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UWA Flow Assurance Workshop 
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8:30 AM. Coffee on arrival 
 
9:00-9:15 AM. Overview of Flow Assurance Research Activities (Z. Aman) 
 
Theme #1: Assessing Hydrate Blockage Risk 
 
9:15-9:45 AM. Delivery of OLGA Extension for Hydrate Growth / Blockage in Gas-Condensate Systems       

(T. Charlton) 
 
9:45-10:15 AM. Hydrate Growth and Blockage Severity with Reduced MEG Content (T. Kuteyi) 
 
10:15–10:45 AM. Morning coffee/tea break 
 
Theme #2: Developing Novel Management Methods  
 
10:45-11:15 AM. Measurement of Hydrate Formation Probability and Quantitative Evaluation of KHIs (V. Lim) 
 
11:15-11:45 AM. Advanced Raman Spectroscopy to Develop Next-Generation Anti-Agglomerants Additives 

(K. Jeong) 
 
11:45–12:00 PM. Guest Presentation 
 
12:00-1:00 PM. Lunch with Optional Laboratory Tour 
 
 
Meeting location: Kensington Research Lab 
Australian Resources Research Centre 
26 Dick Perry Avenue 
Technology Park 
Kensington, WA 6151 
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  The University of Western Australia 

Executive Summary 
 
We are pleased to welcome you to the November 2018 Flow Assurance Workshop. This event is designed 
to provide you with an opportunity to examine the ongoing gas hydrates and flow assurance research within 
the Fluid Sciences & Resources Division of the University of Western Australia. The feedback you provide 
on these Workshop presentations is critical to producing research that advances both student knowledge 
and industrial capability. This meeting is organised around two of our 2018 Research Themes: 

x Theme #1: Assessing Hydrate Blockage Risk. Through feedback from the Flow Assurance 
Workshop and industry partners, our research efforts have continued to focus on quantifying hydrate 
risk in oil and gas flowlines, as the product of probability and severity. We have targeted two main 
areas. Firstly, our efforts have focused on understanding and predicting how hydrate forms and 
deposits in gas-dominant systems, resulting in the generation of a plug-in for OLGA that has been 
validated against data from the Hytra flowloop and Tommeliten field trials. This plug-in employs a 
mechanistic approach to hydrate modelling to enable predictions for condensate systems flowing in 
long subsea tiebacks. The plug-in is available for operators and is fit for use with OLGA’s 
forthcoming Extensibility Framework. Secondly, experimental studies in our visual autoclaves were 
performed to assess the likelihood of hydrate blockage in systems that were under-inhibited with 
MEG. These identified wall deposition as the key mechanism that leads to hydrate blockage, and 
further determined a set of criteria to quantitatively identify plugging and non-plugging behaviour. 
Our initial studies suggest that there are significant margins available for safe operations with MEG 
under-dosing, which correspond to a substantial cost efficiency, particularly with the trend towards 
extending subsea infrastructure and tie-ins. 

x Theme #2: Developing Novel Management Methods. Through consultation with Australian 
industry, we have recognized that there is a need for a greater understanding around the performance 
and environmental impact of new generation low dosage hydrate inhibitors (LDHIs). As such, we 
are continuing to use an array of laboratory equipment to quantify the underlying mechanics for 
both kinetic hydrate inhibitors (KHIs) and anti-agglomerants (AAs). First, the High Pressure Stirred 
Automated Lag Time Apparatus (HPS-ALTA) cells have allowed us to better quantify the 
likelihood of hydrate formation. Our results are now illuminating the underlying mechanics of these 
chemicals, which allows for more precise targeting of dosage rates. This has yielded the ability to 
qualify the performance of individual chemistries tailored for specific developments in a concrete 
cost vs. risk framework, which is particularly relevant to long tiebacks that spend a limited time 
within the hydrate equilibrium region. Second, advanced Raman spectroscopy studies are focused 
on delivering a new experimental analysis and chemical design framework for AAs. This is a next 
generation capability with improved fidelity, to, for the first time, directly measure the performance 
of surfactants as they adsorb to interfaces (including hydrate crystals and the pipe wall). The ability 
to directly interrogate the structure-function relationships for new AAs represents a new prospective 
standard for chemical design, and will enable targeting of individual components to optimize for 
greener injection packages.  
 

 
Your feedback on the results presented here will inform our research activities over the coming six 
months and new results will be presented at our next Flow Assurance Workshop, which has been 
scheduled for May 2019. Please feel free to contact us should you have any questions or feedback after 
the meeting. 
 
