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Task 8 - Thermodynamic Modeling of Mineral Scale at High

Temperatures and Pressures (HTHP).

EY19 EY20 EY21 EY22 (Year 1 - 4)
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Need: Predictive model for
HTHP mineral scale formation
to proactively mitigate oil
production losses. Existing
models failed at ultradeep well
conditions.

DEPARTMENT OF

” T \ u.s
i

/ENERGY

Research Questions: Why do
scale prediction models fail in
HTHP conditions? How can we
develop a reliable model for
HTHP conditions? Can we
manipulate T&P in the lab to
reproduce the scale formation?

Manipulated Parameters: T&P

T reached 149 C and P reached 12000 psi

Barite Solubility / (umol kg™)

Approach: Combine
theoretical, computational,
and experimental approaches
to reliably predict mineral
precipitations at HTHP

End Product: A validated mineral
scale model at HTHP conditions.
Key Deliverable: collaborate with
OLl to incorporate our new
model into a commercial
software uses in the petroleum
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industry to mitigate scale
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Real-World Example of Mineral Scaling Problem
Production Threat

Miller North Sea Well: Oil production fell from 30,000 B/D to 0 in 24 Hours due to Scaling!

aweuen

; Helsin
i UES DA e Liner
Norway !
Faroe \
nas Stockholm -— Cement
Oslo
& Baltic Sea
~— Qil flow

K
. — & 3

Copenh
, penhagen I
bk Denmark
EdlnEUlgh * ‘
\ Polar
United ; N
HHHHH q
n m ]
Kingdol ) £ , B
/ Isle of Man L
Dublin Minci:esrer
reland  © Liverpool ﬁmstgrdam
Netherlands V4
Germany ./ Prague
Landan i, Co\ggne :
X @ Czechia y
z Bmésels y  Frankfurt 1 Scale ——
Belgium 2 \"iegr
Luxembourg
T Munich ¢
o Austr

Before scale buildup After scale buildup

_________

4
1. Brown, M., “Full Scale Attack,” BP Technology Magazine, Review 30 (1998), p. 30-32.



Why Do Mineral Scale Form?

MINERAL SALTS

O

INORGANIC METALS
AND BY-PRODUCTS

ORGANIC COMPOUNDS,
INCLUDING HYDROCARBONS AND
ORGANIC ACIDS, WAXES, AND 0ILS

TRACE AMOUNTS OF
NATURALLY-DCCURING
RADIOACTIVE MATERIALS

Formation Water Constituents

Example Formation Water Analysis Items:
Barium, Calcium, Magnesium, Potassium,

Silica, Zinc, Iron, Strontium, Sulfate,
Chloride, Carbonate, Sodium, etc...

Before scale builldup

Oil Flow in the Wellbore

Minerals can precipitate out of water and coat pipes



Offshore Oilfield Production and Safety Threat, Mineral Scale Deposition: N =|NATIONAL
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|
Flowline: 3500 psia & 150F |

Scale

Wellhead: 4500 psia & 180F

Scale in Flow Line’? — Pipe is contaminated with Barium Sulfate.
Ba2*(aq) + SO, (ag) = BaSO,(s) |

Reservoir: 15000 psia & 230F

* Mineral scale is hard crystalline salt formed when its solubility limit is exceeded.
* Causes include: Changes in temperature, pressure, Ionic composition and pH

* Issues:
o Reduces oil production
o Failure of safety equipment
o Causes corrosion of pipe walls

§ 3"'3' DEPARTMENTIOR 1. https://fgechemicals.com/contaminants/barium-sulfate-scale/
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https://fqechemicals.com/contaminants/barium-sulfate-scale/

Motivation and Goal N=|NATIONAL

TL TECHNOLOGY
LABORATORY

* Technology exists for preventing the occurrence
of scale if scale formation can be predicted.

e Existing models fail to predict scale formation at
ultradeep well conditions.

T reached 149 C and P reached 12000 psi

Q_\Q\)\ated Para’h@
7

* Develop predictive model for HTHP mineral scale ¥ .
formation to proactively mitigate oil production \ @
losses, safety and environmental concerns.

