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Effect of type-III Anti-Freeze Proteins (AFPs) on CO2 hydrate
formation rate
Hongxia Zhou, Carlos Infante Ferreira*
Delft University of Technology, Process & Energy Department,
Leeghwaterstraat 39, 2628 CB, Delft, The Netherlands.

ABSTRACT
CO2 hydrate slurry is a favourable direct coolant of fresh products due to its large latent heat
and phase change temperature around 7 °C. Continuous production of this slurry is, however,
difficult to realise due to the high rate of hydrate formation. The use of additives is proposed
with the purpose of decreasing the formation rate so that the controllability of the process is
improved. Type-III Antifreeze Proteins (AFPs) are non-poisonous additives which, at low
dosage, have proven to be efficient limiters of gas hydrate formation. The effect of these
additives on the CO2 hydrate formation rate is experimentally investigated in this study.
The concentration of the AFPs investigated in this research is 10 ppm. Experimental results
show that the supercooling degree of the solution is only slightly affected by the addition of
AFPs. Results also show that the addition of AFPs slows down the dissolution rate of CO2 gas
into the aqueous solution which is the first step of gas hydrate formation. A hydrate growth
equation has been used, from which the experimental mass transfer coefficient of CO2
through the solution has been derived. Results show that the decrease of hydrate growth rate
with the addition of AFPs can be related to a decrease of the CO2 mass transfer coefficient
which gives a lower mass transport rate from bulk liquid phase to the crystal interface.

Keywords: CO2 hydrate; Anti-Freeze Proteins (AFPs); Growth rate; Mass transfer.
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1. Introduction
Clathrate hydrates are ice-like compounds and have crystalline structures that are formed
with proper combination of small guest molecules, such as methane, ethane, propane, carbon
dioxide, and hydrogen-sulfides, which are trapped in cavities of a hydrogen-bonded water
framework. There are three main crystallographic structures of hydrates: sI, sII, sH, which
differ by the cavity size and shape (Sloan 1998; Ripmeester et al. 1987; Ripmeester and
Ratcliffe 1990; Englezos 1993; Khokhar et al. 1998; Jager et al. 1999). The hydrates gained
industrial interest when it was found that they form under certain pressure and temperature in
oil and gas pipelines and create blockage (Hammerschimidt, 1934). Formation of gas hydrates
in oil and gas pipelines and processing equipment is something that the petroleum industry is
most concerned about since it can lead to flow blockage and severe economic loss. Clathrate
hydrate slurries composed of hydrates flowing in suspension in solutions are recently been
proposed as (pumpable) phase change materials (Zhou et al., 2015).

Pumpable phase change materials (PCMs) are one of the most efficient candidates to be
applied as a kind of secondary cooling fluids due to the large latent heat when undergoing a
phase change from solid to liquid or liquid to gas or vice versa, which can substantially
increase the energetic and economic performance of secondary cooling systems. Ice slurries
have been introduced as secondary cooling fluids in the beginning of the century (Bel and
Lallemand, 1999; Tanino and Kozawa, 2001; Ayel et al., 2003; Matsumoto et al., 2004).
These systems show improved performance when compared with single-phase secondary
refrigerants (Kauffeld et al., 1999). CO2 hydrate slurry is a favourable secondary fluid which
can be applied in direct contact to fresh products and in air-conditioning systems: it has a
large latent heat (387 kJ/kg) which has been measured by Fournaison et al. (2004) using a
DTA apparatus and positive phase change temperature (7-8 °C). This allows for the
application of primary refrigeration cycles which operate at significantly higher evaporating
temperatures than cycles applied in conventional rapid chilling plants. Making use of a latent
heat thermal storage system (LHTS), the generation unit runs in a day/night mode, therefore
the condensing temperature of the refrigeration cycle can be lowered. In these ways, the
refrigeration cycle efficiency is correspondingly significantly improved in comparison with
conventional designs.
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Sari et al. (2008) have studied the formation of CO2 hydrate slurry in a double tube heat
exchanger. They injected high pressure CO2 into cooled solution to form hydrate slurry under
temperature range 1.5~2°C and pressure about 35 bar. In their case, formation and
dissociation are processed alternatively. This low temperature of the hydrate slurry is not
beneficial when the slurry is applied in air-conditioning systems. Marinhas et al. (2006)
studied CO2 hydrate slurry flow in tubes. The total volume of their experimental loop is 0.297
L, with flow rate maximum 0.93 m/s. The experimental device is placed in an air-controlled
room horizontally. Hydrate dissociation is processed after 2 hours of formation. The
experimental condition of their experiments is along the Lw-H-V (aqueous-hydrate-vapor) line.
Yang et al. (2011) studied CO2 hydrate formation in a fin-tube heat exchanger. The diameter
of the tube is 8 mm. There are 180° bends in the tube exchanger. The longest stable run has
lasted for more than 1 h and was limited by the recirculation of process water. All of the
investigations mentioned above have one thing in common, in their apparatus, there is no free
space for gas phase, all the gas is dissolved into the solution. Jerbi et al. (2010) studied CO2
hydrate slurry formation and dissociation in the same apparatus as Marinhas et al. (2006).
They did two different types of experiments: 1) open system: firstly cool down water/solution
to subcooling, and then inject CO2 into the subcooled solution to form hydrate (Pre-cooling)
and the pressure is maintained by filling CO2 continuously. 2) closed system: firstly inject
CO2 into water making a CO2-saturated solution, and then cool down the solution until
hydrates are formed (Pre-injection), no extra CO2 is charged during the process. It’s
concluded from their experiments that the continuous filling of CO2 in the open system
provides a force for hydrate formation, which results in a larger amount of hydrates formation
in the same period compared with that in the close system. However, it’s easier to obtain the
hydrate formation rate from gas consumption in the second method (closed system).

