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Abstract

It is shown that under defined conditions gel is formed in the glycol from the glycol regeneration plants,
which created significant operational problems. The results of laboratory research on the production of gels from
polyethylene glycol water and water-glycol solutions as well as study of rheological properties of these gels and
polyethylene glycol solutions are provided. It is shown that upon exceeding the certain shear rate value gels
demonstrate abnormal rheological property (instant flow cessation).
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Introduction

Monoethylene glycol (MEG) is widely applied in oil and gas
production. One of applications is prevention of hydrates [1,2]. There
is possibility of hydrates buildup in multiphase pipeline during gas and
condensate transportation from LUN-A offshore platform to Onshore
Process Facility (OPF) of Sakhalin-2 Project. To prevent hydrates the
platform injects MEG water solution into pipeline at concentration of
85 mass%. OPF separates and regenerates MEG. Regenerated MEG
returns to platform via dedicated pipeline. OPF MEG regeneration
process schematic is shown on Figure 1.

Prior to regeneration rich MEG is fed into two-phase separator to
remove gas and remove solids on MEG filter. Then MEG is warmed
up in the reflux condenser by vapor to 75°C and in lean MEG /rich
MEG heat exchanger to 100°C. Then MEG solution comes to reboiler
where water in glycol is evaporated to the required concentration of
glycol. MEG solution in reboiler is heated up to 126°C at atmospheric
pressure. Working temperature of heating element surface in reboiler
is 170°C, maximum temperature (without cooling down by MEG
solution) - 210°C. Regenerated MEG is cooled down using air coolers
and pumped to storage tank (not shown on Figure 1) for subsequent
supply to offshore platform.

In April 2011, during routine operation of OPF MEG regeneration
unit rapid buildup of pressure differential across lean MEG pump
suction strainer was observed. Cleaning of strainer showed that it was
completely covered with green gel deposits. Strainer clogging lasted
for several days (strainer had to be cleaned every 1.5-3 hours), then
suddenly stopped [3].

Investigations of possible reasons of gel formation identified:

gel formation started after well from Lunskoye oil rim section was
put in operation

salinity of produced water from this well was ~ 16 g/dm’, ions
concentration (mg/dm?®): HCO, - 1600-2600; Ca** - 115-1 40; Mg*" -
22-34; Fe?* - less than 1; concentration of carboxylic acids as of acetic
acid - 1000-1 200

over the production period of the well sharp increase of
concentration of dissolved salts in MEG solution (from 750 mg/dm’
to ~ 1350 mg/dm?®) and concentration of calcium ions were observed

green color of gel means inclusion of Fe**ions into gel composition,
concentration of Fe?* ions in MEG solution has not changed being ~
10 mg/dm’

it was found that MEG solution at OPF MEG regeneration system
contains polyethylene glycol (PEG) at concentrations up to 480 mg/
dm’ at average molar weight of 5500 Da

gel formation stopped after shutdown of the oil rim well

Worth to mention that gel in glycol regeneration systems was
also observed at other fields - in particular NAM L9 platforms in
the North Sea (MEG regeneration system), Bacton Gas Terminal
in the North Sea (MEG regeneration system) and Menza Project
in Gulf of Mexico (TEG regeneration system) [3,4]. Earlier authors
showed that gel formation in glycol regeneration systems occurs
due to PEG generation in such systems [5-7] with subsequent cross-
linking with calcium or iron ions [3,4]. It is known [8-12] that PEG
in small concentrations (less than 0.1 mass %) has no significant
effect on viscosity of glycol solution. Thus, PEG generation can not
be a reasonable cause of described above process failures. Obviously
under certain conditions PEG gel formation occurs resulting in
abrupt increase of MEG viscosity.

To confirm this hypothesis laboratory experiments were performed
to prepare PEG gels and to study their rheological properties.

Experimental

To prepare gel from MEG water solution 20.0 g of PEG of 4000
Da molar weight was dissolved in 50 vol. % MEG solution, 14.6 g of
CaCl,.2H,0 was added and diluted to 100 cm’. Concentration of PEG
constituted 0.05 mol/dm? calcium concentration - 1.00 mol/dm?.
Solution in a sealed glass bottle was heated in drying oven at 120°C. Gel
was observed after 1 hour of heating (Gel 1).

