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ABSTRACT 

The kinetics of barium sulfate deposition, attachment and inhibition 

by 

Alex Yi-Tsung Lu 

The deposition reaction of the mineral scale is a fundamental process in both natural 

and industrial processes, including the bio-mineralization in living tissue, the scale growth 

in oil and gas fields, and the mineral fouling in the water treatment process, etc. Barium 

sulfate is one of the most serious problems in scale deposition, due to its extremely low 

solubility, the potential to form difficult-to-remove scale and the tendency to co-precipitate 

with radium. Knowledge of barium sulfate crystallization, nucleation and solution 

thermodynamics has been established during the past decades. The next important 

objective is to understand the mechanism and kinetics of barium sulfate deposition. To 

reach this objective, we need to answer three questions: 

(1) What is the mechanism of deposition kinetics in pipe flow? Crystal growth is 

the main process in scale deposition. In this work, the effects of temperature (50-150 ℃) 

and SI values (0.5 – 1.5) are tested in a dynamic loop apparatus. The deposition rate profile 

is also measured along with the tubing. From the experimental results, the deposition 

reaction is by and large founded to be diffusion controlled. The surface area change of the 

crystal layer also affects the deposition rate. 
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(2) How does scale deposition begin? In a different experiment with a microfluidic 

chip, crystals were observed, which represent the scale formation kinetics in the boundary 

layer. This result also explains the contradiction between previously reported induction 

times and the present deposition profiles: the predicted barite induction time is longer than 

the retention time inside the tubing in this work, which suggests that there should be no 

deposition. However, the deposition always happens near at the tubing entrance. The 

presence of the boundary layer gives enough time for crystal to form inside the tubing. The 

deposition begins with either heterogeneous nucleation on the tubing wall or particle 

formation in the boundary layer followed by attachment. Consequently, once the solution 

is supersaturated and the predicted induction time is shorter than operation time, the 

deposition will take place on the surface. 

(3) What is the inhibition mechanism? Scale inhibitors including phosphonate, 

sulfonate and carboxylate polymers are tested in dynamic-loop experiments. In fresh 

tubing, induction-time theory can predict the required minimum inhibitor concentration 

(MIC). In tubing fully covered with barite, a Langmuirian adsorption mechanism can be 

used to model inhibitor performance. The result is that adsorption to crystals and nuclei is 

generally the mechanism of scale inhibition.  

(3) What is the inhibition mechanism? Scale inhibitors including phosphonate, 

sulfonate, and carboxylate polymers are tested in dynamic-loop experiments. In fresh 

tubing and tubing partially coated with barite, a trace amount of inhibitor can stop the 

deposition process. The induction time model can be used to predict the required minimum 

inhibitor concentration (MIC). In tubing fully covered with barite, a Langmuir-type 

equation can be used to model the performance of inhibitor.  
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Chapter 1 

Introduction  

 

1.1. Problem statement 

The deposition of the mineral scale is the combination of nucleation and crystal 

growth processes (Nancollas & Purdie, 1963; Gill & Nancollas, 1980; Lasaga, 1998; Pina, 

Becker, Risthaus, Bosbach, & Putnis, 1998). The deposition process is important to 

biochemistry (Addadi, Raz, & Weiner, 2003; Faatz, Gröhn, & Wegner, 2004), geoscience 

(Arnórsson, 1989; Manceau, Ildefonse, Hazemann, Flank, & Gallup, 1995), water 

treatment technology (Shirazi, Lin, & Chen, 2010; Antony, et al., 2011; Ang, Mohammad, 

Hilal, & Leo, 2015) and oil & gas industry (Mackay, 2003; Kan, Tomson, & others, 2012; 

Kelland, 2014). Scale deposition treatment can be very costly. For example, the scale 

inhibitor market will reach 657.5 million USD in 2020 (Marketsandmarket 2015/2016 

report). The oil and gas industry needs to be able to predict the MIC of inhibitors in order 
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to reduce the treatment cost. Therefore, we need to better understand the mechanisms of 

deposition and inhibition.  In this work, three methods are developed for the barium sulfate 

deposition kinetic study: (1) The measurement of barium sulfate deposition rate in the 

presence and absence of inhibitors; (2) Direct observation of the deposition and particle 

formation and (3) Modelling of the scale inhibitors in deposition kinetics.  

1.1.1. Scale deposition rate and profile measurement  

In the past decades, both batch reactors and flow loops were used to study crystal 

growth kinetics. In batch reactors, the induction times were measured to describe time 

required to form detectable size particles (He, Oddo, & Tomson, 1994; Dai, et al., 2017). 

Flow loop experiments measure the differential pressure change in reaction tubing (Tolaieb, 

Bingham, Neville, & others, 2013; Jin, Yang, Yang, & He, 2015; Zhang, et al., 2016). 

However, measurements of both the induction time and differential pressure are not enough 

to tell the deposition rate. In this work, the deposition rate along the tubing in flow loops 

are measured by dissolving the deposited crystals. The crystals on pipe wall are also 

observed through SEM. The deposition rate is modelled by heterogeneous reaction rate 

constant.  

1.1.2. Direct observation of deposition initialization  

Nucleation is the beginning of the barium sulfate crystallization process (Ruiz-

Agudo, Ruiz-Agudo, Putnis, & Putnis, 2015; Dai Z. , 2017). Heterogeneous nucleation is 

also the first step of crystal formation on a crystal surface. In literature, the nucleation of 

barium sulfate on barite crystal surface has been observed through atomic force microscope 

and quartz crystal microbalance (Pina, Becker, Risthaus, Bosbach, & Putnis, 1998; 
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Mavredaki, Neville, & Sorbie, 2011). However, the missing observation is the beginning 

step of barium sulfate deposition on non-crystalline material surface such as stainless steel 

or plastic. A microfluidic chip is used in this work to observe the barium sulfate deposition 

from beginning.  

1.1.3. Scale Inhibitor effect determination 

Scale inhibitors are widely used to prevent scale formation in oil and gas fields 

(Kelland, 2014). Several methods were proposed to model the performance of scale 

inhibitors on barium sulfate inhibition (He, Kan, & Tomson, 1996; Xiao, Kan, & Tomson, 

2001). However, most of the inhibitor effects have been determined by the batch reactor 

induction times, which do not consider the mass transfer process nor deposition kinetics. 

Furthermore, since the induction time is measured as the time elapsed between the 

supersaturation build-up and the detectable particle formation, it is difficult to measure the 

inhibitor effect under low SI values and high inhibitor concentrations due to the long 

induction times expected.  In this work, the effluent concentration is measured in several 

dynamic loop experiments with various inhibitor concentrations. The behavior of inhibitors 

is described by a heterogeneous reaction rate constant.  

1.2. Study Purpose and thesis structure 

All the issues mentioned above are discussed in this thesis. 

 In Chapter 2, the background knowledge is introduced. 
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In Chapter 3, the barium sulfate deposition kinetics is modelled by the 

heterogeneous nucleation rate. In capillary tubing tests, the deposition kinetics are 

modelled with partial differential equations with SI value 0.6 to 1.0 at 120 ℃. In quarter 

inch tubing tests, the heterogeneous reaction rate constants are measured at SI value 0.50 

to 1.36 from temp 50 to 160 ℃ in tubing partially or fully covered with barite crystal.  

In Chapter 4, the effect of inhibitors on crystal morphology is observed through 

SEM. The effluent barium concentration is measure to model the inhibition kinetics. In 

tubing fully covered by barite, the inhibitor effect on reaction rate constant is modelled by 

Langmuirian adsorption isotherm. The inhibition mechanism follows the adsorption 

isotherm, which can be used to predict the required inhibitor dosages. 

In Chapter 5, the nucleation and crystallization kinetics were observed in the 

microfluidic chip. The nucleation time in the microfluidic chip at the surface corresponds 

with the nucleation time in the beaker test, which suggest the supersaturated solution 

remains inside the boundary layer and initializes the scale deposition. The concept of 

induction time is now represented the time when the deposition begins. 
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Chapter 2 

Background and literature review  

 

2.1. Literature review introduction 

The deposition process of mineral scales is related to several fundamental concepts. 

