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Presenter Notes
Presentation Notes
Good morning everyone, my name is Richard Spaulding and I will be presenting to you today, on behalf of our team, our research progress with Task 19: Reactive Flow-through experiments: A look at foamed and CO2 resistant cements.
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Technical Approach
Goal
• The objective of  the effort is to investigate and evaluate the fracture opening or self-sealing of  

foamed cements and CO2 resistant cements: Flow-through CO2-saturated brine interactions at 
subsurface conditions typical in the Gulf  of  Mexico (GOM). 

Research Questions
• Will foamed cements with a leak pathway (i.e. fracture) self-seal in a similar manner as ordinary 

Portland cement? 
• When are CO2-resistant cements needed? 

– Significantly more expensive than traditional Portland cements. 
– Not compatible with the traditional Portland cements used in other sections of  the well. 

• When can we use Portland cements and when should we use a specialized cement? 
• These answers will improve safety, well integrity, and have significant economic benefits.

Approach
• It is unfeasible to run experiments on every single variable that exists in the subsurface. 

Therefore, the team needs to understand the fundamental mechanisms to make predictions. 
• Flow-through experiments are being conducted on various cement formulations.

Presenter Notes
Presentation Notes
Long-term geological storage of carbon dioxide is now widely accepted as a potential means of mitigating greenhouse gas emissions to the atmosphere. One of the most important storage options is that of depleted oil and gas reservoirs. The effectiveness of such storage systems mainly depends on trapping CO2 as a supercritical fluid, or as a dissolved component in the formation water. For structural or stratigraphic trapping of supercritical and dissolved CO2, the sealing capacity of the caprock is crucial to maintain the integrity of the storage. However, depleted oil and gas reservoirs and their associated caprocks are generally perforated by large numbers of production and exploration wellbores.  Although most wellbores are sealed and plugged with cement upon abandonment, chemical degradation and mechanical failure of the cement have the potential to create leakage paths. Previous studies have shown that ordinary Portland Cement (OPC) has the ability to “self -heal” some of these “leakage paths” through a complex dance of dissolution and precipitation. Given that Approximately 90% of the wells in the GOM contain foamed cement. When thinking in terms of CO2 sequestration and/or EOR, little is known on how an injected CO2 plume migrating through a reservoir will interact with wells sealed with these foamed cements. There is currently no data available on how that interaction will impact the integrity of the seal if the CO2 is flowing or if the cement in place contains micro-fractures or other imperfections (which is likely to be the case). The safety and integrity of wells that have been completed with foamed cement and could be impacted by carbon storage need to be understood prior to CO2 injection into these zones.On top of that, there is still much debate on if the self-sealing properties of traditional Portland cements are adequate or if service companies need to use more of the more expensive (and complex) “CO2-resistant cements” that are currently on the market. This information and data will enable users to determine the best type of cement to use and would offset both costs and risks associated with CCS. – Therefore, our goal with this project is to investigate and evaluate the self-sealing capabilities of foamed cements and CO2 resistant cements to see how they might react to a CO2 plume injected into a reservoir. If given the opportunity, we also hope to extend this work into cement integrated with carbon nano material derived from coal, by NETL in-house.Some of the questions we hope to be answered are listed on the slide.
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Current Research Scope
Samples
1. Generate foamed cement using 

API RP 10 B-4 procedures 
– Different foam qualities (20%, 

and 30% gas volume) 
2. A commercially available CO2-

resistant cement
– Fly Ash-modified Calcium 

Aluminate Phosphate Cement 
3. Coal-derived Engineered 

Carbon
– including graphene oxide, 

graphene flakes, coal-based 
graphene flakes, and coal-
based carbon dots

Experiments
1.Cement cores fractured using the 

Brazilian method
2.Uniaxial Hasler cells with a 

confining pressure to create flow 
through the cement core
– Predetermined flow rates for 

predetermined lengths of  time.  
– Constant flow rate short core 

experiments
– Constant pressure differential 

composite core experiments

3. CT- flow-through experiments

Presenter Notes
Presentation Notes
Here is our current research scope – Note that the samples we will be testing are both OPC foam cements as well as a CO2 resistant cement utilized by industry in mainly geothermal wells and cement enhanced with coal derived engineered carbon nano material. The experiments consist of cracking the cores lengthwise and then placing the cores within a uniaxial Hassler cell with a confining pressure to help create flow through the cement cores in addition to CT scan Flow through experiments. 
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Current Research Scope