Mineral Scale NETL Lab




Fundamental Understanding of Mineral Scale: How Does Mineral Scale Form? N=|NAToNAL
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Ba** (aq) + SO (aq) 2 BaS0;(aq)
Ba** (aq) + SO~ (aq) 2 BaS0,(s)

Model Gibbs Energies of Reaction for
predicting Barite scale, AG,.

Gibbs Energy of reaction, AG, Liquid-Solid

* Describes which way the reaction proceeds. Equilibrium

Post-Scale
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Review of Mineral Scale Models Developed over the Past 40 Years ENERGY
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Model evolution tree of mineral scale solubility models from the 1980s to today. Sample techniques in grey boxes.

All Mineral

Scale Models
I

Th d . Thermodynamic
Empirical Data S Ie:)"TI"(t) ;na:jmct Multi-Phase,
Fits eliCLdLs 7k g Multi-Component
Calculations Calculations
[ [ |
\ 4 . A \ 4 . \ 4 A \ 4
Equilibrium Solubility Limit Single System Thermodynamic el G'.bl.’s .E“efgy
o o : Constant Minimization
Constant Fitting Fitting Calculations Databases . .
Algorithms Algorithms
l | f I |
i 2 :
SUPCRT92 ( NETL-PSU ) Geochemists ‘ NETL-PSU ' GeoPIG OLI
Database Database V1 Workbench Database V2 Systems*®

1980s to Present
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Technical Gap Identified in Scale Modeling N=|NaronaL

|dentified a knowledge gap?3 in the
current state-of-the art models
including OLI Studio?: ScaleChem.

Software? lose accuracy at
temperatures above 300 °C.

OLl's commercial software is
currently used worldwide by over 400
industrial companies including major
oil and gas companies.

The fundamental research question is
why does the Helgeson—Kirkham-—
Flowers (HKF) EOS model fail at
temperatures beyond 300 °C?
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400 Subcritical Region

Critical Gaps at T>300 °C

Technical
Gap

Pressure / bar
[#5]
=]
L]

Vapor
Region

0 100 200 300 400 500
Temp. /°C

Red shows T &P region of interest (Technical Gap) where current
thermodynamic models used by mineral scaling models break down.

Limitations of the current OLI Thermodynamic Model

Aqueous Phase
X0 > 0.65
-50°C < T < 300°C
0 Atm < P <1500 Atm
0< <30

.Johnson, J. W., Oelkers, E. H., & Helgeson, H. C. (1992). SUPCRT92: A software package for calculating the standard molal therm

roperties of minerals, gases, aqueous species, and reactions from 1 to 5000 bars and 0 to 1000°C. Computers and Geosciences, 1-
. OLI Systems. (n.d.). OLI Studio Stream Analyzer User Guide. V 9.5.




Why Did Previous Models Failed? New Model versus Old Model (1) N = |NTIONAL
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New Model Based on Molecular Statistical Old Models Assume a Continuous Dielectric
Thermodynamics (MST) Medium (Classical Thermodynamics)

ﬁ(;:_NAzzEE (l—l)

8megrp

The new model uses the most sophisticated molecular statistical The old model also used negative diameters in the Born
theory for ion-dipole and dipole-dipole interactions. equation for ion pairs which is fundamentally incorrect.

.S. DEPARTMENT OF




Why Did Previous Models Failed? New Model versus Old Model (2)
New Speciation Model

As an example, If 0.001 mol kg of Ba?*(aq) and SO,*(aq) is detected in an aqueous solution, will barite
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precipitate at 25 C and 1 bar? (Let’s assume activity coefficients are equal to 1) IAP = Q=ag,,,0504,.= 1 x 10®

Q > K, barite will precipitate!

Q= QO/K,, = 8930 Old Model

Inputs
* OneK,, value

determined via AG?

u In(K,,) = -8,G°(RT)*

Outputs
* |ncorrect concentration

of species at HTHP.

* |ncorrect amount of
solids formed for a
given solution at HTHP.