To prepare gel from water solution 20 g of PEG of molar weight
4000 Da was dissolved in distilled water, 21.9 g of CaClz.ZHZO was
added and diluted to 100 cm?®. Concentration of PEG constituted
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Figure 1: MEG regeneration process at Onshore Process Facility of Sakhalin-2 Project.

0.05 mol/dm’, calcium- 1.5 mol/dm?®. Solution in a sealed glass bottle
was heated in drying oven at 120°C. Gel was observed after 1 hour of
heating (Gel 2).

Rheological properties of PEG solutions and gels were studied using
HAAKE VT-550 viscosimeter with MV-1 sensor. Dependency of shear
stress and dynamic viscosity on shear rate (y) was explored in experiment.

Results and Discussion

We have established that PEG gels below certain values of y behave
as Newtonian fluid. However, when shear rate exceeds a certain value,
which depends on gel viscosity, gels show abnormal property - instant
flow cessation (full stop of spindle rotor) that is inherent to dilatant
liquids during sharp increase of viscosity.

Figure 2 shows dependence of shear stress and dynamic viscosity
of Gel 1 on y at 25°C. Below y = 1000 ¢ gel behaves as Newtonian
fluid - shear stress is linearly increasing with increasing of y, viscosity is
constant being 126.2 + 1.8 mPa-s. At y=1032 s and in the interval of 1326
<y <1479 s instant flow cessation and total stop of spindle rotor occurs.
With further increasing of y shear stress and viscosity fall notably.

We assume that at certain shear rate the structure of gel partially
breaks causing sharp reduction of gel viscosity. Nonetheless further
tests of the same gel showed that dependence of shear stress and
viscosity on y is not changing and the flow cessation occurs at the same
values of y; i.e., if gel structure is broken it is restoring over a short
period of time after shear stress removal.

When temperature increased to 60°C viscosity of Gel 1 drops to
31.91 + 0.75 mPa-s, cessation of flow does not occur till y=1872 s

Figure 3 shows dependence of shear stress and dynamic viscosity of
Gel 2 on y. Below y = 70 s Gel 2 behaves as Newtonian fluid, viscosity
is 865.0 = 9.0 mPa-s. With y increasing viscosity increases sharply and
aty = 170-1 75 s’ instant flow cessation occurs.

Data from Figure 3 allow concluding that PEG gels are dilatant
liquids when y reaches certain values. At 60°C viscosity of Gel 2 is
slightly increasing (by ~ 7%) with increasing of y being (average value
in the interval of 0<y<1000 s*) 138.2 + 3.1 mPa-s (Figure 4). At y=1034
s'and in the interval of 1350<y<1490 s instant flow cessation occurs.

Abnormal property of PEG gels, namely instant flow cessation
when shear rate exceeds a certain value is of practical importance
for operation of glycol regeneration units. At low shear rates (below
critical y values) observed in pipelines and vessels viscosity of gel
is not high and is not affecting operation of regeneration system.
With sharp increase of shear rate (e.g., when gel passing through
fine pores of filters) sharp increase of viscosity occurs resulting in
clogging of filters. Slowdown or stoppage of flow removes shear rate
and viscosity of gel returns to initial value thus resuming the flow.
However, when shear rate increases again described above reoccurs.
Thus, presence of gel with abnormal rheological property in the
glycol regeneration systems may cause filters clogging if critical
shear rate would be reached.

Water solutions of PEG are also dilatant liquids. Figure 5 shows
dependence of shear stress and dynamic viscosity of 15 mass % PEG
solution with molar weight 4000 Da on y at 25-28°C.

When y changes from 0 to 1700 s viscosity increases from 4.6 to
8.8 mPa:-s. Similar values were obtained for other PEG solutions. Thus,
viscosity of 1 mass % of PEG with molar weight 6000 Da water solution
at same conditions increases from 2.4 to 3.9 mPa-s.

MEG water solutions behave as Newtonian liquids when y ranges
from 0 to 1872 s'. Figure 6 shows dependence of shear stress and
dynamic viscosity of 85 vol. % MEG water solution on y at 25-28°C.