Dr. Zach Aman, Acting Chevron Woodside Chair in Long Subsea Tiebacks: zachary.aman@uwa.edu.au 
Prof. Eric May, Chevron Chair in Gas Process Engineering: eric.may@uwa.edu.au 
Prof. Mike Johns, Chair of Chemical and Process Engineering: michael.johns@uwa.edu.au 

mailto:zachary.aman@uwa.edu.au


WELCOME TO THE

UWA FLOW ASSURANCE WORKSHOP

Australian Resources Research Centre

22nd November 2018

• Evacuation required with alarm
• Exit through reception doors

• Do not use lifts
• Proceed to Assembly Area A

• Remain in car park until “all clear” is given by CSIRO

Overview of 
Flow Assurance Research Activities

Zach Aman

22nd November 2018

UWA Flow Assurance Workshop

Fluid Science & Resources Division
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Laboratory Capabilities: microns to miles

Interfacial Tension
& Wetting AngleOil Properties

(GC, SARA)
Dispersions

(NMR)

Micro -DSC

Hydrate 
Cohesion Rheometer

Sapphire
Autoclaves

3x Flowloop

Hydrate Plug
Dissociation

Raman
Spectrometer

2018 Flow Assurance Research Themes

1) Assessing Hydrate Blockage Risk = Probability ! Severity

• Across oil , gas, and water -continuous pipelines
• Horizontal, inclined, and complex pipe geometries
• Probabilistic flowline simulation with hydrates

2) Developing Novel Management Methods
• Under-inhibition with MEG or methanol
• Novel hydrate inhibitors (e.g. AAs) for sensitive environments
• Novel oil constituents that manage blockage risk

5

Hydrate Growth 
Rate

Particle Bedding Slurry Viscosity Wall Deposition+ ++

Developing Deployable Tools

OLGA Gas -Dominant Plugin /Extension (Beta Available)
• Hydrate growth rate, deposition, and pressure drop in horizontal flow
• Currently deployed with Woodside, Chevron
• Available for OLGA 2016.X and 2017.X as a Plug-in (Horizon framework)
• Available for OLGA 2018.2 as an Extension

CryoFAST and ThermoFAST (Download Available)
• Rapid simulation of wax buildup in LNG systems
• Stand-alone thermodynamic tool for hydrocarbon systems

6



Laboratory Highlights from 2018

Conference attendance
• BHR Multiphase (Canada)
• Gordon Research Conference (Texas: 10 students/staff)
• OTC Houston
• OTC Asia (6 students/staff)
• Thermophysical Properties Symposium (Denver: 15 students/staff)
Publications
• 8 new flow assurance manuscripts published
• Group publication list available online (fsr.ecm.uwa.edu.au)
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Laboratory Highlights from 2018

Members

• Welcomed Dr Asheesh Kumar as postdoctoral fellow
• 14 PhD students and 2 M.Phil. students

• Three new PhD placements available in group

Sponsorship

• Completed 7 flow assurance and hydrate projects ($1.1M)
Abroad

• Louis Yu started 18-month placement at Colorado School of Mines

• E. May appointed to International Scientific Committee of ICGH

• Z. Aman Chair-Elect (2022) of Gordon Conference on hydrates

8

Update : Hydrate Deposit Growth in Subsea Jumpers ( HyJump )

• Six members: Woodside, Chevron, Total, OneSubsea, ConocoPhillips, ExxonMobil
• Executed through UWA and CSIRO research collaboration
• NERA partnership (Oct. 2018) to leverage industry contributions
• Phase 1 investment will deliver 80 flowloop experiments (Q3 2017 to Q2 2020)

9



Overview of Meeting Schedule
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9:00 AM Overview of Flow Assurance Research Activities

9:15 AM Delivery of OLGA Extension for Hydrate Growth/Blockage in Gas-Condensate Systems (T. Charlton)

9:45 AM Hydrate Growth and Blockage Severity with Reduced MEG Content (T. Kuteyi)

10:15 AM Morning coffee/tea break

10:45 AM Measurement of Hydrate Formation Probability and Quantitative Evaluation of KHIs (V. Lim)

11:15 AM Advanced Raman Spectroscopy to Develop Next-Generation Anti-Agglomerants (K. Jeong)

11:45 PM Guest Presentation

12:00 PM Lunch with Optional Laboratory Tour

THANK YOU



Delivery of an OLGA Extension for Hydrate 
Growth/Blockage in Gas -Condensate Systems

Thomas Charlton

UWA Flow Assurance Workshop

22nd November 2018

Final -year PhD Candidate

BEng and BSc at UWA

• Chem. Engineering & Physics

• Graduated June 2014

PhD at UWA

• Joined March 2015

• Gas-Dom. Hydrate Sims. & Expts.

