he coolant energy curve (dashed line) shows a constant increase in
he rate of energy (QC) removed from the reactor until 67 min and
hen a decrease. This would mark the end of hydrate formation as

o more latent heat is contributing to the energy gain of the coolant.
imilarly to the technique discussed in this section, the difference
etween these two points would give rise of the time period dur-

ng which the hydrate formation had occurred, e.g. for the sample
ize used in our work 206 g of hydrate was produced between 61
nd 67 min. Thus the overall averaged rate of hydrate generation is
4.3 g/min during this period.
Fig. 11. Effect of mixing on the time required for hydrate formation (�, thermal
analysis; , image analysis).

4. Results and discussion

From visual inspection of the images captured, three dis-
tinct regimes of hydrate formation were observed. Firstly a
hydrate film was formed at the interface between cyclopentane
and water when no mixing was applied, then propagated into
the cyclopentane phase with the march of time, as shown in
Fig. 7.

The initial image in Fig. 7A highlights a stationary interface
between cyclopentane and water with the corresponding his-
togram displaying a large percentage of black pixels (lower values)
and a fairly even distribution of grey to white pixels (middle to high
values). The image obtained prior to the onset of hydrate formation
(Fig. 7B) is very similar in the distribution of pixel values to that of
the starting position (Fig. 7A). Due to the interfacial phenomena
[32,33], hydrate formation began at the interface, we see that the
interface has moved vertically into the cyclopentane phase (Fig. 7C).
In terms of the histogram, these interface movements correspond
to a decrease in the percentage of black pixels and at the same
time an increase in the percentage of white pixels, in comparison
to those of the previous images in Fig. 7A and B. The image acquired
some time after hydrate formation (Fig. 7D) shows additional evi-
dence of the upwards interface movement, a further decrease in the
percentage of black pixels together with an increase in the percent-
age of grey to white pixels. Once a hydrate layer has been formed
at the interface, this reduces the rate of mass transfer between the
two liquids [32] due to the increase of the thickness of the interface
and perhaps more importantly the non-permeability of the hydrate
layers [33].

Secondly a distinct interface between cyclopentane and water is
visible at low mixing conditions, e.g. Reo = 767, prior to the hydrate
formation, and moves in synchronisation with oscillation, in this
case, towards the trough of the oscillation cycle (Fig. 8A). Similar
to the case with no oscillation the image translates into a certain
percentage of black pixels (low value). Near the peak of the oscil-
lation cycle, the interface is seen at the top of the baffled cell as
shown in Fig. 8B with more white pixels in the image, this has
shifted the peak of the distribution of the pixel value towards high

values (to the right). Fig. 8C and D shows the interface after the
hydrate formation within the full span of an oscillation cycle. From
the images, there are more grey to white pixels towards both the
trough (Fig. 8C) and the peak (Fig. 8D) of oscillation. The shapes
of the pixel distributions have not altered significantly from their
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Table 1
Hydrate formation rates.

Formation rate (g/min) Type Size Guest Molecule Source

0.0735 Stirred tank (750 rpm) 600 ml Propane [37]
1.504 Bubble column Gas flux 2.5 × 10−5 m3/min Methane [36]
2.64 Stirred tank (350 rpm) Unknown CO2 [35]
3.74 Stirred tank (400 rpm) Unknown CO2 [35]
5.21 Stirred tank (450 rpm) Unknown CO2 [35]
5.88 Stirred tank (750 rpm) 600 ml CO2 [38]
5.97 Stirred tank (500 rpm) Unknown CO2 [35]

10.53 Bubble column Gas flux 25 × 10−5 m3/min Methane [36]
18.8 Reo = 256 200 ml C-pentane Our work
21.0 Reo = 511 200 ml C-pentane Our work
32.8 Reo = 767 200 ml C-pentane Our work
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39.7 Reo = 1278 2
73.8 Reo = 1534 2
98.4 Reo = 2301 2

on-hydrate counter parts (Fig. 8A and B), but the distribution is
atter with a shift towards higher values.

Finally Fig. 9 captured the images of hydrate formation at well
ixed conditions, in this case, Reo = 1278. As expected the images

how uniform mixing of the two phases before the start of hydrate
ormation, and there is very little difference in the pixel distribution
ear the trough (Fig. 9A) and peak (Fig. 9B) of an oscillation cycle.
ikewise similar images can be seen after the formation of hydrate
or both the trough (Fig. 9C) and peak (Fig. 9D) of an oscillation
ycle. The histogram gives a flatter and more even distribution of
ixels compared to the non-hydrate benchmark.