Shear stress is linearly increasing with increasing of y, viscosity is
constant being 10.8 + 0.9 mPa-s.
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Figure 2: Dependence of shear stress and dynamic viscosity of Gel 1 on shear
rate at 25°C.
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Figure 5: Dependence of shear stress and dynamic viscosity of 15 mass% of
PEG with molar weight 4000 Da water solution on shear rate at 25-28°C.
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Figure 3: Dependence of shear stress and dynamic viscosity of Gel 2 on shear
rate at 25°C.
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Figure 6: Dependence of shear stress and dynamic viscosity of 85 vol. % MEG
water solution on shear rate at 25-28°C.
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Figure 4: Dependence of shear stress and dynamic viscosity of Gel 2 on shear
rate at 60°C.

Concentration of
PEG with molar  Concentration of Calcium/  Viscosity of gel,
weight 4000 Da, | calcium ions, mol/dm? PEG ratio 'mPa's
mol/dm?®
0.35 14 50.0 £ 1.1
0.025 0.60 24 57.7+11
0.75 30 1089+ 1.0
0.70 14 16.4+1.2
0.050 1.20 24 97.9+1.1
1.50 30 865.0 + 9.0

Table 1: Dependence of gels viscosity on concentration of PEG and on PEG/cross-
linking metal ratio at 25°C.

Also as a part of experiments we studied dependence of viscosities
of gels formed from PEG solutions on concentration of PEG in the
solution and on PEG/cross-linking metal ratio. It is found that viscosity
of gels exponentially increasing with increasing of concentration of
cross-linking metal at constant concentration of PEG (Table 1; Figures
7 and 8). Conditions of gel preparation are similar to Gel 2.

Unlike viscosity density of gels linearly increases with increasing
of concentration of cross-linking metal at constant concentration of
PEG (Figure 9).

Similar results were obtained for gels prepared from water-glycol
PEG solutions.
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Figure 7: Dependence of dynamic viscosity of gel prepared from water
solutions on concentration of cross-linking metal. Concentration of PEG with
molar weight 4000 Da is 0.025 mol/dm?, temperature 25°C, shear rate from 0
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Figure 8: Dependence of dynamic viscosity of gel prepared from water
solutions on concentration of cross-linking metal. Concentration of PEG with
molar weight 4000 Da is 0.050 mol/dm?®, temperature 25°C, shear rate <70 ¢'.
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Figure 9: Dependence of gels density prepared from water solutions on
concentration of cross-linking metal at 25°C. Concentration of PEG with molar
weight 4000 Da is 0.025 mol/dm?.

It should be noted that PEG gels are soluble in water-glycol
solutions and significantly increase viscosity of these solutions. For
instance adding of 15 vol. % of Gel 1 to 85 vol. % MEG water solution
increases viscosity (25-28°C, 0<y<1479 s) from 10.81 + 0.86 mPa-s to
15.75 £ 0.96 mPa-s (by 1.46 times). This property of gels also shall be
considered when operating of glycol regeneration units.

Summary and Conclusion

PEG gels up to certain shear rates behave as Newtonian liquids.
However, on exceeding certain shear rate value that is dependent on
the gel viscosity instant flow cessation occurs.

PEG gels viscosity is significantly reduced with temperature increase.

Viscosity of gel increase exponentially with increasing of
concentration of cross-linking metal at constant concentration of
PEG. Therefore to reduce viscosity of gel it is necessary to control
concentration of calcium and iron ions in water-glycol solutions of
glycol regeneration units.

Density of gelsislinearlyincreasing with increasing of concentration
of cross-linking metal at constant concentration of PEG.

PEG gels are soluble in water-glycol solutions significantly
increasing their viscosity.

Abnormal rheological property of PEG gels (instant flow cessation
on exceeding certain shear rate value) may cause problems in operation
of glycol regeneration units.

To prevent gel formation in the glycol regeneration systems
operators shall develop and implement a glycol quality control
procedure with focus on monitoring of concentration of PEG, calcium,
and iron ions. Recommended glycol quality control parameters are
developed in ref. [7].
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