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Abstract

Chord length distributions were measured during the crystallization of gas hydrates in a flow
loop. The conditions on the flow loop were similar with the conditions in the marine
pipelines. The flow loop was filled with water in oil emulsion and pressurized with methane
(7 MPa) at low temperature (277 K). During crystallization water droplets crystallize and
agglomerate. The CLD measures were interpreted in a preceding work [Le Ba et al., 2010] [1]
by constructing random aggregates with known geometrical proprieties from a
monodispersed population of droplets and calculating their CLD. Comparing calculated CLD
with CLD from the experiment, the geometrical parameters: number of primary particles and
fractal dimension of experimental aggregates are identified. However some differences
remained between the experiment and the calculated CLD. In the present work the droplets
population was considered polydispersed improving the comparison between the model and
the experiment.
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I. Introduction

Gas hydrates are solid crystals composed by water molecules enclosing a gas molecule. They
form at conditions of high pressure and low temperature [2] and can be found in the nature
[3] as sedimentary methane hydrates. It also can be found in the offshore oil production lines
where formation of gas hydrates can cause large production losses [4] because individual
particles agglomerate together and form a plug in the pipeline [5]. This phenomenon is the
outcome of the increase in viscosity of the emulsion.

The agglomerates of methane hydrates can be described as fractal objects with three main
characteristics: a fractal dimension Dy, which characterizes the compactness of the object, the
number of primary particles N, agglomerated, the diameter of its constitutive particles D,
and the apparent diameter D, of the aggregate as [6]
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The apparent diameter of the aggregate is the average of the differences between the mass
center of the aggregate and the center of each particle composing the aggregate with
exponent two. Some studies have concluded that fractal aggregates could explain the increase
of viscosity of hydrate suspensions observed comparing with viscosity calculated from the
solid content directly equal to the initial water volume [7]. Camargo and Palermo [8] have
held this assumption to model consequences on viscosity of hydrate crystallization in an
emulsion of water in oil with natural anti-agglomeration properties.



Fidel-Dufour et al. [9] have developed a kinetic model of hydrate crystallization from the
Camargo and Palermo model. The crystallization process was supposed to be limited by gas
transfer in the oil phase. Agglomeration was the result of collisions of a water droplet and two
primary particles or agglomerates where crystallization of the water droplet bonded the two
objects. The outcomes of this process are fractal aggregates formed by spherical particles
whose sizes are the sizes of the initial emulsion.

A recent work of Colombel et al. [10] completed the work of Fidel-Dufour et al. [9] adding to
the population balance a term of breakage.

Modeling the hydrates formation in a pipe includes phenomenon of nucleation, growth and
agglomeration. The previous models were based on the population balances. In order to
validate these models the gas consumption was used but some problems were found to
validate the size and shape of the agglomerates.

Recently a new granulometric technique has started to be used, allowing the on line measure
of the chord length distributions of hydrates in opaque and dark mediums in high
concentration suspension. The probe used to measure the CLD is called Focused beam
reflectance measurement (FBRM) and was used in different experimental studies in order to
follow nucleation, growth and/or agglomeration [11] under pressure. A chord length is a
straight line between any two points on the edge of a particle or particle structure
(agglomerate).

The FBRM technique measures an apparent chord length distribution (CLD) instead of a
particle size distribution (PSD) and raised the problem on how one can be translated into the
other. Some works were made as Li and Wilkinson [12] proposed a general model to translate
a PSD into its corresponding CLD for different shapes including spherical, ellipsoidal and
general non-spherical but regular particles and also from CLD into PSD but not for general
non-spherical particles. Also Worlitschek et al. [11] proposed interpretation of the CLD into
PSD for crystals of known shape. However the case of general non-spherical particles as far
as we know was not discussed in the literature.

In this paper experimental results are discussed assuming that the apparent CLD is closed to
the true one. It must be noted that Boxall et al. [14] showed that FBRM could undersize the
size of droplets in a water emulsion for FBRM sizes between 5 and 30 pum.

However, in none of these studies the case of aggregates was studied. Therefore, in this
paper, a new algorithm is proposed to build a random aggregate and to calculate its CLD.