• Jan ‘16 - Aug ’17 at Colorado 
School of Mines

• Profs. Z. Aman, E. May, M. Johns, 
L. Zerpa and C. Koh
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Conclusions

Gas-dominant hydrate blockage prediction tool 
developed as an OLGA Extension

‘Splashing’ and water droplet deposition – adapting 
a TOL model to predict film growth

Observations of a 30 % decrease in bubble size 
with hydrate onset & the impact on future growth 
modelling

3



Aim: Quantitative Hydrate Blockage Assessment
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Low Moderate High

Mill’s Model

2. Sloughing
Likelihood:
Minimum 
shear stress 
before 
breakage?

3. Slurry
Transport:
Difficulty of   

transporting a 
viscous slurry?

1. Deposit 
Formation

4

UWA Capabilities: Gas -Dominant Hydrate Systems

5

HP hydrate nucleation cells
Single-pass flow loop (UWA and CSIRO)
Hydrate jumper JIP
HP sapphire autoclaves
HP steel autoclave
Hydrate plug cells
Raman spectroscopy
Low-field NMR
High-pressure rheometer
HP differential scanning calorimeter
Interfacial tensiometry
Micromechanical force apparatus
Hydrodynamic simulation
Acoustic levitator

Di Lorenzo et al. 2014

Di Lorenzo et al. 2014

Hydrate Observations in Gas -Dominant Systems

6

Growth Mechanisms

Di Lorenzo et al. 2014

Rao et al. 2013

Grasso 2014, Miniloop, CHR

Hytra Flowloop, UWA/CSIRO

HPWT, CHR

Current Plugin

Under Dev.



Can We Apply CSMHyK to Gas -Dominant Flowlines?

7

𝑑𝑚
𝑑𝑡 = 𝑘1 exp −

𝑘2
𝑇𝑠𝑦𝑠

𝑎𝑠Δ𝑇𝑠𝑢𝑏 𝑢ℎ = 𝐶𝑜𝑢𝑜 + 𝐶𝑤𝑢𝑤

Growth : Adjust k1 Deposition : Adjust Cw

Turner et al. (2005), Aman et al. (2011)

Charlton et al. (2018)
Charlton et al. (2018)

2016-2018: Development of a new OLGA Extension

8

Growth

Deposition

Benefits of the new ‘extension’ framework:
• (much) easier to develop

• (much) simpler to install

• (much) faster to simulate!

Validated Against Gas -Dominant Flowloop Data

9

Growth Deposition (without tuning)

Dominant mechanism: droplet entrainment and particle deposition
… What about condensation , splashing , and bubble entrainment?



Film Growth Controlled by Water Droplet Deposition

~ 1 m/s ~ 1.5 m/s ~ 2 m/s

10

Initial growth 
rate 

independent 
of gas velocity
(1 – 2.2 más-1)

Deposit 
sloughing 
appears 

independent 
of gas 

velocity?

Deposit profile 
dependent on gas 

velocity ~ 1 m/s

Adapting ‘Top-of -line’ Model to Hydrate Film Growth

11

+ Hydrate Growth

Model

This has implications on:
• Pressure drop
• Sloughing
• Jamming

Adapted from Brown et al. 2009

Targeted 
2019 Plugin 

Update

Observations of Hydrate -Encrusted Gas Bubbles

T

T

P

T

ISCO A

ISCO B

T

Ultrasonic 
Flow 

Sensor

In-line 
Viscosmeter

Centrifugal 
Pump

Transparent 
 Bulls-eye  
Viewport

Pressure 
Control 
Pump

Gas 
Injection 

Pump

dP

Chiller

High-Speed 
Camera

Flow 
Direction

12

Growth rate << 
Dissolution rate

30 % 
Reduction in 
Bubble Size 

Upon Hydrate 
Onset

Adapted from Gilmer, 2013



Hydrate -Encrusted Bubble Coalescence

13

‘Roadmap’ of the Gas-Dominant Hydrate Plugin

14

Growth Mechanisms
Gen. 3 (2020)

Gen. 2 (2019)

Current Plugin (2018)

Current Plugin

Under Dev.