BaSO,(s)

——
Simple BaSO,(aq)-BaSO,(s) System

U.S. DEPARTMENT OF

|
Baz*(aq)  SO,*(aq)

New Model

Inputs

I

HSO, (aq)
H*(aq) OH-(aq)
BaSO,%(aq)
Ba**(aq) SO,%(aq)

BaSO,(s) ’

* Multiple K, values
determined via AG

* Mass Balance Equations

e Charge Balance Equations

Outputs
 Correct concentration of

all species at HTHP.

e Correct amount of solids
formed for a given
solution at HTHP.

Improved BaSO,(aq)-BaSO,(s) System




The State of the Art Prior to Our Model — The HKF Model N = [NTIONAL
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Our model improves the terms and methods developed in the HKF model

T Y+P\/W+P
Tln(T—>—T+Tr +a1(P—PT)+azln< >< )
r

v+e/\wtp
+ |as(P —P.) + ayl r+h 1
3 Ty e lI\T—e

AGI(’),T — AfG’IQr,Pr - Sf(’)r,Tr (T—-T,) — ¢

Where
H = Enthalpy
1 1 ®—T T TT‘ (T — @) G = Gibbs Free Energy
— Cy el — | ——In \Y% = Volume
T - @ TT‘ - @ @ @2 T (TT' - @) Cp = Heat Capacity at constant Pressure
S = Entropy
T = Temperature
P = Pressure
1 1 ® = 228 K
tTw E —-1/|- wPr,Tr 8— -1+ Wpyr Tr YPr,Tr (T - Tr) b4 = 2600 Bar
PT,TT (0} = Temperature and Pressure dependent term for electrostatic nature
of the electrolytes
/ Q = Pressure functions of the dielectric constant
7 Em pi rical Parameters € = Dielectric constant of water
\ al...ad= Pressure dependent terms

el @ =

Temperature dependent terms

il Two terms based on
Emplrlca Terms the Born equation

= Despite is empirical nature, the HKF model works remarkably well up to 300 °C and is
now the cornerstone of almost every aqueous thermodynamic database.

.S. DEPARTMENT OF




Improved State of the Art model- NETL-PSU N=|Nanonat
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Our model improves the terms and methods developed in the HKF model

AGY(T,P) =AGYT,P) +[ G° T,P - G%T, P, 1
J( ) G )+l J( ) J( ) M MST model replaced HKF empirical

/ terms with predictive statistical

thermodynamic expressions — ID
_ 0 k )
Goj(Ta P) - Goj(T;’ Pr) - {[_S] (TT" PT‘) + Zk S] (TT" P‘r‘)] (T _ TT‘) + A](P - DD, interactions

Pr) o Cj (TlnTlr + Tr o T)} + (Zk G}((T: P) o Zk ij(Tr: Pr)) (2) /

Insert (2) into (1) to obtain (3)
AGY(TP) = AGUT,P) + [=SP (T, RI(T = T)) + Tue S (T, B (T = T,) + 4i(P = B) = G (Tl + T, = T)] +

(Zk G]k (Tr P) - Zk G]k (Trr Pr)) \ :

HS, ID, DD, SS, and MS Gibbs energy HS, “?, Dl?, SS, and MS entropy
contributions — shown in the next slide contributions

k-th reference molecular statistical Gibbs energy contribution (=HS, ID, DD, SS, MS)

.S. DEPARTMENT OF




A New Entropy Term was Derived for the Dipole-dipole Interaction N = [NTIONAL
TECHNOLOGY
Five entropy terms were included to the model, four were obtained from literature. TLJiAsckatory
S] ref — (d‘g/dT)refNAe2 Zz/(((o}) + (Uw)(ﬁ6 ref/,BB ref)) gref ) + NAezzjz/ ((0}) + ZSjk(TT' Pr)
(O-W)(ﬁ6 ref/,gS ref)) (1/gref2 o 1)(Uw)(dbz/dT)ref(_(1/(6,83,ref)) T 186,ref/(3:83,ref2)) Ak/
S] vef = —R In(R prefTref/Pref) 1+ (Tref/pref) (—=dp/dT)rer/Pres HS, ID, DD, SS, and MS entropy
contributions
S] ref — _R(G ref — 77'ref7-"refYref ( dp/d T)ref/pref) '
S] rer = —RIn(M;) New.dipole-dipole entropy
$EE = BN, e /by (/2 (CL+ Uy Boger) + Az s (27BN on-pai
(1 ﬁlz,ref/ﬁS,ref)/Bﬁ,refa + zg’ref(]- + Lﬁé,ref/ﬁS,ref)a)) + BNAP? (Eref _ PP
1) (6L3512,ref2(1 _ ﬁlZ,ref/ﬁS,‘ref) (dﬁlz/dbz)/ﬁﬁ,refB + /
2L3ﬁ12,'ref3 (_ (dﬁlz/dbz)/ﬁ&ref) + Blz,ref (dﬁS/de)/ﬁ3,refz)/36,ref3 - 61‘3 * /312,1'"@)"3 *