1. Experimental

The experimental study was made in the Archimede Flow loop located at Saint-Etienne
School of Mines. This device reproduces the thermodynamic conditions of the deep-sea
pipelines with working pressures from 1 to 10 MPa, and temperature controlled within the
range of 273—-283 K. The flow loop is equipped with a FBRM probe, several temperature
probes, differential pressure probes and a Coriolis flow-meter. The flow in the loop is
motioned throw a gas-lift system. This system works in laminar regime because its maximum
flow rate is 150 1 h-. More details on this equipment can be found in Fidel-Dufour et al. [9].
The emulsions were made by adding ultra pure water (Type 1) into the oil (Kerdane). Because
the oil does not have any natural emulsifying properties an emulsifying additive (IPE202,
patented by IFP) was added, this additive also has some anti-agglomerant properties. The
organic liquid phase is a C10-C13 cut, which is delivered by TOTAL-Solvents. The methane is
pure (99.99%) and delivered from AIR LIQUIDE.

The emulsions are made in a reactor with an Ultra-Turrax impeller in 3 min at 8000 rpm.
Experimental evidences [1] proved the stability of the emulsions. Then the emulsion is loaded
into the loop and cooled until 277 K where the methane is then injected until 8 MPa. First the
gas passes into the oil phase, which induces a pressure loss that is then compensated with a
second gas injection until the same pressure. The pressure decreases again until a constant
value where the hydrate crystallization begins.

During crystallization the kinetics of nucleation, growth and agglomeration are followed
through the pressure drop and the temperature and also through the signal provided by the
FBRM probe. Both growth and agglomeration are concomitant. The droplets crystallize on



methane hydrates through a shrinking core process [9]. The initial droplets transform into
spherical hydrates particles that will agglomerate through different possible process
[9] and [10].
An experimental study was made by varying the volume percentages of water in oil from 10%
to 30% and the mass percentage of the additive in the water from 0.5% to 2%.
The FBRM probe is an in situ particle size analyzer from LASENTEC. It consists of an
infrared LASER, with a wavelength of 785 nm and a scan speed equal to 2 m s-*. The laser
emitted from the probe into the suspension is reflected as it encounters a particle and scans
across it, the chord length is deduced from the reflection time multiplied by the laser scan
speed [1]. The FBRM measures chord lengths between 0.5 and 1 000 um in concentrated
slurries. After each 20 s the probe provides an average chord length distribution (CLD),
giving the number of chord lengths counted for each size range. For more information see the
FBRM User's Manual [15].
Figure 1 provides examples of chord length that could be measured during crystallization. An
important remark is that for a given object, chord lengths can be measured in the range
between 0 and Dmax, where Dnax is the maximal size of this object. FBRM can also see D
greater than Dmax because it cannot distinguish between two particles side-by-side [13].
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Figure 1 — Measured CLD at different times during crystallization from an emulsion with
20% of water and 2% of additive.

Figure 1 shows the CLD of the initial emulsion at =0 min characterized by a single peak
corresponding to the droplets. During crystallization due to agglomeration secondary peaks
appear in the CLD. The primary peak corresponding now to the primary hydrate particles
decreases and the secondary peaks increase.

Iil. Model

Le Ba et al. [1] has developed a model in a way to interpret the CLD measurements made by
the FBRM probe during the crystallization of the methane hydrates in water in oil emulsion
during the flow in a flow loop. In this work it is supposed that the droplets are spherical and
that they maintain their shape when crystallized and after when they agglomerate, this
supposition is supported by our observations and the work of Boxall et al. [13] and [14].

The model developed by Le Ba et al. [1] constructs agglomerates from a population of spheres
with a known number of primary particles and fractal dimension, by adding sphere to sphere.
The addition of each sphere is followed by the verification that spheres are not superposed.
At the end an agglomerate with known Dy and N, is formed. This agglomerate is then
projected in a 2D plan and the projection is scanned and the CLD is calculated as the FBRM
does in reality to agglomerates in suspension. In a way to have a representative CLD of the



agglomerate the same agglomerate is turned and projected and another CLD is calculated,
this procedure continues and at the end an average CLD is calculated. From a parametric
study it was concluded that to more than 200 projections the average CLD distributions are
superposed.

The FBRM can measure the size of the droplets in the emulsion, the size of primary particles
of methane hydrates and the size of agglomerates. The signal of the FBRM is a chord length
distribution. The chord length distribution of the emulsion shows a single peak around 5—
8 um. During crystallization the intensity of the single peak of the emulsion decreases
because water droplets convert into hydrate and agglomerate preserving their spherical form.
Secondary peaks appear due to the agglomeration.

Le Ba et al. [1] proposed a model that constructs random aggregates from a monodispersed
suspension with known fractal dimension, primary particle diameter and number of primary
particles (geometrical parameters) and calculates their CLD. By comparison between the
calculated CLD and CLD from the experiment, the geometrical parameters of aggregates can
be deduced. The main results from this study show that both CLD differ in the size of the
primary particles peak. In this work, it is showed that this difference can be annealed if the
initial emulsion is considered as polydispersed.