Conclusions

Gas-dominant hydrate blockage prediction tool 
developed as an OLGA Extension

‘Splashing’ and water droplet deposition – adapting 
a TOL model to predict film growth

Observations of a 30 % decrease in bubble size 
with hydrate onset & the impact on future growth 
modelling

15
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Hydrate Blockage Risk in Under-Inhibited 
Systems
Temiloluwa Kuteyi

UWA Flow Assurance Workshop 
22nd November 2018

Background

Previously
BSc Chemical Engineering (Curtin 
University, 2008 - 2011)
MSc Oil and Gas Engineering (UWA, 
2015)
Safety and Risk Engineer (Lloyd’s 
Register, 2012 – 2015)

PhD. Oil and Gas UWA (2016 
Feb - present)
Hydrate management low liquid systems
Prof. Z Aman, E May and M Johns

Looking to pursue an industrial 
career in flow assurance
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Conclusions

Established the criteria for determining equivalent pipeline 
blockage using the high pressure visual autoclave cell

Highest growth rate observed at low under-inhibited 
conditions (<10 wt%)

Further increase in MEG concentration (still at under-
inhibited conditions):
• Decreased the hydrate growth rate
• Lower hydrate volume fraction
• Reduced resistance-to-flow during hydrate formation

3



Hydrate Plug Formation in Liquid Systems

4

Plugging Mechanism:
• Hydrate shell growth 

• Large aggregates 
formed

• Increase in slurry 
viscosity due to particle 
agglomeration

• Plug formation through 
jamming-type failure

Interaction of hydrate particles is critical!
Charlton et al., 2018

Sloan et al., 2011

Motivation: Hydrate Risk Increased by Deep Water 
Operation

5

Deep water increases the chance of 
hydrate formation
• More severe PT conditions

• Longer residence time

Cost of hydrate prevention 
increases with depth
• Pipeline insulation thickness increases

• Large volume of MEG/Methanol to be 
injected (20 ~ 60 wt%)

• Bulk topside and subsea facilities (storage 
tanks, injection pump, transfer pipeline, 
regeneration process etc.)

Management Strategy
Thermodynamic Inhibitors 

(MEG, Methanol)
Low Dosage Hydrate 
Inhibitors (AAs, KHIs)

The Concept of Under-Inhibition 

Under-inhibited operations
• Insufficient amount of hydrate inhibitor (THIs i.e. MEG)
• Malfunction of equipment, or transient operations

Benefits 
• Reduced volume of MEG injected
• Reduced OPEX

Unknown effect on plug formation
• Transportability 
• Plant operating range

6

Hemmingsen et al., 2008



High Pressure Visual Autoclaves

7

HP hydrate nucleation cells
Single-pass flow loop (UWA and CSIRO)
Hydrate jumper JIP
HP sapphire autoclaves
HP steel autoclave
Hydrate plug cells
Raman spectroscopy
Low-field NMR
High-pressure rheometer
HP differential scanning calorimeter
Interfacial tensiometry
Micromechanical force apparatus
Hydrodynamic simulation
Acoustic levitator

High Pressure Visual Autoclave 

8

Autoclave 1 Autoclave 2 Autoclave 3
• 1” Sapphire cell (vol. ~ 77ml)
• Vane-blade mixing geometry
• 100 – 1500 RPM 
• Constant volume

• 2” Sapphire cell (vol. ~ 500ml)
• Vane-blade mixing geometry
• 100 – 1500 RPM 
• Constant volume

• Identical to Autoclave 1
• Constant pressure or volume
• With ‘GC’ capability
• Online characterization of gas 

phase compositions

Apparatus: High Pressure D.B. Robinson-Type 
Sapphire Cell

9

Specifications:
• 1” sapphire cell
• High pressure cell
• Vane-blade mixing geometry
• 200-1500 RPM (up to 5000 

Re)
• Constant pressure or volume



Experimental Method

Materials
• Crude oil

• Ultra-high purity methane 
• Deionized water

• Monoethylene glycol

Basic Procedure
1. Fill the cell with liquids (water, oil, MEG)
2. Purge 3x with methane

3. Pressurize with stirring

4. Cool below hydrate equilibrium
5. Record temperature, pressure and 

motor torque

10

Sudden 
pressure 
drop

Hydrate Formation

Experiment starts at 
initial conditions

Cool down to 1�ƒC 

Hydrate formation 
point detected 

Heat system up to 
initial condition

RANKING CRITERIA IN AUTOCLAVE SYSTEMS
Hydrate Blockage Risk in Under-Inhibited Systems