The formation of scale begins with nucleation (Nielsen, 1964; Lasaga, 1998; Mullin J. W., 

2000; Stumm & Morgan, 2012). The nucleation is affected by nuclei surface tension (Van 

Oss, 2006; Israelachvili, 2011). The deposition on the pipe surface is related to transport in 

the boundary layer (Levich & Tobias, 1963; Cussler & Cussler, 2009). Also, crystal growth 

kinetics plays an important role in deposition processes (Mullin J. W., 2001; Amjad & 

Demadis, 2015). This chapter will go through these fundamental theories.   
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2.2. Nucleation 

2.2.1. Classical nucleation theory 

The scale deposition on a pipe surface is the combination of scale formation and 

transport. Scale formation is the phase transformation from liquid to solid. Scale formation 

is thermodynamically driven and can be described by Gibbs free energy change. The free 

energy change can be stated as: 

 ∆𝐺 = (𝜇2 − 𝜇1)∆𝑛 (1) 

where the ∆𝐺 is the system free energy difference caused by nucleation (J), 𝜇2 and 𝜇1 are 

the chemical potentials (J/mol) in phase 2 (solid or nucleus) and phase 1 (solution), ∆𝑛 is 

the number of moles. The molar affinity ∅ (J/mol) term will be used in the following 

discussion (Nielsen, 1964). The molar affinity can be written as: 

 
∅ =

∆𝐺

∆𝑛
= 𝜇2 − 𝜇1 

(2) 

Here, the molar affinity ∅ (J/mol) describes the direction of phase change. When ∅ 

< 0, the transition from phase 1 to phase 2 is favored, the nucleation reaction will take place 

spontaneously. When ∅ > 0, the reaction will not take place on a macroscopic scale.  ∅ = 

0 means the condition of equilibrium. We can use the free energy change ∆𝐺𝑟 (J/molecule) 

term to represent the energy change by one molecule transforming into nuclei: 

 
∆𝐺𝑟 =

𝜇2 − 𝜇1

𝑁𝐴
=

∅

𝑁𝐴
 

(3) 
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where 𝑁𝐴 is Avogadro’s number. In a supersaturated solution ∆𝐺𝑟 value is smaller than 

zero, which suggests that the nucleation reaction will take place spontaneously. 

By assuming that the nucleus is spherical the additional surface energy of forming 

a new nucleus is: 

 ∆𝐺𝑠 = 4𝜋𝑟2𝜎𝑁𝐿 (4) 

where the ∆𝐺𝑠 is the energy (J) required to form a particle in the water of radius 𝑟 (𝑚),  

and 𝜎𝑁𝐿 is the nucleus-liquid interfacial energy (J/m2) (Lasaga, 1998; Israelachvili, 2011). 

Thus, the required energy to form a 𝑛-molecular nucleus becomes: 

 ∆𝐺𝑛 = ∆𝐺𝑠 + 𝑛∆𝐺𝑟 = 𝑛∆𝐺𝑟 + 4𝜋𝑟2𝜎𝑁𝐿 (5) 

where  ∆𝐺𝑛 is the nucleation energy per nucleus (J). Based on equation (5), the nucleation 

energy is related to the size of nucleus, or the molecule number per nucleus, 𝑛. In other 

words, we also express the nucleation energy by using molecule volume 𝑉 (m3): 

 ∆𝐺𝑛 = 𝑛∆𝐺𝑟 + (4π)1/3(3𝑉)2/3𝑛2/3𝜎𝑁𝐿 (6) 

where 

 
𝑛𝑉 =

4

3
𝜋𝑟3 (7) 

 

Since the volumetric free energy decreases with 𝑟3 and the surface energy increases 

by 𝑟2, the net free energy, ∆𝐺𝑛, must have a maxima. 

To find the critical nuclear size, 𝑛𝑐, we can set the derivative of nucleation energy 

to zero as the following equation (Lasaga, 1998): 
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 𝑑∆𝐺𝑛

𝑑𝑛
= 0 = ∆𝐺𝑟 +

2

3
(4π)1/3(3𝑉)2/3𝑛𝑐

−1/3𝜎𝑁𝐿 
(8) 

where  𝑛𝑐 can be now written as: 

 
𝑛𝑐 =

32π𝑉2𝜎𝑁𝐿
3

−3∆G𝑟
3  

(9) 

We define the nuclear cluster with size smaller than 𝑛𝑐 as embryos, and the clusters 

with size lager than 𝑛𝑐 as stable nuclei. Finally, the energy barrier ∆𝐺∗ (local maximum 

free energy) of nucleation reaction from particle size 0 to 𝑛 can be calculated from critical 

nucleus size 𝑛𝑐 as: 

 
∆𝐺∗ =

16𝜋𝑉2𝜎𝑁𝐿
3

3∆𝐺𝑟
2

 
(10) 

with the energy barrier ∆𝐺∗, we can calculate the nucleation rate. 

The unit of nucleation rate is #/m3/sec. The nucleation rate in aqueous solution 

𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 is proposed as follow (Nielsen, 1964; Lasaga, 1998):  

 
𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 =

2𝐷

𝑑5
𝑒−∆𝐺∗/𝑘𝑇 

(11) 

where 𝐷 is the ion diffusion coefficient in aqueous solution and 𝑑 is the ion molecular 

diameter. Equation (11) can be combined with equation (10) and becomes: 

 
𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 =

2𝐷

𝑑5
exp (−

16𝜋𝑉2𝜎𝑁𝐿
3

3∆𝐺𝑟
2𝑘𝑇

) 
(12) 

or 
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𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 =

2𝐷

𝑑5
exp (−

16𝜋𝑉2𝜎𝑁𝐿
3𝑁𝐴

3

3𝑅3𝑇3(𝑙𝑛Ω)2
) 

(13) 

where 𝑁𝐴 is Avogardro’s number. Ω is the saturation ratio which can be stated as: 

 ∆𝐺𝑟 = 𝑘𝑇𝑙𝑛Ω (14) 

 
Ω =

∏ 𝑎𝑖
𝑧𝑖

𝐾𝑠𝑝
 (15) 

where 𝑎𝑖 is the activity of species 𝑖, 𝑧𝑖 is the charge of species 𝑖 and 𝐾𝑠𝑝 is the solubility 

product. In the barium sulfate nucleation, the reaction is: 

 𝐵𝑎(𝑎𝑞)
+2 + 𝑆𝑂4(𝑎𝑞)

−2 → 𝐵𝑎𝑆𝑂4 (𝑛𝑢𝑐𝑙𝑒𝑖) 
(16) 

The barium sulfate nucleation rate can be calculated by equation (13). The diffusion 

coefficient of barium sulfate ion pair is used, which is: 

 
𝐷𝐵𝑎𝑆𝑂4

=
|𝑧𝐵𝑎+2𝑧𝑆𝑂4

−2|𝐷𝐵𝑎+2𝐷𝑆𝑂4
−2

|𝑧𝐵𝑎+2|𝐷𝐵𝑎+2 + |𝑧𝑆𝑂4
−2|𝐷𝑆𝑂4

−2

 (17) 

where 𝐷𝐵𝑎+2, 𝐷𝑆𝑂4
−2 are the diffusion coefficients of barium and sulfate ion, 𝑧𝐵𝑎+2, 𝑧𝑆𝑂4

−2 

are the ion charges of barium and sulfate. The calculated barium sulfate molecule diameter 

𝑑𝐵𝑎𝑆𝑂4
 from Chemicalize model is 5.72 Å. The 𝐷𝐵𝑎𝑆𝑂4

 at 120 ℃ in 1.0 m NaCl solution is 

5.97×10-5 cm2/s (section 3.5.8). The molar volume (V ∙ 𝑁𝐴) of barium sulfate is 52.08 

cm3/mol. The interfacial energy of barium sulfate nuclei in 1.0 m NaCl is calculated to be 

75.0 mJ/m2 (Dai Z. , 2017). The barium sulfate nucleation reaction rate in 1.0 m NaCl 

solution at 120 ℃ with SI value 0.9 can be calculated as: 
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𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 =

2 × 5.97 ∙ 10−5 

(5.72 ∙ 10−8)5
𝑒𝑥𝑝 (−

16𝜋(52.08)2(7.5 × 10−6)3𝑁𝐴

3 ∙ (8.314 × 393.15)3(0.9𝑙𝑛10)2
) 

𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 = 0.0738 𝑐𝑚−3𝑠−1 

(18) 

2.2.2. Heterogeneous nucleation 

The equation (18) shows that the nucleation rate depends on temperature, solution 

saturation ratio and the nucleus interfacial energy. That is, by changing the interfacial 

energy 𝜎  term we can change the nucleation rate. The conception of heterogeneous 

nucleation is the surface energy is changed by the presence foreign surface.  

Actually, most of the nucleation reaction will occur as heterogeneous nucleation 

naturally (Liu, Tsukamoto, & Sorai, 2000; Perepezko & Tong, 2003; Sear, 2006). To 

calculate the heterogeneous nucleation rate, the shape of nucleus on surface can be assumed 

as hemisphere. The energy barrier of heterogeneous nucleation reaction on surface 

becomes (Turnbull D. , 1950; Liu X. Y., 1999): 

 
∆𝐺∗ =

16𝜋𝑉2𝜎𝑁𝐿
3

3∆𝐺𝑟
2

2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠3𝜃

4
 

(19) 

where the 𝜎𝑁𝐿 represent the nucleus-liquid interfacial energy (J/m2) and 𝜃 represent the 

contact angle (Figure 1). The relationship between interface surface tension and nucleus 

contact angle can be described by Young’s equation: 

 𝜎𝑁𝐿𝑐𝑜𝑠𝜃 = 𝜎𝐿𝑆 − 𝜎𝑁𝑆 (20) 
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where 𝜎𝐿𝑆 is the interfacial energy of liquid-surface (J/m2),  𝜎𝑁𝑆 is the interfacial energy of 

nucleus-surface (J/m2). If we simply compare the energy barrier of homogeneous 

nucleation and heterogeneous nucleation, the difference is the reduction term: 

 
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 =  

2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠3𝜃

4
, 0 < 𝜃 ≤ 180  (21) 

 0 < 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 ≤ 1 (22) 

which means the energy barrier in heterogeneous nucleation is equal or less than 

homogeneous nucleation. Thus, the heterogeneous nucleation is favored compared to 

homogeneous nucleation. 