(1 o ﬁlZ,ref/ﬁS,ref) (dﬁﬁ/dbz)/ﬁé,ref4 + 6(1 +

LBﬁ,ref/ﬁB,ref)ZEref (_(Lﬁﬁ,ref (dﬁS/de)/BB,refz) + L (dﬁﬁ/dbz)/ﬁ3,ref) + 3(1 +

L B12rer/Borer)* (L (dB12/db2)/ Boyer — LBrzrer (4Bs/@b2)/Borer™) +

2(1 + L Bores/Barer)(dbz/AT)rer) /((0;/2)* (1 + LPrzyer/Borer)® +2(1 + L Borer/Barer)* (Aba/dT) ef
_2L3312,ref3 (1- ﬁlZ,ref/ﬁS,ref)/ﬁﬁ,refB +2(1+ Lﬁa,ref/ﬁs.,ref)B * E?‘ef)z)

g X n U.S. DEPARTMENT OF




Contributions of Each Term at HTHP N=
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This example is for a neutral molecule to demonstrate the impact of the new terms.

30000

20000
10000
E 0
-
& -10000
© 20000 —

+
+
230000 o~
40000
350 400 450 500

Temperature / °C
P = 1500 bar
mm AS term M= Emp. Terms == Gid © Gss = Ghs AG

« New dipole-dipole contributions (both G and S) were dominant factors in HTHP regions.

.S. DEPARTMENT OF




Comparison old model, new model, and experimental data (250, 400, 500°C) |N=[N/TIONAL
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1.0E-01 3
—@—New Model
1.0E-02 3 —0—Exp. Data
En —@—Previous Model (HKF)
E 1.0E-03
& 1.0B-04 ¢ 400°C
'§ 250 °C
m -
1.OE-05 [ /
10E-06 b—— v e
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fluid Density / (g cm3)

New model: State-of-the art model predictions compared to experimental HTHP data at pressures
range from 90 to 1,100 bar and temperatures at 250 °C, 400°C, 500 °C.

.S. DEPARTMENT OF




Currently two different models are needed to cover low densities

) 3 . e i 3 - INATIONAL
(0.03-0.1 g cm™) and high densities (0.3-0.8 g cm™) for HT systems. ¥E LI .
LABORATORY

|dentified that NaCl%(aq) has the largest dataset in HT conditions

700

6s0 + Armellini and Tester (empirical fit method?)
600 +
O 550 +
o 500 +
5
§ 450 +
a
CIEJ 400 —+
~ 350 +
300 + \
.50 - Ho et al (emplrlcal fit methodl)
200 . |
0 0.1 0.2 0.3 O 4 O 5 0 6 0.7 0.8 0.9 1

Density / g cm™3

This figure shows experimental data from NaCl(aq) solutions for two regions that
currently require two different models as HKF model cannot cover both regions.

.S. DEPARTMENT OF




New model works across the density ranges in HT systems
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The MST model can capture experimental trends for NaCl°(aq) down to 0.03 g cm™3;
which is an order of magnitude lower than what is possible with the HKF model.

4.5E-04
4.0E-04
3.5E-04
3.0E-04
°g 2.5E-04
o 2.0E-04
1.5E-04
1.0E-04
5.0E-05
0.0E+00

——D,calc: 500 C
——Db,calc: 450 C
—Db,calc: 550 C
O b,exp:450C
@ b,exp: 500 C

0.00 0.03 0.05 0.08

density / g cm?3

MST calculations compared to the

Armellini and Tester dataset.