Industry AAs Reduce Relative Torque by an Order of 
Magnitude

12

Relative Torque =
Torquetime step, i

Avg. Torquebefore nucleation



Hydrate Deposition Observed in AA-Free System

13

Plugging type 
system

Non-plugging type 
system

No wall 
deposition 
observed

Hydrate particles 
dispersed with 
bulk fluid

Wall deposition 
observed

Hydrate 
particles 
growing along 
impeller shaft

Condensate 1 Condensate 1 + AA-1
Video Speed: 300x 

Relative Torque < 2 Signifies No Hydrate Deposition / 
Blockage

Where:

Relative Torque is the ratio of measured torque at nucleation to the torque value prior to hydrate 
onset

14

Relative Torque =
Torquetime step, i 

Avg. Torquebefore nucleation

Criteria Description
Pass
• No hydrate deposition on sapphire wall
• Hydrate particles dispersed within bulk 

fluid

Fail
• Hydrate deposition on sapphire wall
• Severe agglomeration of hydrate 

particles

Severity 
Ranking Criteria Evidence

Pass Relative Torque < 2
• Oil 1
• Condensate 1 + AA-1
• Condensate 1 + AA-2

Fail Relative Torque > 5

• Condensate 1
• Condensate 3
Tested at 60 – 100 bar
10 - 80% watercuts

Intermediate 2 < Relative Torque < 5

Severity Boundaries in Autoclave with Respect to 
Hydrate Growth Rate

15

Key Notes:
x – wall deposition 
observed along 
sapphire wall
Δ – no deposition 
observed along 
sapphire wall

Legend:
Blank
With Inhibitor - AA



EFFECT OF MEG ON HYDRATE VOLUME FRACTION 
& RELATIVE TORQUE

Hydrate Blockage Risk in Under-Inhibited Systems

Results: Hydrate Growth Rate and Volume Fraction 
Decreases with MEG (Oil 3)

17

50 vol %

Effect of MEG
Increased hydrate growth rate at lower MEG 
concentration
• Due to slight increase of gas solubility in 

liquid phase

MEG concentration increases as water is 
converted to hydrate

Hydrate formation ceases when inhibition 
requirement is met (self-inhibition)
Max. hydrate volume fraction reduced by half

Results: MEG-Rich Water Inhibits Hydrates

18
MEG-rich water inhibits hydrates

Increase in MEG
• MEG conc. increases as water is converted to hydrate

• Hydrate formation ceases when inhibition requirement is met (self-inhibition)

• Increases un-converted water
• Weaker capillary force due to too much water

Oil + water + MEG

oil

Water + MEG

oil

MEG concentration

Hydrate formation 
ceases 

Water + MEG



Results: Risk of Deposition / Blockage Reduced by 
Injecting 60% of Required MEG �±Laminar 

19

30 wt% MEG is 
required for full 
inhibition 

Constant initial 
starting P,T 
conditions 
(Driving force 
decreases)

Results: Risk of Deposition / Blockage Reduced by 
Injecting 60 % of Required MEG �±Turbulent

20

30 wt% MEG is 
required for full 
inhibition 

Constant initial 
starting P,T 
conditions 
(Driving force 
decreases)

Results: Hydrate Deposition Suppressed in Under-
Dosed MEG

21
Oil 2 Blank (0% MEG) �±300 RPM Oil 2 + 17.5 wt% MEG �±300 RPMVideo Speed: 300x 



Severity Boundaries in Autoclave with Respect to 
Hydrate Growth Rate

22

Key Notes:
x – wall deposition 
observed along 
sapphire wall
Δ – no deposition 
observed along 
sapphire wall

Legend:
Blank
5 wt% MEG
10 wt% MEG
17.5 wt% MEG
25 wt% MEG / 2 wt% AA

Conclusions

Established the criteria for determining equivalent pipeline 
blockage using the high pressure visual autoclave cell

Highest growth rate observed at low under-inhibited 
conditions (<10 wt%)

Further increase in MEG concentration (still at under-
inhibited conditions):
• Decreased the hydrate growth rate
• Lower hydrate volume fraction
• Reduced resistance-to-flow during hydrate formation

23

Way forward

Mechanistic modelling probing the effects of 
varying MEG concentrations.