 
𝐼ℎ𝑒𝑡𝑒𝑟,𝑎𝑞𝑢𝑒𝑜𝑢𝑠 =

2𝐷

𝑑5
exp (−

16𝜋𝑣2𝜎𝑁𝐿
3𝑁𝐴

3𝑅3𝑇3(𝑙𝑛Ω)2

2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠3𝜃

4
) 

(23) 

The equation (23) is the heterogeneous nucleation rate in aqueous phase (Lasaga, 1998). 

Which also suggest faster heterogeneous nucleation rate than homogeneous nucleation 

(equation 13). 

 

Figure 1. Surface tension of nucleus on heterogeneous surface and contact angle 𝜽.   
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2.3. Surface Tension 

2.3.1. Surface tension and interaction energy 

Surface tension (or surface energy) is the free energy change when the surface area 

of a medium is increased by unit area (Israelachvili, 2011). It usually requires additional 

energy to create additional surface. The creation of new unit surface area is equal to 

separate two half-unit areas from contact. Therefore, the definition of surface tension can 

be described as minus-half of the cohesion energy (Van Oss, 2006; Israelachvili, 2011): 

 
𝜎𝑖 = −

1

2
∆𝐺𝑖𝑖  (24) 

where 𝜎𝑖 is the surface tension of species 𝑖, ∆𝐺𝑖𝑖 is the cohesion free energy of species 𝑖 in 

vacuum. Also, the cohesion energy may be contributed by several forces, it is reasonable 

that we can separate the surface tension into components: 

 𝜎𝑖 = ∑ 𝜎𝑖
𝑗

𝑗

 
(25) 

where 𝑗 can be any interaction factor that change the cohesion energy: hydrogen-bond, 

dipolar, metallic interaction, etc.  

On the other hand, the interfacial energy 𝜎𝑖𝑗  is the energy change to have unit 

expanded interfacial area between two materials. Interfacial energy can be calculated from 

Young-Dupré equation (Section 2.3.3). 
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2.3.2. Apolar surface energy 

The surface energy can be separated into the polar and apolar interaction. The 

Lifshitz-van der Waals interaction energy 𝜎𝐿𝑊 represents the apolar interaction. According 

to the Good-Girifalco-Fowkes combining rule (Good & Girifalco, 1960; Fowkes, 1963), 

the Lifshitz-van der Waals interfacial energy can be stated as: 

 
𝜎12

𝐿𝑊 = (√𝜎1
𝐿𝑊 − √𝜎2

𝐿𝑊)2  (26) 

 
𝜎12

𝐿𝑊 = 𝜎1
𝐿𝑊 + 𝜎2

𝐿𝑊 − 2√𝜎1
𝐿𝑊𝜎2

𝐿𝑊 (27) 

By using the Young-Dupré equation (Section 2.3.3), the interaction energy 

becomes: 

 ∆𝐺12
𝐿𝑊 = 𝜎12

𝐿𝑊 − 𝜎1
𝐿𝑊 − 𝜎2

𝐿𝑊 (28) 

where ∆𝐺12
𝐿𝑊 is the apolar interaction energy between species 1 and 2 in vacuum. The 

interaction energy is defined as the total energy contributed by the interaction of two 

objects. In this case, only the interfacial energies and surface tensions are considered. By 

combining equation (27) with equation (28), the interaction energy becomes: 

 
∆𝐺12

𝐿𝑊 = −2√𝜎1
𝐿𝑊𝜎2

𝐿𝑊 (29) 

2.3.3. Lewis acid-base interaction energy 

Other than the Lifshitz-van der Waals force, the polar interaction energy is also 

required to be considered: 
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 ∆𝐺 = ∆𝐺𝐿𝑊 + ∆𝐺𝐴𝐵 (30) 

where ∆𝐺𝐴𝐵 is the Lewis acid-base interaction energy (J) which represents the polar 

interaction free energy. Since the surface tension can be define as minus-half of cohesion 

energy: 

 
𝜎𝑖 = −

1

2
∆𝐺𝑖𝑖  (31) 

The surface tension can now be stated as: 

 𝜎𝑖 = 𝜎𝑖
𝐿𝑊 + 𝜎𝑖

𝐴𝐵  (32) 

Based on previous discussion, the Lifshitz-van der Waals term of interaction energy 

can be written as: 

 
∆𝐺𝑖𝑗

𝐿𝑊 = −2√𝜎𝑖
𝐿𝑊𝜎𝑗

𝐿𝑊 (33) 

However, the interaction energy of Lewis acid-base term ∆𝐺𝐴𝐵 is not following the 

same formula. The Lewis acid-base interaction need to consider the capability of electron-

donor and electron-acceptor. For most of the material, the electron-donor and electron-

acceptor parameter are not identical. Furthermore, the electron-donor term of material i 

will interact with the electron-acceptor term of material j when material i contact to material 

j. The ∆𝐺𝐴𝐵 is defined as: 

 
∆𝐺𝑖𝑗

𝐴𝐵 ≡ −2√𝜎𝑖
+𝜎𝑗

− − 2√𝜎𝑖
−𝜎𝑗

+ 
(34) 
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where  𝜎+ is the electron-acceptor parameter and 𝜎− for the electron-donor parameter of 

surface tension. Also, the cohesion energy of material i when only consider Lewis acid-

base interaction can be described as: 

 
∆𝐺𝑖𝑖

𝐴𝐵 ≡ −4√𝜎𝑖
+𝜎𝑖

− (35) 

Based on the definition of surface tension, the polar surface tension of material i 

itself can be written as: 

 
𝜎𝑖

𝐴𝐵 ≡ 2√𝜎𝑖
+𝜎𝑖

− (36) 

If we use the Young-Dupré equation (section 2.3.3), the polar interaction free 

energy can be found as: 

 ∆𝐺12
𝐴𝐵 = 𝜎12

𝐴𝐵 − 𝜎1
𝐴𝐵 − 𝜎2

𝐴𝐵 (37) 

and 

 𝜎12
𝐴𝐵 = ∆𝐺12

𝐴𝐵 + 𝜎1
𝐴𝐵 + 𝜎2

𝐴𝐵 (38) 

By introducing the previous equation (34 & 36), 𝜎12
𝐴𝐵  can be expressed by only 

surface tensions: 

 
𝜎12

𝐴𝐵 = 2(√𝜎1
+𝜎1

− + √𝜎2
+𝜎2

− − √𝜎1
+𝜎2

− − √𝜎1
−𝜎2

+) (39) 

We can combine the polar (Lewis acid-base) and non-polar (Lifshitz-van der 

Waals) effect together, the surface tension term can be described as: 
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𝜎12 = (√𝜎1

𝐿𝑊 − √𝜎2
𝐿𝑊)2 + 2(√𝜎1

+𝜎1
− + √𝜎2

+𝜎2
− − √𝜎1

+𝜎2
− − √𝜎1

−𝜎2
+) (40) 

For single material, the surface tension can be presented as: 

 
𝜎1 = 𝜎1

𝐿𝑊 + 2√𝜎1
+𝜎1

− (41) 

This equation give us a significant result: if we can measure the contact angle of 

three different liquids, and we know the 𝜎𝐿
𝐿𝑊, 𝜎𝐿

+ and 𝜎𝐿
− value of each liquid, then we can 

calculated the 𝜎𝑆
𝐿𝑊 , 𝜎𝑆

+  and 𝜎𝑠
−  of the solid material. Rosmaninho (2006) and van Oss 

(2006) gives the value of water miscible liquids and coated surface (Table. 1). Rosmaninho 

prove that the 𝜎− term is related to heterogeneous nucleation rate (Rosmaninho & Melo, 

2006). 