Analysis
1. Multi-scale computed tomography 

(CT) scanning* 
1. Resolution of 17 µm 

2. Scanning electron microscopy with 
energy dispersive spectroscopy 
(SEM-EDS)

3. ATR-FT-IR (Attenuated Total 
Reflectance-Fourier Transform 
Infrared Spectroscopy

4. Mechanical testing 

Flow Through
1. Confining pressure = 1200 PSI
2. Pore pressure = 800 PSI
3. DI water at equilibrium with CO2 as injected 

fluid (room temperature)
4. Flow rate of 0.1 and 0.5 ml/min

ImageJ Processing
1. Images were scaled by 50% (reduction to 

0.5 in X/Y/Z)
a. Size management is critical to 

processing speed and efficiency
b. Images underwent bright outlier 

removal at 2-pixel radius
2. Images were then filtered using 2x2 mean 

(3-D)
a. Processes facilitated easier segmentation 

& feature isolation

Presenter Notes
Presentation Notes
The analysis of our experimental work utilized CT scanning devices from our Morgantown location. Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) and ATR-FT-IR (Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy) at Albany and Pittsburgh. As well as some minor physical/mechanical testing at our Pittsburgh facility. Our flowthrough and image processing conditions are on your right.
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Project Schedule

• Milestone: Identify key mineral and chemical 
alterations of Class H foamed cement exposed to 
CO2 and fluid. 12/2019 - Completed 

• Milestone: Determine if fractured Class H foamed 
cement is capable of self-healing. 3/20/2020 
Completed

• Milestone: Determine the effectiveness of CO2-
resistant cements versus traditional Portland 
cements (Class H). In Progress

• Milestone: Fluid Dynamics – numerical simulation 
of flow properties and cement behavior (see next 
slide)

Presenter Notes
Presentation Notes
Here you see our project schedule, to date we have “identified the key mineral and chemical alterations of Class H foamed cement exposed to CO2 and fluid. We have also successfully determined if fractured Cloass H foamed cement is capable of self healing (It is!!!) and are actively working on determining the effectiveness of CO2 resistant cements vs. traditional Portland cements.I will be focusing on CO2-Resistant Cements in this presentation
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Sample A4

Sample A1 Sample A3

5.6cm, 
0.03-0.2mL/min, 
60mL fluid flowed, 
0.18md to 0.03md

10.3cm, 
0.05mL/min, 
50mL fluid flowed, 
0.17md to 0.10md

Most reaction happens within 5cm
Flow is channelized

Flow direction

Ordinary Portland Cement (OPC)

Presenter Notes
Presentation Notes
Here we see 2 examples of the flow through a fractured core.The significance of this slide is that most of the reaction happens within the first 5cm of a sample. The top image shows a sample roughly 5.5 cm in length. As you can see, the flow path winds its way through the sample and peters out or stops almost at the end (roughly 5cm). If you look at the image on the bottom, showing 2 cores combined (residence time experiment) totaling roughly 10 cm in length. You can see in the first section, that the flow path has again been winding its way through the core, when it gets relatively halfway (5cm) it stops.
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OPC cross section - Example

Pore filled with CaCO3

Middle area carbonated

Surface dissolution

3mm at inlet

Presenter Notes
Presentation Notes
The flow tends to stop because the pathway gets blocked or clogged by precipitating Calcium hydroxide. Here you can see the precipitation /dissolution reaction up close. If you look where the words “surface dissolution” are you can kind of see a darker segment of the image (left of orange line). This is an area of greater surface dissolution. That is, the Calcium is this region is being dissolved into solution and then precipitated back out into the inner regions of the core as Calcium Carbonate. This is seen over and over again in Portland cements exposed to CO2-saturated brine, both foam and unfoamed. This result can be used to expect some self healing capabilities, depending on the fracture size and proximity to flow (within 5 cm). But would CO2 resistant cement, specifically formulated to protect against CO2 degradation behave the same way?
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CO2 Resistant Cement

• Calcium aluminate 
• Sodium polyphosphate 
• Fly ash 
• Non-crystalline additives

Presenter Notes
Presentation Notes
Here is an image of the CO2 resistant cement core after fracturing. This differs from OPC in that it is made up of mostly Calcium aluminate, sodium polyphosphate, fly ash, and other non-crystalline additives. Therefore, has much higher levels of Al, Ca, P, and S than compared to portlandite.
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CO2 Resistant Cement - unexposed

FA

FA

FA

AlO2

AlSiFeO

CaAlO3
AlO2

Polished cross-section Fracture surface/unpolished

A lot of fly ash (Type F)

Presenter Notes
Presentation Notes
High in Al, Ca, P, and S compared to portlanditeA LOT of flyash
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CO2 Resistant Cement - unexposed

The voids are filled with an Aluminum-rich material – possibly Gibbsite

Presenter Notes
Presentation Notes
High in Al, Ca, P, and S compared to portlanditeThe voids are filled with an Aluminum-rich material – this is different from the “holes” made from missing fly ash (likely plucked out during fracturing)
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CO2 Resistant Cement vs OPC: FT-IR

Class H cement shows pressure-
dependent polymorphs of  calcium 
carbonate 

CO2 resistant cement did not show 
changes in the calcite polymorph 
structure

Presenter Notes
Presentation Notes
Here is the data from the FTIR tests. On the left is the foam cement and on the right is one of the CO2 resistant cements we have looked at. In the image on the left, you can see that the Class H cement shows pressure dependent polymorphs of calcium carbonate. However, the CO2 resistant cement does not. More interestingly perhaps is the fact that although we believe Vaterite was seen in the SEM images for the OPC foam, no characteristic peaks for Vaterite were present in the spectra- only calcite and Aragonite.This phenomenon will need to be looked at deeper in the future to find out why.