A fluidized bed generator, similar to the type which has been patented by Waycuilis and
York (United States patent 2002, #6350928), has been used to produce CO2 hydrate slurry
continuously as shown by Zhou et al. (2015). However, the construction of such a system
with a fluidized bed heat exchanger requires a large investment which is not cost-effective for
industry. Simpler generators are expected to significantly improve the cost-effectiveness of
these systems. In this study, a coil heat exchanger is proposed to produce CO2 hydrate slurry.
CO2 gas is injected to the system by a long tube to mix with water (containing AFPs or not).
The CO2 saturated water solution is cooled down to form hydrates. However, this process is
different from the second method mentioned by Jerbi et al. (2010). A gas volume is
4

maintained above the liquid and the solution is continuously sprayed into the gas phase. The
apparatus of Jerbi et al. (2010) is completely filled with the solution so that there is no
separate gas volume. The vessel used in this study has approximately 1.5 L filled with the gas
phase. The gas volume prevents large pressure changes in the system.

It is known that thermodynamic hydrate inhibitors (THIs) including sodium chloride,
methanol and glycol are the most popular hydrate inhibitors in the oil and gas industries
(Yousif, 1996; Ebeltoft et al., 1997; Talaghat, 2014a,b). However, most of the thermodynamic
inhibitors have to be used at high concentrations (10-50 wt%) in order to be effective which
makes them less attractive (Kelland et al., 2006). Kinetic hydrate inhibitors (KHIs) are
thought to be a better alternative for hydrate formation control. PVP (polyvinyl pyrrolidone),
PVCap (polyvinyl caprolactam), N-Vinyl pyrrolidone-co-N-Vinyl caprolactam [poly (VP/VC)],
and some lactam terpolymers are typical commercial KHIs. It has been proved that KHIs
cannot avoid hydrate formation but can hinder hydrate nucleation or/and growth by adsorbing
to nucleation sites or/and growth sites (Yang and Tohodi, 2011 and Fernando and Kelland,
2013). Sakaguchi et al. (2003) studied the inhibition of PVP and PVCap on structure-II
hydrate crystals. They found the addition with 0.2 wt % of PVCap could strongly inhibit the
hydrate growth along the interface. The addition of PVP even changes the morphology of
hydrate crystals growing along the interface.

Anti-Freeze Proteins (AFPs) refer to a class of polypeptides produced by certain vertebrates,
plants, fungi and bacteria that permit their survival in sub-zero environments. Shadi et al.
(2008) have shown that AFPs are efficient inhibitors and comparable to the commercial
polymeric inhibitors for what concerns inhibition of gas hydrate formation. Antson et al.
(2001) studied the mechanism of type-III AFPs on ice growth. They confirm that type-III
AFPs can make energetically favourable interactions with several ice surfaces, in such way
inhibiting crystal growth. Kutschan et al. (2014) studied the dynamic mechanism of AFPs on
inhibiting of ice growth and derived a correlation of the induction time as a function of
concentration. Bagherzadeh et al. (2015) pointed that the ice-binding AFPs can act as a gas
hydrate inhibitor. Celik et al. (2010) pointed that AFPs also modestly contribute to ice crystal
superheating during melting, so that the action between AFPs and the ice surface results in a
separation of the freezing point and the melting point, which is a phenomenon termed thermal
hysteresis. And they mentioned the temperature change by thermal hysteresis could be about
0.5 K for moderate thermal hysteresis AFPs, such as type-III AFPs. Additionally, AFPs are
5

‘green inhibitors’ making them acceptable for both environment and human safety (Walker et
al., 2015).
In this work CO2 hydrate formation rate in a coil heat exchanger is investigated with and
without the addition of AFPs. The experimental results are compared to those obtained using
other additives including poly[VP/VC], which is the leading KHI on the market, and thus
serve as good references when testing the KHI potential of the AFPs. A general hydrate
growth equation is used to derive the change in experimental mass transfer coefficient of CO2
from bulk liquid phase to the crystal layer. The results can be used to guide the design of a
crystallizer when continuous CO2 hydrate slurry is to be produced.