The initial emulsion is composed by polydispersed spherical droplets as it can be proved by
the chord length distributions measured by the FBRM (see Figures 2 and 3).
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Figure 2 — Measured CLD of emulsions with 0.5% of additive and 10%, 20% and 30% of
water.
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Figure 3 — Measured CLD of emulsions with 20% of water and 0.5%, 1% and 2% of additive.

So in this work a new model is proposed using aggregates constructed from a polydispersed

population.
The initial polydispersed population is assumed to be a log-normal distribution whose

parameters are the average primary particles size Bp and standard deviation 6(Equation 2).

The constructed PSD is then transformed into CLD through the model of Li and Wilkinson
[12] and compared with the emulsion CLD from the experiment. By comparison the

experimental initial parameters (Bp ,0) are determined (Figure 4).

1 1 log(Dp)-log(D
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Figure 4: Model methodology.

An example of the results obtained from this methodology is in Figure 5. The CLD from the
experiment is compared with the CLD from the log-normal PSD after parameters adjusted

equals to Bp =7 um and 6=0.5.
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Figure 5: Comparison between CLD from model and CLD from experiment.

The CLD obtained from the model is superposed to the experimental CLD, validating the
methodology exposed in Figure 4.

Once the experimental PSD is known, every particle is supposed to have the same probability
to participate to the agglomeration. Agglomerates were constructed by attributing random
number of particles to each class. The agglomerates were constructed following two methods
called particle—cluster agglomeration (PCA) and cluster—cluster agglomeration (CCA)
mechanisms. Both mechanisms are explained in detail in Le Ba et al. [1]. Generally each
particle or cluster is added randomly to other particles or clusters until the desired
geometrical parameters N, and Dy are reached. After that several projections of the final
random agglomerate are made in a plan. Before each projection the agglomerate is randomly
turned. The chord length distribution for each projection is calculated by scanning the
projected agglomerate, at the end the final CLD of the aggregate is the average of each CLD.
In [1] the simulated CLD profile becomes stabilized after 50—200 random rotations and
projections so the number of projections is therefore set to 200.

Figure 6 shows two random aggregates, constructed following the method described above,
composed by 100 particles and D=2.0 assembled through PCA (a) and CCA (b) mechanisms,
respectively.
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Figure 6: Random agglomerates with 100 particles constructed from a polydispersed
population with Dp = zum and ¢ = 0.5 and D= 2.0 (a) PCA, (b) CCA.

In Figure 6 the polydipersity of the initial population in the spheres composing the
aggregates is visible. It is noticeable even when the same Dragglomerates can be different.

I11.1. Comparison between experimental CLD and calculated CLD from a
polydispersed population

The calculated CLD was compared with the experimental CLD in a way to find the
geometrical parameters of the crystallized aggregates: number of primary particles in the
aggregate and fractal dimension. The superposition between both distributions is set up
when
% the size of the primary peak (or primary particles peak) and the position of the peak are
the same;
the maximum chord length is the same;
the positions of the secondary peaks are the same and
» the size of the secondary peaks are equal or lower in the calculated CLD compared with
the CLD from experiments.
The calculated CLD was compared with the CLD during crystallization with three different
fractions of water in the emulsion. The PSD of the emulsion was adjusted from the
experimental CLD of the emulsion. The calculated PSD was determined as described (Figure
2) and the average particle diameters and standard deviation for each emulsion are presented
in Table 1.

Table 1: Determined average particles diameters and standard deviations for each
emulsion.
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2% additive Bp (um) 0 (um)
10% water 7.5 1.75
20% water 7.5 0.5
30% water 5 1.5

Figures 7 to 15 show CLD from experiments compared with calculated CLD from adjusted
geometrical parameters for emulsions with 10%, 20% and 30% of water and 2% of additive at
different times of the crystallization and agglomeration.
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Figure 7: Comparison between experiment CLD (t = 100 min, 10%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (N,=133,

D=1.89, D= 7.5 um, o0 =1.75).
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Figure 8: Comparison between experiment CLD (t = 110 min, 10%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (N,=214,

D=1.95, D = 7.5 um, 6 =1.75).
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Figure 9: Comparison between experiment CLD (t = 130 min, 10%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (N,=584,

Dr=2.19, D= 7.5 um, 0 =1.75).
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Figure 10: Comparison between experiment CLD (t = 90 min, 20%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (Np,=100, D=2.0,

D= 7.5 um, 0 = 0.5).
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Figure 11: Comparison between experiment CLD (t = 105 min, 20%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (N,=250, D=2.2,

D=75um, 9=0.5).
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Figure 12: Comparison between experiment CLD (t = 115 min, 20%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (N,=250, D=2.4,

D=75um, 6 =0.5).
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Figure 13: Comparison between experiment CLD (t = 40 min, 30%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (N,=133,

D=1.97, D=5um, 6 =1.5).