U.S. DEPARTMENT OF

5
= 450 +
@
2400 +
£ =
=350 + .
300 + .
250 L Ho et al (empirical fit method?) .
200 : . . : . . :
0 01 02 03 07

MST model works at
high and low densities

4.5
4.0
3.5
3.0
"rZ%Z.S

700
ss0 + Armellini and Tester (empirical fit method?)
500 | /
T, N§ ‘
S 500

/

Density / g cm™®

o K,exp:375C
e K,exp:450C
e K,exp: 600 C
K,calc: 375 C

AN

0.4 0.6 0.8 1
density / g cm?3

MST calculations compared to the

Ho et al. dataset.




Successfully tested our model using experimental data found in literature for three salts over NATIONAL
a wide range of parameters N ENERGY
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Trisodium phosphate, Na3PO4(s)
Barium Sulfate, BaSO4(s)
Sodium chloride, NaCl(s)

1

e
o
S

0.50 F

Na;PO, Solubility / mol kg
o
V3

0.01

200 250 300 350
t/°C

Mineral scale solubility limit for trisodium

phosphate predicted using six chemical reactions
and 9 chemical species.

.S. DEPARTMENT OF




NETL Solubility Experimental Setup EE@@?;’G
Temperature Effect on Mineral Solubility L
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EXPERIMENTAL EFFORTS

Magr'etic Stirrer

| Reliable data - Used to validate System
B et ~ K Halite (NaCl)

St 8 Common minerals in oil field production
Calcite (CaCO,)

Barite (BaSO,)

Rated to 40,000 psi (275 MPa)
and 600°F (315°C)

.S. DEPARTMENT OF




(Halite, NaCl); Comparison of NETL Results vs. Literature Data N=|NATIONAL
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=
o

e NETL and Literature

9
_ 8 o Halite data agree well
E / o o
E: . .\ i at 40°C and 60 °C
% > 18 Hr @ Literature Data
?, 4 @ NETL Results .

3 * Poor Comparison @

2 24 Hr .

. . 25°C — Experimental

0 20 40 60 80 100

Temperature (°C) Errors




Experimental Still Images from-Experimental Scale Deposit Movie |N=|NTIONAL
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e Qualitative: Visualization of scale deposit at NETL's Experimental Facility

Manipulated Parameters: T and P (Presented at the 2020 AIChE Virtual Meeting, Nov. 2020)

T reached 149 C and P reached 12000 psi P=132 psi, T= 150 C

7862 psi, 20.24 C

(1) (2) (3)

Clear calcite solution Calcite deposits due to heating More deposits due to depressurizing

e Quantitative: Developing New Capability to Measure Mineral Solubility at HTHP

Movie Experimental Scale Deposit in NETL HTHP Apparatus uploaded to YouTube
https://youtu.be/Gl My7bv-hE

" U.S. DEPARTMENT OF
.Y/ ENERGY
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https://youtu.be/Gl_My7bv-hE

New NETL Solubility Experimental Setup — (under construction)
Effects of Temperature and Pressure

N: NATIONAL
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Relief Valve 1
Equilibrium Vessel

Valve 3 i i
— |
", =
Valve 5
Valve 1 Bellows  pjagnet

M Filter

Valve 4
E Dilution Vessel L

Valve 2 Relief Valve 2

Piston

Vinci Pump 2 v\

High Temperature Chamber

Experimental studies of the effects of pressure, temperature, pH, and ionic
strength on the solubility of caso,-NaCl-H,0 and BasO,-NaCl-H,0

-

U.S. DEPARTMENT OF
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e Data will be
used to fill
literature
technical gap,
validate model
and provide the
necessary
model
parameters

* Challenge: Long
lead times for
the delivery of
the materials
ordered.




Implementation into Commercial Applications N=|NAToNAL
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Technology-to-Market Path

)
fof
. systems, Inc.
e OLI Systems, Inc., a commercial software released a support -

letter. e ol
CTO commended our new model and agreed to collaborate to EE

implement our new model into OLI Studio to extend their =
capabilities in HT regions. R

...................................