2. Experiment
2.1 Experimental apparatus
A schematic diagram of the experimental equipment is shown in Fig. 1. The equipment
contains two thermostatic baths with two coil heat exchangers in each of them. The two baths
are used to cool down the solution inside the coils. Two pressure sensors and two temperature
sensors are located in the inlet and outlet of the cold bath respectively to measure the pressure
and temperature change particularly after hydrate formation. A Coriolis flowmeter is installed
to depict the flow rate and measure the density change of the solution. A speed control gear
pump is used to keep the circulation of the solution. Two sight glasses are used to visualize
the experiment. A storage vessel is used to keep a certain amount of slurry in the system. Gas
of CO2 can be charged through a connection with the gas bottle. Temperatures, pressures,
flow rate and density are stored every 1 second by a data logger. The whole equipment has a
maximum operating pressure of 40 bar.

The coil has a diameter of 120 mm (measured between the centres of the pipes). The pipe has
an inner diameter of 5.6 mm. The distance between two adjacent turns is 8 mm. There are 7
turns in each coil heat exchanger. In each thermal bath, there are two coil tubes that are
connected together. The total length of the coil exchanger in each bath is 4.74 m. The water
filled in the system is ultra-deionized water which is used to make sure that nothing can affect
the hydrate formation except the selected additive as it is well-known that electrolyte ions
(like Na+, Mg2+ and Cl- etc) can inhibit the formation of gas hydrate. The experimental
apparatus was filled with the ultra-deionized water and circulated to clean the system before
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any experiments are processed. The total volume of the solution filled in the system is 2.5 L.
It includes 1.5 L solution in the storage vessel and 1.0 L solution in the connection tubes.

The whole apparatus is installed in a stainless steel frame. The width of the apparatus is 1.5 m
with a height of 1.8 m. The tubes outside of the thermostatic bath are wrapped with insulation
material, therefore, the influence of the ambient temperature on the fluid is negligible in the
present work.

Details of the accuracy of the instruments have been reported in Zhou et al. (2016) and are
summarized in Table 1.

2.2 Experimental procedure
Experiments are firstly done with pure water and CO2 water solution separately to validate the
experimental method. Experiments were run for long periods and generally the system was
maintained at constant temperature driving force for at least 30 minutes so that quasi-steady
state conditions would apply. Determination of the pressure drop and heat transfer coefficient
of the coil heat exchanger will be discussed below.

2.2.1 Flow characteristics
The flow phenomena in helically coiled tubes are more complex than in straight tubes due to
centrifugal force effects. The transition from laminar to turbulent flow is shifted to higher
Reynolds numbers (Kast, 2010):

Recrit

0.45

 di  
 2300 1  8.6   

 Dc  

(1)

For the experimental conditions, Recrit  7280 , so that for all tests the flow is laminar.
The flow in a helical coil pipe is characterised by the Dean number:

De  Re

di
Dc

The Dean number for water and CO2 water solution is in the range 480 to 1100 with flow rate
50 ~ 110 kg h-1.
The pressure drop is calculated based on Darcy–Weisbach equation:
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di
di
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(3)

In which, the friction factor is obtained with the Poiseuille relation for laminar flow:

f str 

64
Re

(4)

Frictional factor for curved tubes in relation to the friction factor for straight tubes is obtained
from Naphon and Wongwises (2006):
d 
fc
 1  0.015Re0.75  i 
f str
 Dc 

0.4

FL in Eq. (3) stands for the loss caused by the sharp corners in the tubes. It was determined to

be 0.9 (derived from Kast, 2010) for one turn while there are totally 5 sharp corners in the coil
tube.
Fig. 2 shows a comparison of predicted and experimental pressure drop of water and CO2
water solution at similar temperature as a function of flow rate. It indicates that the pressure
drop of the water experiments can be predicted by Eq. (3) with very small errors: 1.9% and
3.7% for the flow rates 70 kg h-1 and 80 kg h-1, respectively. Fig. 2 also shows that when CO2
is added, so that the operating pressure rises to about 30 bar, the pressure drop increases.
Notice that Fig. 2 concerns operating conditions in the aqueous solution – gas region in which
there is no hydrate formation. Under these conditions not all CO2 gas is dissolved and small
CO2 gas bubbles circulate through the system. Again the pressure drop is reasonably well
predicted when a two-phase multiplier of 1.14 is applied to the pressure drop predicted for
single phase liquid flow. This is indicated in the figure by the dotted line. If a Lockhart–
Martinelli based two-phase pressure drop prediction method (Fsadi and Whitty, 2016;
Lockhart and Martinelli, 1949) is used, such multiplier corresponds to a non-dissolved gas
fraction of less than 0.2%. The under-prediction of the pressure drop at lower flows indicates
that with lower velocities the gas fraction increases while with higher flows the pressure drop
is over-predicted because the gas fraction reduces.