Table 1. Surface tension of dipolar liquids at 20 ℃ in mJ/m2 

Liquid 𝜎 𝜎𝐿𝑊 𝜎𝐴𝐵 𝜎+ 𝜎− 

Water 72.8 21.8 51 25.5 25.5 

Methanol 25.5 18.2 4.3 ≈0.06 ≈77 

Ethanol 21.4 18.8 2.6 ≈0.019 ≈68 

Glycerol 64 34 30 3.92 57.4 

Ethylene glycol 48 29 19 3.0 30.1 

Surface      

SS (2R polish) 51.9 38.7 13.7 1.2 39.0 

SiOx 55.5 38.3 16.8 1.4 50.6 

PTFE coated 15.5 15.2 0.28 0.1 0.2 

2.3.4. Young-Dupré equation 

The reason that a liquid drop on solid surface forms sphere shape is caused by the 

static balance between interfacial energy of 𝜎𝑆𝐿, surface tension of 𝜎𝐿 and 𝜎𝑆, where 𝜎𝑆𝐿 is 
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the interfacial energy between solid surface and liquid, 𝜎𝑆 and 𝜎𝐿 are the surface tensions 

of solid and liquid itself. The relationship between these terms can be described by Young’s 

verbal description (Young, 1805). It usually expressed as (Van Oss, 2006): 

 𝜎𝐿𝑐𝑜𝑠𝜃 = 𝜎𝑆 − 𝜎𝑆𝐿 (42) 

Later, Dupré introduced the term ∆𝐺𝑆𝐿, which is the adhesion energy between solid 

surface and liquid drop (Dupré & Dupré, 1869): 

 ∆𝐺𝑆𝐿 = 𝜎𝑆𝐿 − 𝜎𝑆 − 𝜎𝐿 (43) 

We can combine the Young’s equation here to simplify the ∆𝐺𝑆𝐿 term: 

 ∆𝐺𝑆𝐿 = −𝜎𝐿(1 + 𝑐𝑜𝑠𝜃) (44) 

Take both polar (Lewis acid-base) and non-polar interaction into consideration, the 

equation becomes: 

 𝜎𝐿(1 + 𝑐𝑜𝑠𝜃) = −∆𝐺𝑆𝐿
𝐿𝑊 − ∆𝐺𝑆𝐿

𝐴𝐵 (45) 

 
𝜎𝐿(1 + 𝑐𝑜𝑠𝜃) = 2(√𝜎𝑆

𝐿𝑊𝜎𝐿
𝐿𝑊 + √𝜎𝑆

+𝜎𝐿
− − √𝜎𝑆

−𝜎𝐿
+) (46) 

2.4. Boundary Layer 

All the mineral deposition reactions are heterogeneous reaction. Heterogeneous 

reactions involve two or more phases. In a flow assurance problem, the deposition usually 

take place at the pipe surface. That is, the deposition reaction happens inside the area of 
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pipe flow boundary layer, including both hydrodynamic boundary layer and diffusion 

boundary layer. Therefore, it is necessary to understand the physical-chemical property of 

these boundary layers. 

2.4.1. Boundary layer in convective diffusion 

For most of the deposition reaction in flow pipe system, we can treat it as a 

convective diffusion problem. The transportation can be presented as follow: 

 𝜕𝑐

𝜕𝑡
+ 𝑣𝑥

𝜕𝑐

𝜕𝑥
+ 𝑣𝑦

𝜕𝑐

𝜕𝑦
+ 𝑣𝑧

𝜕𝑐

𝜕𝑧
= 𝐷(

𝜕2𝑐

𝜕𝑥2
+

𝜕2𝑐

𝜕𝑦2
+

𝜕2𝑐

𝜕𝑧2
) (47) 

The concentration 𝑐 here is the function of both 𝑥, 𝑦, 𝑧 and t. 𝑣𝑥, 𝑣𝑦 and 𝑣𝑧 are the 

convective flow velocity in 𝑥, 𝑦 and 𝑧 direction. 𝐷 is the diffusion coefficient. On the other 

hand, if the system reaches steady state, where the concentration is no longer the function 

of time, this equation become: 

 
𝑣𝑥

𝜕𝑐

𝜕𝑥
+ 𝑣𝑦

𝜕𝑐

𝜕𝑦
+ 𝑣𝑧

𝜕𝑐

𝜕𝑧
= 𝐷(

𝜕2𝑐

𝜕𝑥2
+

𝜕2𝑐

𝜕𝑦2
+

𝜕2𝑐

𝜕𝑧2
) (48) 

Usually, the Peclet number in aqueous system are large (~1000), which means the 

convective process is dominate in the convective diffusion. Thus, equation (48) can be 

simplified to: 

 
𝑣𝑥

𝜕𝑐

𝜕𝑥
+ 𝑣𝑦

𝜕𝑐

𝜕𝑦
+ 𝑣𝑧

𝜕𝑐

𝜕𝑧
≅ 0 (49) 

One of the existence solution to this equation is: 



 
19 

 𝑐 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (50) 

However, this solution does not match the reality when the location is near the 

surface. There must be a thin layer near surface where the concentration dramatically 

changes. Therefore, in high Peclet number situation, the aqueous phase can be separated 

into two parts: first is the bulk phase where the concentration is almost constant. Second is 

the thin layer near surface where the linear flow velocity decreases due to shear stress, and 

the concentration decreases due to surface reaction. These two kinds of layers are 

hydrodynamic boundary layer and diffusion boundary layer. We define the hydrodynamic 

boundary layer thickness 𝛿0 is the distance from surface to where flow velocity equal to 

90% of bulk flow velocity. The diffusion boundary layer thickness  δ is the distance from 

surface to where the concentration is equal to 90% bulk concentration.  

2.4.2. Hydrodynamic boundary layer in steady laminar flow 

As the previous discussion, the flow velocity near pipe surface will decrease rapidly 

due to viscous force. In other words, the existence of liquid viscosity leads to the present 

of hydrodynamic boundary layer. Mathematically, the hydrodynamic boundary layer 

thickness can be calculated from flow velocity and viscosity. In plane flow, the steady 

laminar flow can be described by simplified Navier-Stokes equation (Levich & Tobias, 

1963): 

 
𝑣𝑥

𝜕𝑣𝑥

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑦

𝜕𝑦
= −

1

𝜌

∂p

∂x
+ 𝝂

𝜕2𝑣𝑥

𝜕𝑦2
 (51) 

where 𝝂 is the kinematic viscosity (m2/s), 𝜌  is the liquid density (kg/m3) and p is the 

pressure (kg/m/s2). 
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If it is assumed that the boundary layer is very thin compared to the entire flow 

body, the following dimensionless substitution can be used: 

 𝑥 = 𝑙𝑋, y = 𝛿0𝑌 (52) 

where 𝑙 is the distance required for 𝑐 to become 0 at x direction, 𝛿0  is the thickness of 

hydrodynamic boundary layer. The rough estimation of the boundary layer thickness is by 

knowing in equation (51) each term are in the same order. Therefore: 

 
𝑣𝑥

𝜕𝑣𝑥

𝜕𝑥
~ 𝝂

𝜕2𝑣𝑥

𝜕𝑦2
 (53) 

or 

 𝑣𝑥

𝑙

𝜕𝑣𝑥

𝜕𝑋
~ 

𝝂

𝛿0
𝟐

𝜕2𝑣𝑥

𝜕𝑌2
 (54) 

If the spot is at the edge of the boundary layer, then 𝑣𝑥 is close to the bulk flow 

velocity 𝑈0, which becomes: 

 𝑈0

𝑙
~ 

𝝂

𝛿0
𝟐 

(55) 

Finally, the thickness of hydrodynamic boundary layer can be presented as: 

 

𝛿0~√
𝝂𝑙

𝑈0
~√

𝑙2

𝑅𝑒
~

𝑙

√𝑅𝑒
 (56) 

This estimation will exist when √𝑅𝑒 ≫ 1. In Levich 1963’s work, a numerical 

solution of boundary layer thickness has been reached: 
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𝛿0 = 5.2√
𝝂𝑥

𝑈0
 (57) 

the typical value of boundary layer thickness with water flow velocity 1.0 cm/sec is plotted 

in Figure 2. 

Also, the velocity profile estimation inside boundary layer is available: 

 

𝑣𝑥 ≈
1.33𝑈0

4
√

𝑈0𝑦2

𝝂𝑥
≈

𝑈0𝑦

𝛿0
 (58) 

 
𝑣𝑦 ≈

𝝂𝑦2

𝛿0
3  (59) 

Based on the latest equation, the velocity will become zero when the 𝑦 is close to 

zero. 

 

Figure 2. The boundary layer thickness of 1.0 cm/sec plane flow water. 
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2.4.3. The diffusion boundary layer 

When dealing with the deposition problem in convective diffusion, the thickness 

difference between two boundary layers (diffusion and hydrodynamic) plays a significant 

role. If the hydrodynamic boundary layer thickness (𝛿0) is much larger than diffusion 

boundary layer (δ), the diffusion reaction near surface is able to neglect the effect of 

convective flow.    