In summary, the formation of a hydrate film was observed at
tationary condition, similar to those noted by Taylor et al. [32] and
ohidi et al. [33]. When thorough mixing was applied (Reo > 1000)
yclopentane droplets were formed and disturbed evenly into the
ater phase, leading to the formation of hydrate particles that was

eported by Nakajima et al. [34]. However, low mixing conditions
Reo < 1000) did not deliver uniform cyclopentane droplets in the
ystem, nor did the existence of a stable film. As a consequence
f this, a combination of two mechanisms co-existed under those
onditions.

Incidentally the identification of the three regimes of hydrate
ormation in this work highlights much wider implications and
enefits to be gained by using the LIF method in observing mixing
egimes in any chemical and biochemical system.

Fig. 10 plots the rate of hydrate formation evaluated using the
wo methods vs. the oscillatory Reynolds number. It can be seen
hat the mean overall rate of hydrate formation decreases with the
ncrease of Reo initially, and then rises with any further increase
f Reo. The display of such a trend would coincide with the change
n the mechanism of hydrate formation before and after a critical

ixing intensity as we discussed earlier.
Under uniform mixed conditions (Reo > 1000), a well dispersed

hase of cyclopentane in water has been formed, this provides
uch increased surface area for mass transfer. As the direct result

f this, an increase in the rate of hydrate formation is expected and
bserved. A similar trend was noted by Clarke and Bishnoi [35],
here an increase in the stirring speed of their stirred tank reac-

or led to an increase in the hydrate formation rate. Luo et al. [36]
lso reported an increase in the rate of hydrate formation with an
ncrease in gas flux in their bubble column system. Our finding is
onsistent with these pre-arts.

The rate of hydrate formation decreased with the increase of the
scillatory Reynolds numbers at low Reo (<1000), this is likely due

o the co-existence as well as the competition of the two mecha-
isms in the system, as we discussed earlier in the text. Further
vidence in the times recorded before the formation of hydrate
s shown in Fig. 11 supports our discussions. Clearly the times
equired for the start of hydrate formation are delayed or longer
l C-pentane Our work
l C-pentane Our work
l C-pentane Our work

when two mechanisms occupy the same space, leading to lower
rates evaluated.

In terms of the two techniques used in this work, although there
is a high correlation between the trends observed, there are marked
differences in the actual values. These are likely due to the detec-
tion rate between a thermocouple and a CCD camera. The data of
temperature change was collected at a rate of 1 data every 10 s,
while the rate of the CCD camera was averaged to 1 shot every 60 s.
This would mean that some activities and interactions of hydrate
formation are too small or too fast to be detected by the camera,
leading to smaller rates of hydrate formation by the LIF technique
than that by the thermal method. With better camera and larger
digital storage space, we believe that these differences in the rates
evaluated would decrease accordingly.

In order to compare to our findings with other studies, Table 1
compiles the rate of hydrate formation from recent work. It should
be noted that there are currently no data available on liquid guest
molecules and all the previous work listed in Table 1 involved gas
guest molecules, where these must be dissolved into the water first
prior to the formation of hydrate; this adds to additional barrier for
mass transfer. Not surprisingly, the rates determined by our study
are at least one order of magnitude higher than the rest; only Luo
et al. [36] achieved a similar rate. In that case, the reactor consisted
of a water column with the presence of fine or mist of bubbles.
Due to the limited data, this comparison would serve as merely an
indication.

5. Conclusions

We reported that the rate and mechanism of hydrate formation
in cyclopentane–water system can be determined and observed
using non-intrusive laser induced fluorescence technique, these
results are validated by an independent technique. Three formation
mechanisms are proposed: for a stationary condition the formation
of a hydrate film was the governing interfacial mechanism for the
generation of hydrate. At well mixed conditions, the cyclopentane
was well dispersed as droplets into the water phase, the forma-
tion of hydrate particles was regulated by fluid mechanics within
the OBC. At low mixing conditions a combination of interface and
droplet dispersion was co-present, the rate of which was lower
than that with one dominant mechanism of hydrate formation.
This work clearly demonstrated the ability and capability of the
LIF technique as a useful tool in quantifying hydrate formation as
well as identifying mixing regimes in any chemical and biochemical
reactor.
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