2.2.2 Heat transfer characteristics
The experimental overall heat transfer coefficient of the system is calculated based on the
energy balance that results from the measured temperatures, pressures and flow rates
8

(5)

mi  m
U exp 

P

s

 Qloss
(6)

ATln

Where Tln is defined as
Tln 

(Tinlet  Tbath )  (Toutlet  Tbath )
T T
ln inlet bath
Toutlet  Tbath

(7)

The energy loss in Eq. 6 has been estimated to be equal to 3 W by calculating it from the
length of the tube and its insulation thickness. Compared with the maximum cooling capacity,
0.3 kW, the energy loss is very small.
The general overall heat transfer coefficient without hydrates formation is calculated by Eq.
(8) which is based on the internal area of the coil.

di ln

do
di

1 1
 
U hi
2w



di 1
d o ho

(8)

In which w is the thermal conductivity of stainless steel, which is taken to be 13 W m-1 K-1.
The external heat transfer coefficient is derived from Eq. (9), which has been validated by
Zhou et al. (2016).

ho  1.4Q  30.697

(9)

The internal heat transfer coefficient is predicted with the correlation proposed by Xin and
Ebadian (1997), which is obtained experimentally for the local heat transfer in helical pipes
for laminar regime.
Nu  (2.153  0.318De0.643 )Pr 0.177

(10)

For 20 < De < 2000, 0.7 < Pr < 175, 0.0267 < di/Dc <0.0884. Since, as discussed in section
2.2.1, the gas fraction in the solution flow is very small, this single-phase flow equation is
assumed to apply for the CO2-water solution.
Figs. 3 shows the comparison of the predicted and experimental overall heat transfer
coefficient of CO2+water solution. It indicates that Eq. (8) under predicts the experimental
results, however, the average deviation is within ±10%, which is considered acceptable.
9

After validation, water is firstly filled into the set-up, then CO2 is filled until a certain pressure
is reached. Experiments are firstly processed without the addition of AFPs to determine the
initialization point of hydrate formation and the condition for which blockage of the flow
occurs. After that, the system is drained and cleaned by water before new solution with the
addition of AFPs is filled. The type-III AFP used in the experiments was purchased from A/F
Protein Canada Inc.

The solution with or without AFPs in the coil is cooled by the two thermostatic baths filled
with tap water from 10 °C with steps of 0.5 K until there are crystals appearing in the sight
glasses. Fig. 4 shows the photos taken before and after hydrates appear in the sight glass. The
effective cooling capacity of each bath is 0.3 kW. The warm bath is kept at a temperature
higher than the cold bath, in this way, part of the crystals formed in the cold bath will melt. In
this way, solidification and melting processes of crystals allow for the fluid to remain
pumpable even at higher solid concentrations.

3. Experimental Results
The experiments have been conducted by maintaining the temperature of the two thermostatic
baths at a low temperature as mentioned in section 2.1. Each temperature set-point
combination for the two baths is maintained for at least 30 minutes. When the temperature set
points are changed the system requires some time to stabilize. This non-stationary period is
not considered in the processing of the data so that steady state correlations can be used for
the evaluation of the data.

3.1 Experimental results without addition of AFPs
Figs. 5-7 show the temperature and pressure change during hydrate formation period of three
experimental conditions, supercooling degree, energy flow/overall heat transfer coefficient
and pressure drop are also shown in these figures. The solution velocity of these three cases is
0.56 m/s, 0.68 m/s and 0.85 m/s respectively. The solution temperature is controlled by the
two thermostatic baths, indicating in Fig. 5a. Fig. 5a also shows that due to the low pressure
in the process, there is a gas refilling during the experiment in order to reach the hydrate
formation region, which are indicated by the sudden increase before hydrates are formed
(starting by the dashed red line) in Fig. 5b. While for the other two cases, gas filling is done at
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least one day before, and a high pressure is maintained before experiments are done, so there
is no gas refilling in the experimental day. The temperature difference between the solution
and corresponding equilibrium temperature under the same pressure, which is defined as
T  Tsol  Tsat , is used to show how far the solution deviates from equilibrium, while the