To figure out the answer, we can first focus at y ≈  δ, where the distance to plane 

surface is close to the diffusion boundary layer thickness (Levich & Tobias, 1963). At this 

point, we can assumes: 

 ∂c

∂x
≈

𝑐

𝑙
,

∂c

∂y
≈

𝑐

δ
 (60) 

Furthermore, the second order differential terms are approximate to: 

 𝜕2𝑐

𝜕𝑥2
≈

𝑐

𝑙2
,

𝜕2𝑐

𝜕𝑦2
≈

𝑐

δ2
 (61) 

Therefore, due to 𝑙 ≫ δ,  

 𝜕2𝑐

𝜕𝑦2
 ≫  

𝜕2𝑐

𝜕𝑥2
 (62) 

The convective diffusion equation can be simplified as: 

 
𝑣𝑥

𝜕𝑐

𝜕𝑥
+ 𝑣𝑦

𝜕𝑐

𝜕𝑦
= 𝐷(

𝜕2𝑐

𝜕𝑦2
) (63) 

and 
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𝑣𝑥

𝜕𝑐

𝜕𝑥
+ 𝑣𝑦

𝑐

δ
= 𝐷(

𝜕2𝑐

𝜕𝑦2
) ≈ 𝐷

𝑐

δ2
 (64) 

According to previous section, the flow velocity as the function of 𝑦  can be 

presented as: 

 
𝑣𝑦 ≈

𝝊𝑦2

𝛿0
3  (65) 

besides, 

 𝜕𝑐

𝜕𝑥
≈ 0 (66) 

the convective diffusion equation thus becomes: 

 𝝊𝛿𝑐

𝛿0
3 ≈ 𝐷

𝑐

𝛿2
 

(67) 

or 

 

𝛿 ≈ (
𝐷

𝝊
)

1
3

𝛿0 = (𝑆𝑐)−
1
3𝛿0 (68) 

where  𝑆𝑐 is the Schmidt number. For a 𝑆𝑐 =103 condition, the diffusion boundary layer is 

much thinner than hydrodynamic boundary layer. The hydrodynamic and diffusion 

boundary layer thickness of laminar flow water at 120 ℃ with 1.0 cm/s flow velocity is 

plotted in Figure 3. 
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Figure 3. Hydrodynamic and diffusion boundary layer of plane flow water at 120 ℃ 

with 1.0 cm/sec flow velocity 

2.4.4. The fully developed turbulent flow and viscous sublayer in pipe  

Other than the plane flow, the pipe flow will be more interesting to industries, 

especially the fully developed turbulent flow in pipe. Schlichting and Gersten (2016) 

pointed out the double layer structure, there will be a viscous sublayer covered by turbulent 

boundary layer. In laminar flow hydrodynamic boundary layer, the flow is stagnant. 

However, the turbulent hydrodynamic boundary layer is the fluctuating motion layer which 

is controlled by friction not viscosity. The real layer that is stagnant is the viscous sublayer.  

The thickness of viscous sublayer in turbulent pipe flow is suggested to be a 

function of Reynolds number and G-function (𝐺(ln 𝑅𝑒)), which can be represented as 

(Schlichting & Gersten, 2016): 

 𝛿𝑣

𝑑
= 122

ln 𝑅𝑒

𝑅𝑒𝐺(ln 𝑅𝑒)
 (69) 
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where 𝛿𝑣 is the viscous sublayer thickness, G at the Reynolds number between 2300 to 107 

will be about 1.35. The G(lnRe) has a limiting value of 1 for Re → ∞. The calculated 

viscous sublayer is enough to covered micrometer level crystal on the surface. In Table. 2, 

Schlichting and Gersten give the G value and viscous sublayer thickness under various 

Reynolds number. 

Table 2. Thickness of viscous sublayer in fully developed turbulent pipe flow 

 𝑣𝑚𝑎𝑥  (m/s) 𝑑 (m) Re G 𝛿𝑣 (mm) 

Water 

0.2 0.01 2∙103 1.47 3.2 

0.2 0.1 2∙104 1.38 4.4 

0.2 1.0 2∙105 1.33 56 

20 0.01 2∙105 1.33 0.06 

20 0.1 2∙106 1.29 0.07 

20 1.0 2∙107 1.26 0.08 
 

According to the theory, in both laminar and turbulent flow, after certain distance 

there is a fully developed hydrodynamic boundary layer or viscous sublayer. This fact 

suggests that the nucleation reaction happens near the tubing is not affected by the flow. 

That is, the supersaturation solution in laminar flow boundary layer or turbulent viscous 

sublayer has enough time to go nucleate without flushed away.   

2.5. Crystal growth kinetics 

In mineral scale reaction, the results of deposition usually ends up with surface 

crystallization. In the conventional crystallization process, several models including spiral 

step growth (Teng, Dove, Orme, & De Yoreo, 1998; Teng, Dove, & De Yoreo, 2000), 

Burton-Cabrera-Frank model (CBF model) (Burton, Cabrera, & Frank, 1951; Pina, Becker, 
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Risthaus, Bosbach, & Putnis, 1998) and surface nucleation growth model (Meyer & Stein, 

1982; Keller, 1986; Lasaga, 1998) have been discussed. Recently, latest research (Judat & 

Kind, 2004; Politi, Arad, Klein, Weiner, & Addadi, 2004; Li, et al., 2012; De Yoreo, et al., 

2015) points out the unconventional pathways of crystallization process. Which including 

pre-cluster, aggregation amorphous particle and oriental attachment. In this section, crystal 

growth rate determine process, surface growth model, and heterogeneous reaction model 

are introduced. 

2.5.1. Rate determine process of crystal growth 

The crystal growth process can be separated into four steps: monomer transport, 

monomer attachment, monomer movement on surface and monomer fixation (Lasaga, 

1998). The monomer transport usually is considered as transport process, and the rest of 

the three steps are treated as the surface processes. Generally, the overall crystal growth 

rate is determined by the slower process. If the transport rate is much faster than the surface 

reaction rate, the reaction rate is surface-controlled. On the other hand, if the transport rate 

is much slower than the surface reaction rate, this process is transport-controlled. Usually, 

the growth rate of low solubility minerals will be governed by surface process (Berner, 

1978). On the other hand, minerals with higher solubility will follow the transport rate. 

Furthermore, the surface-controlled rate will always be slower than the transport controlled 

rate. The reason is, the transport control requires fast surface reaction rate to consume the 

molecules at the surface.  
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2.5.2. Crystal growth model 

The widely used model for crystal growth reaction is the surface growth model. 

The surface growth rate 𝑅  (molality/sec) is the product of reaction rate constant  𝑘 

(molality/sec) and the driving force. The growth rate constant is the function of temperature 

and pressure. The driving force is usually the 1st to 2nd order of the supersaturation ratio, 

Ω (C/𝐶𝑒𝑞). That is: 

 𝑅 = 𝑘(Ω − 1)𝑛, 1 ≤ 𝑛 ≤ 2 (70) 

The relationship between 𝑅, 𝑘, 𝑛, and Ω depends on the mineral species, brine composition, 

crystal growth mechanism and limiting process. For example, under the surface control, 

the barite formation rate follows n = 2 (Liu & Nancollas, The crystal growth and dissolution 

of barium sulfate in the presence of additives, 1975; Nancollas, Liu, & others, 1975).   

2.5.3. Heterogeneous reaction rate model (diffusion controlled) 

As previous discussion, for the surface growth rate faster the ion transportation, the 

reaction is governed by the transport rate. In the flowing pipe, the main transportation 

mechanism toward the tubing surface diffusion. Thus, a diffusion controlled heterogeneous 

reaction rate model may be used to describe the deposition process. 

If we define the heterogeneous reaction rate constant 𝑘𝑟 (cm/s), which represents the mass 

transport process toward surface, the overall reaction from the solution site can be stated 

as: 
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 𝑑𝐶(𝑥, 𝑡)

𝑑𝑡
= −𝑘𝑟

𝐴

𝑉
(𝐶(𝑥, 𝑡) − 𝐶𝑒𝑞) (71) 

where 𝐶(𝑥, 𝑡) is the solute concentration in the aqueous phase as a function of location and 

time (molality). 𝐶𝑒𝑞  is the equilibrium solute concentration (molality). 𝐴  is the tubing 

surface area (cm2). 𝑉 is the volume inside the reaction tubing (cm3). This equation assumes 

that the only change in solute concentration is due to heterogeneous reaction, and the 

reaction rate can be calculated by first order reaction.  

The steady-state can be assumed in the flowing pipe for rate calculation and effluent 

measurement. Therefore, we need to transform the time parameter into location parameter. 