* Dr. Andre Anderko, CTO, August 25, 2022 (Letter) w«

“The NETL/PSU model constitutes a major
advancement in the theory of electrolytes at high
temperatures”

“I appreciated learning about the possibility of initiating
a joint NETL-PSU-O %‘oject to implement and deploy  OLIs Chief Technology Officer’s (CTO)
the newly developed NETL/PSU model in the OLI Letter to praise the new model and

software interest to implement novel model
developed on Task 8 into OLI. Dated
August 25, 2022.

.S. DEPARTMENT OF




Potential Applications
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* Results from this research would be
helpful in pro-active mitigation of scale
formation in high-temperature, high-
pressure oil and gas reservoirs.

* Model can be used in Geothermal
applications and fossil fuel powerplants
for mineral scale mitigation

~ U.S. DEPARTMENT OF
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100

69 MPa

T L TECHNOLOGY
LABORATORY

Ultra-HPHT

138 MPa

0 iL 1 ] ] ] I
0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000

Static reservoir pressure, psi

HPHT Oil and Gas Wells

Geothermal Energy

Fossil Fuel Powerplants
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 Completed the review of thermodynamic mineral scale models developed over the past 4
decades.

Summary of Accomplishments

None of the models has the capability to accurately predict mineral solubility at
temperature above 300 °C and densities below 0.7g/cm?3

 NETL-PSU developed new thermodynamic model capable of accurately predicting mineral
solubility over a very wide range of temperatures (25 - 600 °C) and densities (0.03-1.0 g/cm3)

* New model predictions show very good agreement with experimental data for a
comprehensive range of temperatures and pressures.

e OLI Systems, Inc., a commercial software, has agreed to collaborate to implement our new
model to extend their capabilities in HT regions.

* Developing a new experimental capability to measure mineral solubility at HTHP conditions.

— U.S. DEPARTMENT OF
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Outreach Product Released N=|Nanonat
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Journal

e Hall, D.M.; Lvoy, S.N.; Gamwo, |.K. Thermodynamic Modeling of Mineral Scaling in High-
Temperature and High-Pressure Aqueous Environments. Liquids 2022, 2, 303-317.

Book Chapter

e Hall, D.M.; Lvoy, S.N.; Gamwo, |.K. Prediction of Barium Sulfate Deposition in Petroleum and
Hydrothermal Systems. In Solid—Liquid Separation Technologies: Applications for Produced Water;
Gamwo, |.K., Ogunsola, O., Eds.; CRC Press Taylor & Francis, 2022; pp. 101-121.

Presentations

e Gamwo, I.K., Hall, D.M., Lvov, S.N. Baled, H.O. Modeling Barium Sulfate Precipitation in High
Temperature Systems based on Molecular Statistical Thermodynamics Model, paper 425c, AIChE
Annual Meeting, Boston, MA, November 7-11, (2021).

e Gamwo, I.K., Hall, D.M., Lvov, Baled, H.O. Status of Modeling and Visual Observation of Mineral
Scaling in High Temperature Aqueous Solutions. AIChE Annual Meeting. (2020)

U.S. DEPARTMENT OF




More Details in 2022 Journal Article... N= R
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“Thermodynamic Modeling of Mineral Scaling in High-

Temperature and High-Pressure Aqueous Environments. Liquids
2022, 2, 303-317.

https://doi.org/10.3390/liquids2040018

In the Special Issue of Liquids “Modeling of Liquids Behavior:
Experiments, Theory and Simulations
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https://doi.org/10.3390/liquids2040018
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THANK YOU FOR YOUR ATTENTION

QUESTIONS ?

Isaac.gamwo@netl.doe.gov
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EY23 — EY25 Proposed Research- Phase |l N=|NATONAL
0 MODELING TL ) ASoRR0k

Deploy the new model to the public and industry via two routes:
1. Deploy an online user-friendly calculator for solubility limits for oil field minerals to the public

2. Deploy the new model to the oil industry via commercial software OLI used by over 400
companies worldwide

J EXPERIMENTAL

1. Conduct solubility using a pseudo formation fluid with more than one mineral and
other impurities found in real produced water

2. Collaborate with OLI for experimental studies of solubility of several minerals that
can be used for obtaining the necessary model parameters

<%, U.S. DEPARTMENT OF
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Task 8 - Thermodynamic Modeling of Mineral Scale at HTHP

[ Schedule ]

- Completed 7/2019. Complete review capabilities of OLI
Studio: ScaleChem software as it relates to the SLAC National Accelerator
Laboratory and NETL's onshore projects.