equilibrium temperature is derived from Sabil (2009) as Tsat  0.0072P2  0.6874P  6.4999 .
The differences between the inlet and outlet solution temperature and saturation are shown in
Fig. 5c. The accuracy of these temperatures differences is ± 0.032 K. The figure indicates that
the temperature difference of the inlet temperature of solution reached -1.5 K before a
blockage took place (indicated by the dash-dotted line). For case 2 and case 3, the deviation
from saturation is – 1.2 K and 0 K, respectively. This shows that the flow velocity influences
the hydrates formation: the higher the velocity, the lower the temperature difference which
leads to a blockage. Fig. 5d shows the change of sensible energy flow Q and of the overall
heat transfer coefficient during the experiment. The sensible energy flow Q is derived from

Q  mc p (Tinlet  Toutlet ) and excludes the latent heat of hydrate formation. Figs. 6d and 7d show
that when the temperature crosses the saturation line, Q decreases, indicating that when the
temperature of solution decreases below the saturation temperature, there are crystals formed,
which is marked by the dash vertical line. And correspondingly, there is a pressure drop
increase which is shown in Figs. 6e and 7e. However, as the crystals are formed there is no Q
decrease and also no pressure drop increase in case 1 as shown in Fig. 5d and Fig. 5e
respectively. It is possibly because in case 1, crystals are formed in the solution because there
are a large amount of gas bubbles in the solution due to gas refilling, while for the other two
cases, CO2 gas was already dissolved into the solution. In this later case, crystals are more
likely formed on the wall due to the lower temperature of the wall. Fig. 5e also shows
significantly larger oscillation of the pressure drop than Fig. 6e and Fig. 7e, indicating that
crystals are passing the pressure sensors. Figs. 6d and 7d also show that the Q value presents
very large instantaneous changes during the formation period. This is caused by a change of
set-point of thermostatic bath which induces a temperature change of the solution. Since Tinlet
and Toutlet are measured at the same instant, such temperature changes lead to a jump in the Q
value and as a results also of the corresponding U value.

From the three cases, it is concluded that hydrates start forming when the temperature of the
solution is slightly below the equilibrium temperature. The second conclusion is that the
11

higher the solution velocity, the easier the hydrates start forming on the wall. So a lower
velocity will be adopted in the next experiments. Additionally when gas is refilled during an
experiment, CO2 gas will not totally be dissolved into the solution before hydrates start
forming. In the later experiments with the addition of AFPs, CO2 gas is firstly filled to the
system at least one day before the experiments are executed.

3.2 Experimental results with the addition of AFPs
As discussed above, the experiments with the addition of AFPs have been done under low
velocity (0.56 m/s) of the solution and CO2 gas has been filled in advance to the experiments.
Two cases of CO2 hydrate formation with the addition of 10 ppm AFPs are shown as Figs. 8-9.
Fig. 8c indicates an inlet temperature difference of -1.9 K when the system blocks while Fig.
9c shows -1.7 K for case 2. This is caused by the larger temperature difference of the two
baths. Fig. 8a shows that the temperature difference between the two baths is maintained at
1.5 K while that is 2.0 K for case 2 shown in Fig. 9a. For the two cases, the solution velocity
is 0.56 m/s, and no gas has been refilled during the experiments. Notice that for the cases
without addition of AFPs, shown in Figs. 5-7, the solution velocity has been varied and in the
case of Fig. 5 gas has been refilled. Solution velocity has less impact than gas refilling on the
results as illustrated in Figs. 5-7. For this reason the case shown in Fig. 6 is used for
comparison with Figs. 8-9. Results show that the temperature difference when blockage
occurs is similar for both with and without addition of AFPs, indicating a small effect of the
additive. Figs. 8d and 9d show the same impact of set-point change as discussed in section 3.1.

3.3 Dissolution of CO2 gas into the aqueous solution
Before hydrates can be formed, CO2 gas has firstly to be dissolved into the aqueous solution.
Therefore, the dissolution rate of CO2 also influences the hydrate formation rate to some
extent. Experiments for longer time have been conducted to investigate the effect of AFPs on
gas dissolution.
Fig. 10 shows the experimental density change along with the system pressure for three cases:
a) without the addition of AFPs; b) with 10 ppm AFPs; c) with 10 ppm AFPs and longer
period. Fig. 10a shows that without AFPs, the density of solution increases when the pressure
decreases because of the dissolution of CO2 into water. The density goes to a constant value
within about 33 minutes (2000 seconds); Fig. 10b shows that the density doesn’t go to a
constant value for a whole day experiment (7 hours); Fig. 10c shows that the solution reaches
saturation only after 7 hours of operation. The effect of the addition of AFPs appears to be
12

limiting the first step in hydrate formation (the dissolution rate is more than 12 times slower):
the CO2 dissolution from gas to the liquid aqueous solution. This corresponds to the
assumption of the simplified hydrate growth model of Skovborg and Rusmussen (1994), in
which the authors assume the dissolution step to be the limiting step in hydrate formation.