7

6

CLD (% probability)
W EEN (V)]

\S]

666666

* cexperiment, t=65 min
o¢¢ —model Np=178,Df=2.04

*oooo@

T 4

10 100
chord lenght (um)

Figure 14: Comparison between experiment CLD (t = 65 min, 30%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (N,=178,

D=2.04, D=5um, 9 =15).



¢ experiment, t=78 min
] —model Np=168,Df=2.22

CLD (% probability)

1 10 100
chord lenght (um)

Figure 15: Comparison between experiment CLD (t = 78 min, 30%water, 2% additive) and
calculated CLD of random agglomerate constructed from CCA mechanism (Np=168,

Df=2.22, D- 5um, 0 = 1.5).

Figures 7 to 15 show that CLD calculated with increasing fractal dimension (Df) have
increasing number of secondary peaks, and CLD of agglomerates with increasing number of
primary particles (N,) have increasing maximal chord length. The fractal dimension
influences the probability density of the CLD secondary peaks. When the fractal dimension
increases both the number and intensity of the secondary peaks increased. In the opposite,
the intensity of the principal peak decreases as the fractal dimension increases.

Figures 7 to 15 show that calculated CLD are superposed with CLD from experiment. The
peak corresponding to primary particles is better superposed with the primary particles peak
than in the model with random agglomerates constructed from monodispersed populations
[1]. During experiments the adjusted fractal dimensions and primary particles numbers
increase which demonstrate that aggregates grow and became more and more compacts
during crystallization. This evidence was already observed in the work of Fidel-Dufour et al
[9].

Mean chord lengths were calculated from calculated CLD and compared with values from
experiment CLD.

The mean chord length in number of chords un-weighted is:

E_leist(i)li
Y <i<ME()

and the square-weighted is
T _ D Si<ME@I?

> Si<MF()I?
where M is the number of chord length intervals, /; is the centre of the i** interval and f(7) is
the probability of measuring a chord length in the i interval. The mean chord lengths un-
weighted and square weighted were calculated to experiment with emulsion with 10%, 20%;
30% water and 2% additive.

Table 2 show that the mean chord lengths calculated are near the measured ones, which one
more time validates the model developed in this work.

3)

(4)




Table 2: Comparison between mean chord lengths calculated and measured during the
crystallization experiment for emulsions with 2% additive and 10%, 20% and 30% of water.

Measured (um) Calculated (um)
t (min) L L L T2
10% water
100 11.6 27.2 10.2 22.7
110 12.5 36.6 11.4 26.6
130 12.1 32.7 14.8 37.8

20% water

90 10.5 40.0 10.2 36.0
105 11.5 44.0 11.7 42.0
115 11.3 42.0 11.1 40.0

30% water

40 7.8 16.6 7.4 17.0
65 9.0 21.5 9.1 22.2
78 10.0 21.3 7.4 17.0

IV. Conclusions

A model was developed in order to interpret chord length distributions measured with an
FBRM probe during crystallization of methane hydrates from water in oil emulsion in a flow
loop.

The primary particles diameter is related to the mode of the peak obtained in the smallest
detected chord lengths. The profile of the shoulder at larger chords lengths seems to be
suggestive of the compactness of aggregate by its fractal dimension, and the maximum
measured chord length is correlated to the number of primary particles in each agglomerate.
The model supposes that the initial chord length distribution of the emulsion corresponds to
the CLD of the methane hydrates. During crystallization the hydrate particles agglomerate in
fractal agglomerates. The ratio between the agglomerate diameter and the primary particles
diameter is proportional to the number of primary particles in the agglomerate through the
fractal dimension.

The model constructs random agglomerates with known primary particle number and fractal
dimension from a polydispersed population of spheres. The CLD of this agglomerate is then
compared with the experiment CLD to determine the experimental agglomerates
characteristics. The results from this comparison were very encouraging in order to validate
the interpretation procedure.

Furthermore a simple method must be developed to automatically adjust the two parameters
N, and Dy for each CLD from the experiment.
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