— Completed 11/2019. Complete experimental setup and design
of scale deposit experiments.

- Delayed to 01/2023. Complete experiments of scale formation
(Long lead time to setup solubility experiment- Limited Lab access).

— Completed 11/2020. Extend state-of-the art scaling models to
HTHP conditions.

— On track -12/2022 Stretch: Collaboration with OLI to
implement the newly developed thermodynamic scale model into OLI
Studio: ScaleChem software.
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Advances Made by Our Model - MS Gibbs Energy

NATIONAL
ENERGY

Contributions

Our model is the first to include molecular statistical thermodynamic (MST) equations

Of the G,

MST equations, all but the dipole-
dipole int

eraction were published previous.

The novelty of our model was to include all
of these terms together to formulate a
useful Gibbs energy model substitutable for
the HKF model.

Additionally, the entfropy terms for the ion- —
dipole and dipole-dipole were developed
by us to complete the model. This accounts
for entropy differences between MST
enfropy terms and real entropy values at
standard conditions.

TECHNOLOGY
LABORATORY

TL

The sum of the new MST expressions
Y GF(T,P) = X, G¥(T;, B)

—
e MST expressions
Gj o 2( 1 n
S =—In(1-n)+3D = +3D ( -+ 5+ In(1 =) )
3n3—6n2+pB
D3( ”(1 ”‘1)3 '”+21n(1—n))
f _ _NAezzj (1-1/¢)
RT — 0j+0y(Be/B3)
67" —8N4p; (e-1)
RT 20&,(1—%)(%) +2£(Jj+ﬂ'wg6) +(crj+awﬁ;;12)

Gim .
-L = —In(pRT/P")

MS

RT

= —In(M,/b%) HS, ID, DD, SS, and MS Gibbs

energy contributions

—
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Phase 1: Experimental Apparatus for Solubility
Diagram —Effect of Temperature

"
!! | " I Relief Valve 1
Equilibrium Vesse
' Valve 3 L (Tq 1 \ T
s | = ||
. Valve 5
Bellows Magnet
_ i Filter
High Temperature Chamb

Experimental studies of the effects of pressure, temperature, pH, and ionic strength on the solubility of CaSO,-NaCl-
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Static reservoir temperature, °F

Wide Range of Applications of Extended HTHP Mineral Scale Models N = |NATIONAL
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Successfully tested our model using experimental data found in literature for a range of N= ?@Eﬁ%@“
reaction types and chemical species TE TECHNOLOGY
LABORATORY
We added several molecules needed for new scaling and ion association
reactions important to HT systems.
30 | Kfaq)+OH{ag) = KOH%(aq) " [ K(aq) + OF(aq) = KOH%(aq)
}40 5.00 s
S 2.5
§ i é £ 1.0
% 0.50 - M: 50 &
- 5 ;
S 0.05 = 0.0
E: (a) (b)
1.0 -0.5
03 04 05 06 07 08 09 0 100 200 300 400

0.01 t/°C

200 250 300 350 p/g cm?
t/°C Comparison of experimental data with model predictions (black lines)
. o o for an ion association reaction with three chemical species. (a)
Mineral scale solubility limit for trisodium supercritical association constant data (K,) for KOH%(aq) at T = 400°C
phosphate predicted using six chemical reactions (blue circles), 500 °C ) and 600°C (orange circles), and

and 9 chemical species. (b) subcritical conditions at P__. (gray circles).
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Why Do Mineral Scale Form?

Formation Water Constituents

Dispersed water

Before scale buldup Continuous oil phase

"‘1 -'lr

Oil Flow in the Wellbore Oil Flow in the horizontal Pipe

Minerals Precipitate out of Water and coat pipes
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