4. Hydrate growth rate
4.1 Experimental hydrate growth rate
According to the discussion in section 3.1 when there is no gas refilling taking place, crystals
are expected to form on the wall of the tube as schematically illustrated in Fig. 11. Fig. 11a
shows the cross flow area when a crystal thickness of  h is attained. The flow diameter
decreases from d i to d h . Fig. 11b shows a detail of the crystal layer. Equilibrium is assumed
at the interface crystal layer / solution. The diffusion layer indicates the region through which
CO2 is transported to the interface. The crystal layer adds an extra thermal resistance.
Therefore, when there is hydrate formation, the overall heat transfer coefficient would change
according to the equation below

di ln

do
di

1 di 1


U h d h hi
2w

di ln


di
dh

2h



di 1
do ho

(11)

In which, the thermal conductivity of CO2 hydrate solid, h , has been taken as 0.54 W m-1K-1
for the relevant temperature range according to the value reported by Sloan and Koh (2008).
The experimental crystal thickness, δ=(di-dh)/2, can then be derived from Eqs. (6), (8) and (11)
for the cases shown in Fig. 6 and Fig. 8. Then experimental linear growth rate of crystals can
be predicted by Eq. (12).

v

di  d h
2t

(12)

Figs. 12-13 show the overall heat transfer coefficient change as well as the diameter change
due to the adherence of crystals to the wall for the two experiments shown in Figs. 6 and 8,
respectively. Fig. 12a shows that the deviation of experimental and predicted overall heat
transfer coefficient is 25% before hydrates are formed. While the deviation for Fig. 13a is
larger (40%), indicating the influence of AFP on heat transfer. dh is then derived taking the
deviation of the overall heat transfer coefficient into account. Figs. 12b and 13b show the
change of dh. The instantaneous increase of the hydrate layer diameter shown in both figures
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corresponds to the moments illustrates in Figs. 6 and 8 when the set-point of the thermostatic
bath is changed and has no physical meanings. A decrease of 3.3 mm has been reached within
66.7 minutes before a blockage occurred for the case without additive shown in Fig. 12b. Fig.
13b indicates that a thickness of 0.8 mm has been reached and maintained for a relatively long
time (66.7 minutes). This indicates the effect of the addition of AFPs.

Sabil (2009) studied the kinetic formation of CO2 hydrate and derived the gas consumption
rate. Shen et al. (2016) investigated the kinetic effect of [Py14]-Br on the formation of CO2
hydrate. An inhibition effect has been determined with lower concentration of [Py14]-Br. The
inhibition of AFP and poly (VP/VC) on methane hydrate growth has been investigated by
Shadi et al. (2008). The results from these studies are used for comparison purposes.

Table 2 summarizes the influence of AFPs on CO2 hydrate formation compared with the
results from literature. It indicates that the maximum supercooling degree of CO2 hydrate
formation is only slightly influenced by the addition of AFPs. The mass growth rate,
G  vAi h , is derived from Eq. (12), with the hydrate density of 1036 kg m-3, which is

obtained from Zhou et al. (2016). Results show that the mass growth rate from this research is
higher than that reported by Sabil (2009) and Shen et al. (2016). For one reason, turns in the
coils make the formation easier; for another reason, the calculation is based on the whole coil,
while in reality it’s quite possible that hydrates form on only parts of the coil. In this study
the addition of 10 ppm reduces the hydrate formation rate by approximately 35 %. With THF,
the CO2 hydrate formation rate is reduced by 27.2% according to Sabil (2009). With 0.1 wt%
[Py-14]-Br, the CO2 hydrate formation rate decreases by 17.6% according to Shen et al.
(2016). Shadi et al. (2008) have investigated the impact of AFP on the methane hydrate
growth rate. For pure methane/water mixture these authors found the growth rate slightly
smaller than that reported for CO2 hydrate. The growth rate is reduced by 38.2% with 70 ppm
AFPs addition according to Shadi et al. (2008). The effect is similar to that with 35 ppm poly
(VP/VC). Comparing the results from this research (10 ppm) and that from Shadi et al. (2008)
(70 ppm), the growth rate of hydrate only slightly depends on the concentration of AFPs.

4.2 Prediction of crystal growth
Englezos et al. (1987) developed a gas hydrate growth model based on crystallization and
mass transfer theories. According to their model, hydrate growth is a three-step process: 1)
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gas dissolution into the liquid bulk phase; 2) diffusion of the dissolved gas to the crystalliquid interface; 3) reaction at the interface, which is an adsorption process describing the
incorporation of gas molecules into the cavities of the water structure and the subsequent
stabilization of the framework of the structured water.