13

CO2 Resistant Cement

Unexposed

Exposed

Presenter Notes
Presentation Notes
Here you can see the comparison of the unexposed vs. exposed sample of CO2 resistant cement.What are we looking at? What is significant???
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CO2 Resistant Cement - exposed

Slight alteration within yellow dotted lines

Presenter Notes
Presentation Notes
Here you can see an SEM image detailing the slight alteration zone with the yellow lines.Again, why is that important? What are we seeing happen?
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CO2 Resistant Cement - exposed

Calcium and Phosphorus show 
dissolution.

Presenter Notes
Presentation Notes
High in Al, Ca, P, and S compared to portlandite
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CO2 Resistant Cement - exposed

Presenter Notes
Presentation Notes
Possibly some type of calcium oxide?  A precipitate/product?



17

Summary
• Results showed that Portland Cements (both foamed cements 

and neat unfoamed cement) can self-heal with certain aperture 
sizes (milestones #1 and #2)
– The extent of self-healing in foamed cements is comparable to that of 

neat cement. 
– This observation supports the hypothesis that applying foamed cement 

in deep water wells will not increase the risks of CO2 leakage.
• CO2-resistant cements do not show significant chemical 

alteration
– We don’t see the traditional dissolution and precipitation that we see in 

Portland Cements
– Good for intact cement but might not be good for fractured cement 

where the chemical alteration is needed to ensure self-healing
• Waiting for flow data and mechanical measurements

Presenter Notes
Presentation Notes
So, to summarize our work so far, our results showed that Portland Cements (both foamed cements and neat unfoamed cement) can self-heal with certain aperture sizes (milestones #1 and #2). The extent of self-healing in foamed cements is comparable to that of neat cement. This observation supports the hypothesis that applying foamed cement in deep water wells will not increase risks of CO2 leakage.CO2-resistant cements do not show significant chemical alteration.We don’t see the traditional dissolution and precipitation that we see in Portland Cements. This could be good for intact cement but might not be good for fractured cement where the chemical alteration is needed to ensure self-healingWaiting for flow data and mechanical measurements.
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Ordinary Portland Cement
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Photos of foamed cement 
sample (20% foam quality) 
exposed to variable flow of 

saturated CO2 in the medical CT 
scanner

Presenter Notes
Presentation Notes
On this slide you will see the effects to a 20% foamed OPC that was exposed to a variable flow of saturated CO2 in the medical CT Scanner. What you see can be broken down into 3 distinct regions. Orange/Tan – these are areas of the sample where some of the components of the cement have dissolved. Mostly Calcium Hydroxide. White/light gray – Calcium Carbonate precipitation zone. Gray/dark Gray – un reacted/unaffected area of cement.



Previous Research
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Unexposed foamed cement Foamed cement exposed to SCCO2
under static conditions (56 days)

The bubbles 
in the 
alteration 
zone are 
filled with 
calcium 
carbonate 
crystals

Illustrates 
how 
carbonation 
alters pore 
space by 
precipitation

Stitched CT Core montage on the XZ direction 
for neat, 10%, 20% and 30% cores exposed for 
6 months. Stitched from approximately 9,000 
2D images associated with the full scan of the 

core

Presenter Notes
Presentation Notes
We more or less expanded on this work to see how foam cement would respond to static exposure to a SCCO2 saturated brine. Here are some examples of our SCCO2 experiments that we have previously carried out. On your left you see an SEM image of an unexposed/unreacted foamed cement with pretty obvious air bubbles or voids. In the center, you can see that these voids have been filled with something. During a 56 day exposure to SCCO2 under static conditions – some of the voids had been filled with Calcium Carbonate crystals that had precipitated out of the solution. The image on your right is a stitched CT core montage of various “foam qualities” of cement that were exposed to our SCCO2 brine for 6 months. It is important to note the “reaction zones” of the different quality of cements. The microstructure (bubbles) play a significant role in the degree and rate of diffusion and alteration. Simply put, foamed cements display a faster rate of alteration than their nonfoamed counter-parts. This appears to be mediated by differences in bubble size and distribution. Our studies show that higher foam quality cements displayed more alteration as compared to lower foam quality cements
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