Testing different systems to determine whether 
the observed MEG reduction is consistent

Synergistic inhibition effects of MEG and anti-
agglomerants in gas-liquid systems

24
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Measurements of Hydrate Formation Probability 
and Quantitative Evaluation of KHIs

Vincent Lim

UWA Flow Assurance Workshop

22nd November 2018

Personal Background

UWA First Class Honors in Bachelor of Chemical & Process 
Engineering (2015)
• Internship in Schlumberger Information Solution, KL 
• Chevron Chair Prize in Gas Processing Engineering

Current Passions:
• Third year PhD: Probabilistic Hydrate Formation Risk 

(supervised by Zach Aman, Eric May, Michael Johns) 
• Teaching / tutoring 
• Travel the world and do awesome hikes
• Latin dancing

2

Grand Prismatic Spring, 
Yellowstone NP, WY
USA

Conclusions

• HPS-ALTA is efficient in generating large, statistically significant 
hydrate formation datasets 

• Increasing KHI concentration impedes hydrate formation but with 
diminishing returns as concentration increases

• Tighter induction time distributions have been obtained in KHI-
systems, compared to KHI-free systems

3



Hydrate Prevention by Chemical Injection: KHIs Can Be 
More Economical than THIs

4

• Delay hydrate formation
• Typically 0.5 to 2 wt% added
• Require umbilical services

Into the millennium: Kinetic Hydrate Inhibitors (KHIs)

• Methanol / glycol
• Completely prevent hydrate formation
• Uneconomical if high dosage (typically 

30 to 80 wt%) is required
• Require regeneration tower

Traditional solution: Thermodynamic Hydrate Inhibitors (THIs)

Reduce logistic costs and CAPEX

Motivation: Natural Gas Hydrate Formation is Stochastic

5[1] Matthew et. al., Annals of the New York Academy of Sciences, 2000

Field test: Werner Bolley well, Southern Wyoming
[1]

• 5 field tests by Deep Star
• Minimum subcooling of 6.5 ˚F (≈ 3.6 K)
• Used in flow assurance simulation software: 

OLGA, CSMHyK

KHIs delay hydrate formation

Increased 
subcooling

High Pressure Stirring Automated Lag Time Apparatus

6

HP hydrate nucleation cells
Single-pass flow loop (UWA and CSIRO)
Hydrate jumper JIP
HP sapphire autoclaves
HP steel autoclave
Hydrate plug cells
Raman spectroscopy
Low-field NMR
High-pressure rheometer
HP differential scanning calorimeter
Interfacial tensiometry
Micromechanical force apparatus
Hydrodynamic simulation
Acoustic levitator

Subcooling, ΔT

Growth Rate, G

Induction time, ti



HPS-ALTA Efficiently Measures Hydrate Formation 
Events with Shear

7

Stirring bar
Temperature 

sensor

Gas 
injection

Magnetic 
stirrer

Pressure 
transducer

Peltier

Stirred system Small thermal mass (10 mL)
Peltier driven cooling system 

(up to 5 K/min)

Multiple cells to maximise 
data collection

Able to generate 
large number of 

experimental runs 
(on the order of 100 

pts in days)

SUBCOOLING MEASUREMENTS
Probabilistic Hydrate Formation and KHI Evaluation 

8
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Isochoric Experiments (Constant Cooling): 
Investigate Subcooling

9

Procedures:
• Cooling commences with constant ramp
• Sudden pressure drop indicate hydrate 

formation, ΔT = Teq – Tf can be obtained
• Heat system up to Tmax (typically 40 °C) 

before next cooling cycle begins Equilibrium 
curve

1. Constant 
cooling

2. Sudden 
pressure drop 

indicates hydrate 
formation

Hydrate 
growth region

Subcooling, 
ΔT

[2, 3]

[2] May, Lim et. al., Langmuir, 34, 3186-3196, 2018
[3] Lim et. al., OTCA, 2018



KHIs Inhibit Nucleation and Narrow Formation  
Distributions

10Methane / 5mL/ water / 700 rpm / 130 bar @ 20 °C / Luvicap55w

Increase KHI Conc.