Skovborg and Rusmussen (1994) simplified the hydrate growth model of Englezos et al.
(1987) by assuming that the transport of gas molecules from the gas phase to the liquid phase
is the rate-determining step in the hydrate formation process.

In the present experiments it is clear that the dissolution of CO2 gas into the solution is a slow
process as shown in Fig. 10. Although hydrate formation can only take place after dissolution,
the hydrate formation itself also requires a driving force to take place. In other words,
equilibrium dissolution can be attained without the formation of crystals at all, if there is no
supersaturation for hydrate formation.

The crystal layer forms along the internal tube wall due to the lower temperature than the bulk
solution, and increases to a thickness of  finally as shown in Fig. 11. After that, crystals
start flowing into the solution making the solution into a slurry. However, in this work,
continuous formation of crystals without blockage could not be maintained for long period
(operation was limited to around 4000 s). A general crystal growth equation is applied later to
derive the experimental effect of the AFP additive on the gas transportation rate in the
aqueous solution.

It is expected that the diffusion rate of CO2 gas in the solution is affected by the addition of
AFPs which thereafter influence the formation of hydrates. For this reason, a model similar to
the simplified model by Skovborg and Rusmussen (1994) is adopted to derive an equation
describing the hydrate growth rate: Eq. (13). The equation is based on the CO2 concentration
driving force between the bulk liquid phase and the corresponding equilibrium condition at
the hydrate interface. The equation is also based on the assumption that the heat transfer
resistance around the particle is negligible in comparison with the mass transfer resistance.

G  kl sol Ah ( xbCO2  xint 2 )
CO

(13)

kl is the mass transfer coefficient of CO2 gas from bulk liquid to the crystal interface. xbCO2 is

the mole fraction of CO2 in the bulk liquid phase at the operating conditions of the heat
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CO2
exchange. xint
is the mole fraction of CO2 in the liquid-crystal layer in equilibrium with the

hydrate interface temperature. Ah is the internal hydrate layer area where crystals grow on.

The concentration at the bulk liquid phase, xbCO2 , can be derived from the equation obtained
from Duan and Sun (2003) which relates concentration, pressure and temperature.
xbCO2  (0.00142Tb 2  0.0599Tb  0.00126Tb P  0.000859 P2  0.11987 P  0.2280) /100 (14)
CO2
The concentration of CO2 at the liquid-crystal interface, xint
, is obtained from Sabil (2009)

along the clathrate equilibrium line.
CO2
xint
 (0.0116Tint 2  0.0091Tint  1.7776) /100

(15)

where T in Eqs. (14) and (15) is expressed in °C and P is expressed in bar.
The interface temperature, Tint , is the internal wall temperature ( Tw,i ) in this study, which
could be obtained from the energy flow balance as

Q  hi Ai (Tav  Tw,h )

h
A (T  T )
 h h w , h w ,i

 w Aw (Tw,i  Tw,o )
w



(16)

 ho Ao (Tw,o  Tbath )
The experimental mass growth rate can be derived from Eq. (12) as G  vAi h . Combining
this equation with Eq. (13), the experimental mass transfer coefficient can then be obtained.
kl 

vh
CO2
 sol ( x  xint
)
CO2
b

(17)

The results are shown in Table 3. It shows that the mass transfer coefficient of CO2 in the
solution is reduced by approximately 21 % when there are 10 ppm AFPs added. The results
indicate that the addition of AFPs slows down the diffusion rate of CO2 from bulk liquid
phase to the crystal interface. Comparing these mass transfer rates with the dissolution rate, it
is evident that the impact of the AFP additive has a significantly larger impact on the
dissolution process rather than on the hydrate formation process.

Blockage is a frequently occurring problem for CO2 hydrate production. If the addition of
AFPs could help to slow down the formation rate, continuous production could be achieved.
Unfortunately its effect is not sufficient to allow continuous operation. However, the results of
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this research, especially how much AFPs are required to slow down the hydrate formation
successfully, are important when large crystallizers are to be used for continuous production
of CO2 hydrate.

5. Conclusion
CO2 hydrates are formed in the solution when there are large amounts of gas bubbles in the
bulk solution. However, hydrates will form on the wall of the exchanger when the gas is
previously dissolved in the solution.

The supercooling degree of the solution is only slightly affected by the addition of AFPs.

The addition of type-III AFPs significantly slows down the dissolution rate of gas into the
solution what can be concluded from the lower solution density increase rate.