The relationship between time and location is: 

 
𝑥 = 𝑡

𝑄

𝜋𝑟2
 (72) 

where 𝑄  is the volume flow rate (cm3/s) and 𝑟  is the tubing inner radius (cm2). By 

combining the equation (71) and (72), the steady state reaction can be presented as follow: 

 𝑑𝐶(𝑥)

𝑑𝑥
= −𝑘𝑟

𝐴𝜋𝑟2

𝑉𝑄
(𝐶(𝑥) − 𝐶𝑒𝑞) (73) 

 𝑑𝐶(𝑥)

(𝐶(𝑥) − 𝐶𝑒𝑞)
= −𝑘𝑟

𝐴𝜋𝑟2

𝑉𝑄
𝑑𝑥 

(74) 

 𝑑𝐶(𝑥)

(𝐶(𝑥) − 𝐶𝑒𝑞)
= −𝑘𝑟

2𝜋𝑟

𝑄
𝑑𝑥 

(75) 

 By integrating equation (75), the 𝐶(𝑥) becomes: 
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𝐶(𝑥) = 𝐶𝑒𝑞 + (𝐶0 − 𝐶𝑒𝑞)𝑒

−𝑘𝑟
2𝜋𝑟

𝑄
𝐿
 (76) 

where 𝐶0 is the initial solute concentration at injection point (molality). 𝐿 is the length of 

the reaction tubing (cm). This equation is basically working for [cation] =  [anion] 

situation. For the case that cation concentration is different from anion concentration, the 

geometric mean of cation and anion activity can be used to replace the concentration term, 

take barium sulfate as example: 

  
(𝑎𝐵𝑎2+ ∙ 𝑎𝑆𝑂4

2−)
1 2⁄

= 𝐾𝑠𝑝
1/2

+ {(𝑎𝐵𝑎2+ ∙ 𝑎𝑆𝑂4
2−)

0

1 2⁄
− 𝐾𝑠𝑝

1/2
} 𝑒

−𝑘𝑟
2𝜋𝑟

𝑄
𝐿
 (77) 

 

(𝑎𝐵𝑎2+ ∙ 𝑎𝑆𝑂4
2−)

1 2⁄
= 𝐾𝑠𝑝

1 2⁄
(1 + {(

𝑎𝐵𝑎2+ ∙ 𝑎𝑆𝑂4
2−

𝐾𝑠𝑝
1 2⁄

)

0

1 2⁄

− 1}) 𝑒
−𝑘𝑟

2𝜋𝑟
𝑄

𝑙
 (78) 

 
(

𝑎𝐵𝑎2+ ∙ 𝑎𝑆𝑂4
2−

𝐾𝑠𝑝
)

1/2

= (1 + {(
𝑎𝐵𝑎2+ ∙ 𝑎𝑆𝑂4

2−

𝐾𝑠𝑝
)

0

1 2⁄

− 1} 𝑒
−𝑘𝑟

2𝜋𝑟
𝑄

𝑙
) (79) 

We can define the supersaturation ratio Ω here as: 

 
Ω =

𝑎𝐵𝑎2+ ∙ 𝑎𝑆𝑂4
2−

𝐾𝑠𝑝
 

(80) 

Thus, the modelling equation becomes: 

 
Ω1/2 = 1 + {Ω0

1 2⁄
− 1} ∙ 𝑒

−𝑘𝑟
2𝜋𝑟

𝑄
𝐿
 (81) 
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Chapter 3 

The Kinetics of Barium Sulfate 

Deposition Crystallization 

3.1. Introduction 

Barium sulfate is one of the most serious scale problem in oil and gas industry, 

especially the deposition of barium sulfate to flow pipe and metal surfaces (Kan, Tomson, 

& others, 2012; Kelland, 2014; Amjad & Demadis, 2015). To further understand the 

deposition process, the investigation of the kinetics of deposition is necessary. The 

deposition process is commonly regarded as the combination of nucleation and crystal 

growth on the surface (Lasaga, 1998; Amjad & Demadis, 2015). In the past decades, 

considerable effort has been put into the studies of precipitation kinetics. However, most 

of the barium sulfate crystallization kinetics were measured in batch reactor as beaker test 

with or without seeds (Turnbull D. , 1953; Nancollas & Purdie, 1963; Nancollas, Liu, & 

others, 1975). For example, Nancollas reported the barium sulfate crystallization in the 

presence of seeds as a surface-controlled 2nd order reaction, with the growth rate constants 

ranged from 0.013 × 103 to 2.5 × 103 liter/mole/min at room temperature. The growth 

rate constants can be used to predict the growth rate of particles and the ion depletion rate 
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in the solution. The nucleation and crystallization kinetics characterized by induction time 

has also been investigated since 1980s (Söhnel & Mullin, 1988; He, Oddo, & Tomson, 

1994; He, Oddo, & Tomson, 1995; Dai, et al., 2017; Dai, et al., 2017). The induction time 

data at a wide range of temperatures and saturation index (SI) values are reported which 

can be applied to estimate the scale risk and the precipitation kinetics. However, it is not 

enough to predict the deposition rate at the surface. Some latest research also studied the 

unconventional crystallization (Li, et al., 2012; Ruiz-Agudo, Ruiz-Agudo, Putnis, & Putnis, 

2015). Ruiz-Agudo’s group provided a nano-particle particle attachment mechanism to 

describe the barite formation, but so far it is not able to calculate the crystal growth rate via 

attachment. Some approaches on deposition kinetics modelling have been developed in 

both calcite and barite deposition. The calcite deposition has been studied in the heat 

transfer system (Hasson, Avriel, Resnick, Rozenman, & Windreich, 1968) or on the 

rotating disk (Chen, Neville, & Yuan, 2005). Hasson et al. suggest that the calcite 

deposition follows the mass transfer process. Chen’s work points out that the calcite 

crystals are larger on the disk surface than in the bulk phase, but they may not able to model 

the formation rate. Jin’s group developed a pressure build-up model (Jin, Yang, Yang, & 

He, 2015) to predict the differential pressure in the capillary tubing during the deposition 

tests. However, the model cannot be used to predict the deposition rates. Collins had also 

developed a mass transfer model to predict the distribution of deposited barite inside the 

tubing (Collins & others, 2005), which meets the goals but still needs proving. 

In this work, the barite deposition experiments were conducted in a flow loop 

apparatus. The distribution of deposited barite crystals were directly measured after 

deposition experiments. The deposition rates along with the pipe were calculated from the 



 
32 

amounts of deposited crystals inside the tubing. A heterogeneous reaction equation (similar 

to Collins’ work) is used to calculate the deposition rates along with the tubing.  

Two types of tubing were used in the study, capillary tubing and quarter inch tubing. 

In the capillary tubing (OD = 1/16 inch), the thickness of deposited barite was measured 

with the viscous fluid method. The differential equation models were developed to fit the 

deposition rate data.  

In the quarter inch tubing experiments (OD = ¼ inch), three types of deposition 

experiments were conducted to study the deposition kinetics at various stages: the 

experiments begin with (a) a barite free tubing (b) a tubing partially covered with barite 

(partially covered tubing) and (c) a tubing fully covered with barite (fully covered tubing). 

The preparation of these three types of tubing will be discussed in the experimental section. 

The amount of deposited barite crystals were directly measured in the clean tubing 

experiments to verify the heterogeneous reaction equation. The deposited crystals were 

observed via scanning electron microscope (SEM) after experiments. The number densities 

and particle sizes were analyzed with software ImageJ. The classical nucleation theory was 

used to explain the observed number density trend along with the tubing. The deposition 

rate constants were calculated via heterogeneous reaction equation in all three types of 

experiments. The deposition rate constants in both partially covered tubing and fully 

covered tubing were compared with the theoretical diffusion-controlled rate constants from 

Graetz-Nusselt theory to verify the barite deposition mechanism. The crystal surface area 

in the fully covered tubing was measured via the dissolution experiments. The deposition 

experiments were done at various saturation index values (SI value, defined as the value of 

the log of supersaturation ratio) from 0.5 to 1.4 at temperatures from 50 to 160 ℃. 
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3.2. Experiment descriptions 

Two sets of the experiment apparatus have been tested for the deposition kinetics. 

The capillary tubing experiment is designed for viscous fluid method (see the following 

section). The cation and anion solutions are mixed and injected into a capillary stainless 

steel tubing with ID ranged from 0.02 to 0.04 inch. The deposition profile was measured 

by using the viscous fluid method and dissolved with 0.05 m DPTA. Series of experiments 

have been done to improve the design of apparatus. The second set is the quarter inch 

tubing experiment, ¼ inch OD tubing are used as reaction tube. The crystals on the tubing 

wall were observed through scanning electron microscope (SEM). The barite amounts were 

measured by dissolving the scale with 0.05 m DTPA solution.  

3.2.1. Reagent, chemicals, pretreatment and sampling 

The supersaturation conditions were generated by the mixing of cation solution 

(BaCl2) and anion solution (Na2SO4). Barium chloride dihydrate (Fisher Chemical, 

crystalline certified ACS, ≥99.0%), sodium sulfate anhydrous (EMD Millipore, Granular 

ACS, ≥99.0%), sodium chloride (Sigma-Aldrich, ACS reagent, ≥99.0%) and calcium 

chloride dihydrate (Sigma-Aldrich, ACS reagent, ≥99.0%) were used to prepare the cation 

and anion solutions. The 0.05 m DTPA (Diethylenetriamine pentaacetic acid, Acros 

Organics, 98+%) solution with the pH value between 11.0 to 12.0 was reported to have a 

higher dissolution rate for barite (Shende, 2012), which was used to stop precipitation, 

sample collection and to dissolve deposited barite crystals. Sodium Hydroxide (Sigma-

Aldrich, beads, 20-40 mesh, reagent grade, 97%) was used to adjust the pH value of the 

DTPA solution. The 0.25 inch OD 0.21 inch ID 316 stainless steel pre-cut tubing (3.04 or 
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1.05 ft) from McMaster and 1/16 inch OD 0.02/0.04 inch ID 316 stainless steel pre-cut 

tubing (100 cm) were used in experiments. All the tubing were washed with 10 % non-

phosphate detergent (Liquinox) at room temperature for at least 2 hours to be degreased 

before the experiments. The mild steel with ¼ inch OD 0.18 inch ID bought from McMaster 

(3.04 ft) is treated with C 3.5 reagent before experiments (500 ml hydrochloric acid with 

3.5 g hexamethylene tetramine than add DI water to 1000 ml). 