Safety margin can be assessed 
Such method is deployable in all fields

Less cost
Increase
safety margin

50%

Significant Suppression of Hydrate Growth Observed 
with >0.3 wt% KHI Loading

11
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Initial gas consumed:
Duration to achieve ΔP of 0.3 bar

Hydrate 
formation onset

Before hydrate 
formation

=0-4>7?@1A?-1
B-?C>D1

E4:E0:4>7?@

ΔP for 
calculation

0 wt%

0.05 wt%

1 wt%

2 wt%

3 wt%0.3 wt%

ΔT = 6.7 K

ΔT = 9.7 K

ΔT = 11.4 K

ΔT = 14.6 K

ΔT = 15.7 K

ΔT = 16.9 K

Initial Gas Consumption Rate Depicts Positive Linear 
Relationship to Subcooling

12

Slope decreases significantly 
starting at 0.3 wt% KHI



INDUCTION TIME MEASUREMENTS
Probabilistic Hydrate Formation and KHI Evaluation 

13

At Lower Subcooling, Higher Induction Time 
Required For Hydrate Formation

14

Subcooling 
(K)

# Data 
Pts.

Mean 
(s)

Median 
(s)

Std. 
Dev. (s)

Max. 
(s)

Min. 
(s)

6 83 10847 8470 9410 45598 198
7 131 6533 4094 8451 57709 385
8 312 2095 1583 1888 10791 19
10 128 913 667 972 5801 22

Induction time CDFs 
are exponentially 
distributed in the 
absence of KHI

[4]

[4] Metaxas, Lim et. al., Journal of 
Colloids & Int. Science, TBA, 2019

Nucleation Rates Can be Extracted From Experiments 
Without Inhibitors

15

Classical Nucleation Theory

Formation probability Nucleation rate

Induction time



Nucleation Rates Obtained in HPS-ALTA Are 
Comparable with Autoclave

16

Ke et. al (2016)
• HP Autoclave
• 0.925 C1 + 0.075C3
• 50 mL DI H2O + 91.3 mL gas 
• Cooling rate of 2 to 6 K/hr

[5] Ke et. al., Energy Fuels, 30, 7646-7655, 2016

UWA HPS-ALTA
• 5 mL DI H2O + 5 mL gas mixture
• Cooling rate of 1 K/min

Autoclave
To produce 100 data points, 1000 
hours averagely is required just to 

cool cells with a 40 K windows

HPS-ALTA
• ~67 hrs required to perform cooling process 

for 100 formation events
• 10x more efficient! 

[5] 

Induction Time Distributions Are No Longer 
Exponentially Distributed with the Presence of KHIs

17

ΔT = 13 K

ΔT = 11.3 K

ΔT = 9.4 K

ΔT = 7.4 K

With 3wt% KHI loading
• Decrease subcooling would require longer induction time for hydrate to form
• Distributions are narrower compared to base case (consistent with subcooling distribution)
• Cannot be fitted with exponential distribution

No KHI

3wt% 
KHI

Way Forward: KHI-modified Induction Time 
Distributions Can Be Fitted With Gamma Function
• Experimental induction times are inconsistent with predictive model 

from Classical Nucleation Theory (CNT)
• New model needs to be developed to better predict no touch time for 

hydrate formation in KHI system

18

Gamma Distribution CDF contains 
2 fitting parameters
• Rate parameter, θ (governs 

mean)
• Number of events, k (governs 

standard deviation) ΔT ~ 9.5 K

Exp. Dist.

Gamma 
Dist.



Case Study Example: Coupling HPS-ALTA Results 
with HyFAST Simulation

19

tR ~ 15 mins

tR ~ 1 min

25 wt% MEG 
needed 

KHIs
1 wt% KHI 
needed 

Conclusions
• HPS-ALTA is efficient in generating large, statistically significant 

hydrate formation datasets 
• Data can be used to validate (predictive) models for hydrate formation

• Increasing KHI concentration impedes hydrate formation but with 
diminishing returns as concentration increases
• Mean subcooling reached a plateau at ~16.5 K subcooling up to 3 wt% KHI 

• Tighter induction time distributions have been obtained in KHI-
systems, compared to KHI-free systems
• Induction times are exponentially distributed in KHI-free systems (consistent 

with Classical Nucleation Theory)
• Data cannot be fitted with exponential distribution with the addition of KHIs, 

however can be described by gamma distribution
20
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Advanced Raman Spectroscopy to Develop 
Next-Generation Anti-Agglomerants

Kwanghee Jeong

22nd November 2018

UWA Flow Assurance Workshop

My Background

2

BSc in Mechanical Engineering

Ph.D. student in UWA (2016.03 ~ Present)
• Supervisors

• Zach Aman
• Paul Stanwix
• Michael Johns
• Eric May

Research interest
• Flow Assurance with Raman Spectroscopy

• Surfactant Adsorption
• Gas Hydrate

Conclusions

• Surfactant adsorption was directly visualized by Raman 
spectroscopic mapping

• Raman analysis is consistent with a surfactant packing 
calculation (Gibbs adsorption isotherm)

• This advanced technique can be applied to develop 
next-generation anti-agglomerants

3



Motivation: Next Generation AA Development
Beyond MMF - the Bucket Chemistry

• Surfactant adsorption was 
studied with “indirect” 
measurements

4

Aman et al. Langmuir (2013)

Morrissy et al. OTC Asia (2018)

“WHY do AAs work?”