A crystal growth equation has been used to predict the effect of AFP on the diffusion rate of
CO2 from bulk to crystal layer. Results indicate that with the addition of AFPs, the hydrate
formation rate is reduced by approximately 35 % what corresponds to a decrease of
approximately 21 % of the mass transfer coefficient.

In summary, with a low concentration of type-III AFPs, the dissolution rate of CO2 from gas
into the solution is significantly slowed down. The mass transportation rate of CO2 from bulk
liquid to the liquid-crystal layer is also limited by the addition of AFP. However, the effect of
AFP on the dissolution process is significantly larger than on the diffusion process.
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Figure 1 – Schematic diagram of the experimental set-up including two thermostatic baths,
two pressure sensors, two temperature sensors, a gear pump, a flowmeter, two sight glasses
and a storage vessel
Figure 2 – Pressure drop during pure water and water+CO2 experiments at similar
temperature. When CO2 is added to the water the pressure in the system rises from slightly
above atmospheric pressure to around 30 bar. The lowest line shows the predicted pressure
drop of water; the intermediate line shows the predicted single phase pressure drop of the
solution; the top line (dotted) shows the predicted two-phase pressure drop of the solution
taking the effect of non-dissolved CO2 gas into account.
Figure 3 – Comparison of experimental and predicted overall heat transfer coefficient for
water+CO2 solution test
Figure 4 –Hydrate formation periods. Left: before hydrates appear; Center: In the middle of
hydrate formation; Right: Blockage in the end of hydrate formation.
Figure 5 – Experimental results for water+CO2 test during hydrate formation period with
solution velocity of 0.56 m/s: a) temperature change, b) pressure change, c) Temperature
difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
Figure 6 – Experimental results for water+CO2 test during hydrate formation period with
solution velocity of 0.68 m/s: a) temperature change, b) pressure change, c) Temperature
difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
Figure 7 – Experimental results for water+CO2 test during hydrate formation period with
solution velocity of 0.85 m/s: a) temperature change, b) pressure change, c) Temperature
difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
Figure 8 – Experimental results for water+CO2+AFPs test during hydrate formation period
with solution velocity of 0.56 m/s case 1: a) temperature change, b) pressure change, c)
Temperature difference change; d) energy flow/heat transfer coefficient change; e) pressure
drop change.
Figure 9 – Experimental results for water+CO2+AFPs test during hydrate formation period
with solution velocity of 0.56 m/s case 2: a) temperature change, b) pressure change, c)
Temperature difference change; d) energy flow/heat transfer coefficient change; e) pressure
drop change.
Figure 10 – Solution density change along with pressure for three different cases: a) no
addition of AFPs; b) with 10 ppm AFPs addition; c) with 10 ppm AFPs addition and longer
period.
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Figure 11 – a) Hydrates form on the internal wall of the coils; b) CO2 transport mechanisms
from gas phase to crystal layer.
Figure 12 – a) Comparison of experimental and predicted overall heat transfer coefficient
for the case of no addition of AFPs shown in Fig.6. b) Diameter change during hydrate
formation period.
Figure 13 – a) Comparison of experimental and predicted overall heat transfer coefficient
for the case with 10 ppm AFPs shown in Fig.8. b) Diameter change during hydrate formation
period.
Table 1 Summary of the uncertainties of the measured parameters.
Table 2 Hydrate formation rate summary of the experimental results and comparison with
literature values.
Table 3 Comparison of mass transfer coefficient with and without the addition of AFPs.
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Figure 6—case 2: 0.68 m/s
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Figure 7—case 3: 0.85 m/s
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Table 1
Parameter

Uncertainty

Temperature / K

± 0.03

Pressure / kPa

±1

Density / kg m-3

± 0.5

Flow rate / % of full scale

± 0.15
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Table 2
Mass Growth rate (G)
MaxAdditives

supercooling
/K

*

/ (kg h-1)
This study

Sabil

Shen et al.

Shadi et al*.

(2009)

(2016)

(2008)

no

1.2

≈0.128

0.0125

0.017

0.011

10 ppm AFPs

1.9

≈0.083

―

―

―

THF

―

―

0.0091

―

―

0.1 wt% [Py-14]-Br

―

―

―

0.014

―

35 ppm Poly VP/VC

―

―

―

―

0.0068

70 ppm AFPs

―

―

―

―

0.0071

This study concerns CH4-hydrate formation with and without additives.
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Table 3
xAFPs

Tb

Tint

xb

xint

δ

v

k

―

°C

°C

mol %

mol %

m

m s-1

m s-1

0

7.68

7.48

2.488

2.358

≈0.00165

≈4.125e-7

≈3.17e-4

10 ppm

8.06

7.91

2.538

2.431

≈0.0008

≈2.67e-7

≈2.49e-4
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