The effluent barium ion concentrations were measured by induced coupled plasma 

optical emission spectrometry (ICP-OES). To prevent the precipitation after sample 

collection, all the samples are diluted 5 times with 0.05 m DTPA solution. The barite inside 

the tubing are dissolved by 0.05 m DTPA solution under 80 degree C for 3-4 days and 

measured by ICP-OES. The deposition rate is assumed to be constant and defined as the 

total barite amount over deposition time and surface area.  
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3.2.2. Capillary tubing experiment apparatus design  

In the capillary tubing set-up, Validyne dP15-36 pressure transducer (5 psi full scale, 

±0.5% full scale accuracy, maximum line pressure 3200 psi) was used to monitor the 

differential pressure in reaction tubing. Two Pharmacia P-500 syringe pump (flow rate 1-

499 ml/hr, maximum line pressure 580 psi) were used to inject cation and anion solution 

and one is used as a secure pump to inject DTPA solution.  

3.2.2.1. Room temperature design (Design A) 

Two Pharmacia pump were used to inject the cation and anion solutions. The 

solutions were mixed in the first tee. A 5 cm long peek tubing was used to connect the first 

two tees, where the second tee connected to the pressure transducer and the stainless steel 

reaction tubing. The ID of stainless steel tubing is either 0.02 inch or 0.04 inch. During the 

deposition experiment, the samples are collected with a 0.2 μm filter at the end (Figure 4).  

 

Figure 4 Room temeperature capillary design (Design A) 
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3.2.2.2. Water bath design (Design B) 

In the water bath design set-up, the water bath was used to control the temperature. 

The solution passes the 100 cm pre-heating coils before mixing. The mixing cross is 

connected to pressure transducer and the entrance of reaction tubing. A tee connected the 

end of reaction tubing and pressure transducer. A 0.2 μm filter may be used to collect the 

effluent sample (Figure 5). 

 

Figure 5. Water bath capillary design (Design B) 

3.2.2.3. Cold mixing design (Design C) 

To improve the mixing performance, an alternative set up with mixing tee and 4℃ 

water bath was designed. The cation and anion solution were mixed in the mixing tee at 

cold water bath. A 100 cm PTFE tubing is used to connect the mixing tee and reaction 

tubing to ensure the mixing inside the PTFE tubing. The reaction tubing was put in the hot 

water bath (Figure 6). 
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Figure 6. Cold mixing capillary design (Design C) 

3.2.2.4. Oil bath design (Design D) 

To run the deposition experiment at over 100 ℃ , oil bath and back-pressure 

capillary tubing (400 cm PTFE tubing with 1/16” OD and 0.015” ID) were used in this 

design. The reaction tubing enters the oil bath at 20 cm from the entrance. The first 20 cm 

is covered by a glass condenser flowed with 4 degree C water. The third Pharmacia pump 

is used to inject 0.05 m DTPA and prevent precipitation inside back pressure capillary 

tubing (Figure 7). 
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Figure 7. Oil bath capillary design (Design D) 

 

3.2.3. Quarter inch tubing experiment apparatus design 

3.2.3.1. Oil bath design with condenser (Design E) 

The quarter inch tubing design follows similar structure with capillary tubing 

design. Two Pharmacia pumps are used as injection pump. The solution will be mixed at 

mixing tee in cold-water bath. A 100 cm 1/16” PTFE tubing is used to connect the mixing 

tee and reaction tubing. The reaction tubing enters the oil bath at 25 cm from tubing 

entrance. A 4 ℃ condenser is used to chill the first 25 cm of reaction tubing. The back 

pressure is controlled by PTFE capillary tubing. The DTPA solution is injected to prevent 

precipitation in capillary tubing (Figure 8). 
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Figure 8. Oil bath quarter-inch design with condenser (Design E) 

3.2.3.2. Oil bath design (Design F) 

The other setup in the quarter inch tubing removes the 100 cm PTFE tubing and the 

4 degree C condenser. Instead, a 15 cm 1/8 inch OD PTFE tubing is used to connect the 

1/8” mixing tee and reaction tubing. A 92.7 cm/ 32.1 cm stainless steel tubing is used as 

reaction tubing. The reaction tubing enters the oil bath at 10/0 cm from the entrance. The 

back pressure is controlled by 25 ft 0.015 inch ID PTFE capillary tubing. The DTPA 

solution is used to prevent precipitation in capillary tubing (Figure 9). 
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Figure 9. Oil bath quarter-inch design (a) 92.7 cm (b) 32.1 cm (Design F) 

3.2.4. Viscous fluid method 

The viscous fluid method is practically used for the thickness profile measurement 

in wax and asphaltene (Wang, Buckley, & Creek, 2004; Juyal, et al., 2013). The theory of 

viscous fluid method is based on Hagen-Poiseuille equation: 

 
∆P =

8𝜇𝑄∆𝐿

𝜋𝑟4
 (82) 

(a) 

(b) 



 
41 

where ∆P is the pressure build-up caused by tubing flow (Pa), 𝜇 is the liquid dynamic 

viscosity (cp),  𝑄 is the flow rate (cm3/sec), ∆𝐿 is the moving distance of fluid (cm) and 𝑟 

is the inner radius (cm). 

  The curve of pressure build-up versus time can also be calculated from equation 

(82). For example, assuming the barium sulfate ion reaction rate constant is 10-5 m/sec, SI 

value is 0.6, temperature is 120 ℃ tubing ID is 0.04” and flow rate is 240 ml/hr, the 

deposition flux is (solution density = 1000 kg/m3): 

 
𝑘𝑟 × (𝐶 − 𝐶𝑒𝑞)𝜌 = 10−5 × (0.00055 − 0.0002765) × 1000

𝑘𝑔

𝑚3

= 2.735 × 10−3 𝑚𝑜𝑙/𝑚2/𝑠𝑒𝑐

= 2.735 × 10−7 𝑚𝑜𝑙/𝑐𝑚2/𝑠𝑒𝑐 

(83) 

The ID change per minute is: 

 

2.735 × 10−7  
𝑚𝑜𝑙

𝑐𝑚2 ∙ 𝑠𝑒𝑐
×

233.34
𝑔

𝑚𝑜𝑙

4.45
𝑔

𝑐𝑚3

= 1.43 × 10−5  
𝑐𝑚

𝑠𝑒𝑐
 

= 8.6 × 10−4  
𝑐𝑚

𝑚𝑖𝑛
 

(84) 

The pressure build-up in 3200 seconds is plotted in Figure 10: 
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Figure 10. The pressure buil-up in 0.04” ID tubing with SI = 0.6, temp = 120 ℃, flow 

rate = 240 ml/hr 

To reach the thickness profile, the pressure change is measured during the viscous 

fluid injection at constant flow rate. The relationship between radius and pressure signal 

can be described by the rearranged Hagen-Poiseuille equation: 

 𝑑𝑃(𝑡)

𝑑𝑡
=

8𝜇𝑄2

𝜋2𝑟(𝑡)6
 (85) 

which can be rewritten as: 

 
𝑟(𝑡) = (

8𝜇𝑄2

𝜋2 𝑑𝑃(𝑡)
𝑑𝑡

)
1
6 

(86) 

Based on this equation, by differentiating the pressure signal 𝑃(𝑡), we can calculate 

the tubing radius as a function of time 𝑟(𝑡). To reach the radius profile 𝑟(𝑥), we can simply 

use the relationship of flow rate and 𝑟(𝑡), which is: 
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 𝜋(𝑟(𝑡))2 × ∆L = 𝑄 × 𝑡 (87) 

or 

 
∆L =

𝑄𝑡

𝜋(𝑟(𝑡))2
 (88) 

Thus, we can generate the 𝑟(𝑥), which can be transformed into thickness profile 

𝑅(𝑥) by: 

 𝑅(𝑥) = 𝑟0 −  𝑟(𝑥) 
(89) 

where 𝑟0 is the inner radius of clean tubing. 

In practical, the 70% glycerol/water solution is used as the viscous fluid. The 

viscosity of 70% glycerol solution is listed at Table 3. 