Motivation: Structure-Function Relationships with 
“Laser-like Precision”

• Need to develop a “Direct” 
measurement

• Raman spectroscopy allows 
for a chemical / physical 
investigation based on a 
chemical bond

5

100 μm

Apparatus Capabilities

6

HP hydrate nucleation cells
Single-pass flow loop (UWA and CSIRO)
Hydrate jumper JIP
HP sapphire autoclaves
HP steel autoclave
Hydrate plug cells
Raman spectroscopy
Low-field NMR
High-pressure rheometer
HP differential scanning calorimeter
Interfacial tensiometry
Micromechanical force apparatus
Hydrodynamic simulation
Acoustic levitator



What is Raman Spectroscopy?
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Laser
(Incident light)

Raman 
scattering

Human Identification Chemical System Identification

Detector

“Chemical fingerprint”

Raman Spectra Enable Semi-Quantitative Analysis

Raman microscope in FSR

8Visual observation

9 Composition
9 Phase transition
9 Structure
9 Concentration

Raman shift [1/cm] 

“Semi-Quantitative Analysis”

Scale bar: 20 μm

In
te

ns
ity

 [a
.u

.]

Raman spectrum analysis

Signal Amplification Allows
Analysis of Low-Dosage Chemicals

9

Adapted from Stiles et al., Annu. Rev. Anal. Chem. (2000)

Example:
0.1 mM CPC (Cetylpyridinium Chloride) 
Aqueous solution

How this works:

Sample to be measured

1. Incident light illuminated at the system

2. Electromagnetic field induced

3. Raman scattering amplified by the field



Measurements Preserve Interfacial Properties
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50x Confocal microscope image (top view)
: Surfactant stock solution + Silver nanoparticle suspension

Well-distribution observed
• Uniform amplification
• No interfacial property change

Interfacial Properties preserved
• Contact angle profile

• Baseline
• Slope – Surfactant packing
• Critical Micelle Concentration (CMC)

High Resolution Mapping of Surfactant Concentration
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Pyridine ring peak

Cetylpyridinium Chloride(CPC)

• A pre-defined area is scanned (x, y axes steps: 1.3 μm)

• A peak area from each spectrum is calculated, and scaled with a color bar

“Relative Concentration Profile”

12

Experiment Schematic

• Solid phase: Sterling silver cylinder

• Liquid phase: Surfactant solution 
+

Silver Nanoparticle (AgNP) suspension



Surfactant Adsorption Layer Directly Measured

13

Higher concentration of CPC (surfactant)
• higher intensity (denser molecules’ packing)
• thicker adsorption layer 

(A) 50 nM (B) 0.25 mM (C) 50 mM

Liquid bulk

Adsorption layer
Mapping schematic

Raman maps with increasing CPC concentration

Technique Independently Validated 
Using Multiple Apparatus

14
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[mol/m2]• Surfactant Packing density
(derived from Gibbs isotherm)

Surfactant density ratio 
(Bulk : Adsorption layer)
= 1 : 9

(B) 0.25 mM

Surfactant concentration [M]

AgNP suspension + DI water  vs. Solid
Baseline
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Raman Analysis (B) 0.25 mM CPC solution

Ratio (Bulk : Adsorption layer)
= 1 : 9

“Raman analysis is consistent with 
Surfactant packing density calculation”

Location from the surface [μm]

N
orm

alised
intensity [a.u.]

IFT measurement

0-100-200-300-400

Conclusions

• Surfactant adsorption was directly visualized by Raman 
spectroscopic mapping

• Raman analysis is consistent with a surfactant packing 
calculation (Gibbs adsorption isotherm)

• This advanced technique can be applied to develop 
next-generation anti-agglomerants

15



Way Forward

A New Standard for Chemical Design
• Mixed surfactant investigation

• Adsorption selectivity – favourable species, composition
• Interaction between chemical components

• Surfactant adsorption on gas hydrate studies (HP Raman cell)
• Hydrate growth from a thin layer
• Oil-soluble chemical injection

16

HP
Raman cell Oil

Hydrate 
film Additives

Oil 
+ 

Additives

Targeting AA Designs
through
Structure-Function
Relationships
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