Table 3. 70% (w/w) glycero viscosity (cp) measurement and interpolation (Sheely et 

al. 1932) 

Temp. (℃) Viscosity interpolated (cp) Viscosity measured (cp) Error (%) 

21.5 21.314 21.9 2.75 

22.0 20.772 21.0 1.10 

 

On the other hand, the effect of roughness is required to be considered. The 

dimensionless friction factor 𝑓 can be used to calculate the roughness effect. In laminar 

flow, the friction factor is the function of Reynold number, which can be stated as (McKeon, 

Swanson, Zagarola, Donnelly, & SMITS, 2004): 
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𝑓 =

64

𝑅𝑒
, 𝑅𝑒 < 4 × 103 (90) 

For turbulent flow, the friction factor is the function of both Reynolds number and 

pipe roughness (Haaland, 1983): 

 1

√𝑓
= −

1.8

3
log [(

6.9

𝑅𝑒
)3 + (

1

3.7

𝐾

𝑑
)3.33] 

(91) 

where 𝐾 is the equivalent sandroughness (m), 𝑑 is the pipe diameter (m) and 𝐾/𝑑 is the 

relative roughness. The pressure difference caused by friction is: 

 
∆P = 𝑓

𝜌𝑉𝑎𝑣𝑔
2

2

∆𝐿

𝑑
 (92) 

where 𝑉𝑎𝑣𝑔 is the averaged flow velocity (m/s) equal to flow rate 𝑄 over cross-section area 

𝜋𝑟2.  

In this method, the flow condition is Laminar, thus the roughness effect on pressure 

difference is negligible. 

3.2.5. Microscope and imaging 

The cross-section images of capillary tubing (0.02”-0.04” ID) and surface crystal 

images of quarter inch OD tubing are taken with scanning electric microscope (SEM, FEI 

Quanta 400 ESEM FEG). The image magnification is ranged from 200 to 3000 times. All 

the barite samples are coated with 10 nm gold by Denton sputter (Denton Desk V Sputter 

system, Dell Bucher 160). The samples were keep in ambient temperature and ambient 

pressure environment. The camera images are taken with optical microscope (Leica Stereo 
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Zoom 7, 10×7 magnification) and in-time in-situ camera (Dino-Eye Digital Eye Piece 

Camera AM7023).  

3.2.6. Apparatus heat transfer 

To understand the temperature profile inside the reaction tube, the heat transfer 

parameters were calculated through the following differential equation: 

 𝜕𝑇

𝜕𝑥
=

4ℎ

𝜌𝐶𝑝𝑣𝑑
= 𝜆, 𝑙𝑛 (

𝑇0 − 𝑇𝑒

𝑇𝑒𝑓𝑓 − 𝑇𝑒
) = 𝜆𝐿 (93) 

where 𝑇 (K) is temperature inside the tubing as a function of distance 𝑥 (m). 𝑇𝑒𝑓𝑓 (K) is 

the temperature of effluent solution. 𝑇0 is the temeperature of solution at tubing entrance. 

𝑇𝑒 is the temperature of tubing wall. ℎ is the heat transfer coefficient (W/m2/K) which can 

be calculated from Nusselt number. 𝜌 is the density (kg/m3) of flow solution. 𝐶𝑝 is the 

specific heat (J/(m∙s∙K)). 𝑣 is the linear flow velocity (m/s). 𝑑 is the inside diameter (m) of 

reaction tubing. 𝐿 is the tubing length. The conduction heat transfer in stainless steel tubing 

is much faster than conduction heat transfer in aqueous solution. So the temperature of 

tubing wall is assumed to be equal to oil bath temperature. The vertical direction convection 

is negligible in Laminar flow. Thus, the heat transfer rate is dominated by the heat 

conduction transfer in liquid solution. 

The heat transfer coefficient of the flow can be calculated from Nusselt number. 

The Nusselt number of laminar flow in cylinder tubing can is: 

 
𝑁𝑢 =

ℎ𝑑

𝑘
= 1.86(𝑅𝑒𝑃𝑟)

1
3(𝑑

𝐿⁄ )

1
3

(
𝜇𝑏

𝜇𝑤
⁄ )0.14 (94) 
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where 𝑁𝑢 is the Nusselt number. 𝑅𝑒 is the Reynold number. 𝑃𝑟 is Prandtl number. 𝑘 is the 

thermal conductivity (W/K/m). 𝐿  is the length of tubing (m). 𝜇𝑏  is fluid viscosity at 

averaged bulk phase temperature (cp). 𝜇𝑤  is the fluid viscosity at the wall surface 

temperature (cp). The calculated heat transfer coefficient of capillary tubing experiments 

are listed in Table 4. The required flow distances to reach certain temperature in capillary 

tubing are listed in Table 5. The calculated heat transfer coefficient of quarter inch tubing 

experiments are listed in Table 6. The required flow distances to reach certain temperature 

in quarter inch tubing are listed in Table 7. 

Table 4. Heat transfer coefficient in capillary tubing set-up 

Flow rate (ml/hr) 40 80 80 

Bath temp. ℃ 50 70 120 

Tubing ID (cm) 0.0266 0.0507 0.0507 

𝐷 (m) 0.000532 0.001014 0.001014 

𝜇𝑏 (cp) 1.0569 0.9854 0.8997 

𝜇𝑤 (cp) 0.5465 0.4035 0.2320 

𝑘 (W/m/K) 0.579-0.643 0.579-0.662 0.579-0.685 

𝐶𝑝 (J/kg/K) 4.2 × 103 

(𝑅𝑒𝑃𝑟)
1
3 193.0-173.7 202.4-177.0 202.4-171.1 

𝑁𝑢 0.955-0.922 1.24-1.19 1.33-1.27 

h (W/m2/K) 1039-1114 708.0-776.9 759.4-857.0 
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Table 5. The required distance to reach certain temperature in capillary tubing set-

up 

Flow rate (ml/hr) 40 80 80 

Bath temp. ℃ 50 70 120 

Tubing ID (cm) 0.0266 0.0507 0.0507 

𝐷 (m) 0.000532 0.001014 0.001014 

h (W/m2/K) 1039-1114 708.0-776.9 759.4-857 

𝜆 (1/m) 37.2-39.9 24.2-26.5 25.9-29.3 

Temp. ℃ reached 48 68 118 

 Required length (cm) 8.43-7.86 14.4-13.0 15.7-13.8 

Temp. ℃ reached 45 65 115 

Required length (cm) 5.96-5.56 10.66-9.73 12.14-10.73 

Table 6. Heat transfer coefficient in quarter-inch tubing set-up 

Flow rate 160 240 320 

Bath temp. ℃ 120 

Tubing ID (cm) 0.2667 

𝐷 (m) 0.005334 0.005334 0.005334 

𝜇𝑏 (cp) 0.8997 0.8997 0.8997 

𝜇𝑤 (cp) 0.2320 0.2320 0.2320 

𝑘 0.579-0.685 0.579-0.685 0.579-0.685 

𝐶𝑝 (J/kg/K) 4.2 × 103 

(𝑅𝑒𝑃𝑟)1 77.0-65.0 115.4-95.6 153.9-130.1 

𝑁𝑢 1.71-1.62 1.96-1.86 2.16-2.04 

h (W/m2/K) 186.0-208.1 213.0-238.2 234.4-262.2 
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Table 7. The required distance to reach certain temperature in quarter-inch tubing 

set-up 

Flow rate ml/hr 160 240 320 

Bath temp. ℃ 120 

Flow rate (ml/hr) 0.2667 

𝐷 (m) 0.005334 0.005334 0.005334 

h (W/m2/K) 186.0-208.1 213.0-238.2 234.4-262.2 

𝜆 (1/m) 16.7-18.7 12.7-14.3 10.5-11.8 

Temp. ℃ reached 118 

Required length (cm) 24.3-21.7 31.9-28.4 38.6-34.5 

Temp. ℃ reached 115 

Required length (cm) 18.8-16.8 24.7-22.1 29.9-26.7 

 

The other approaching of heat transfer property in the apparatus is the overall heat 

transfer coefficient. The overall heat transfer coefficient can describe the heat transfer 

behavior of the whole system by one single parameter. The following is the steps to 

measure overall heat transfer coefficient.  

First, similar to heat transfer calculation, the system is assumed to be in steady state. 

In steady state, the heat transfer flux from oil bath to tubing is: 

 𝑄(𝑥) = ℎ (𝑇𝑜𝑖𝑙 𝑏𝑎𝑡ℎ − 𝑇(𝑥)) 
(95) 

where 𝑄(𝑥)  is the heat transfer flux (W/m2) as a function of location. 𝑇𝑜𝑖𝑙 𝑏𝑎𝑡ℎ  is the 

temperature of oil bath (K). 𝑇(𝑥) is the temperature inside tubing (K) as a function of 

location.  
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Second, on the other hand, the following equation can also describes the heat 

transfer process: 

 
𝑑𝑇 = −𝑄(𝑥)𝑑𝑡𝑑𝐴

1

𝐶𝑝𝑑𝑚
 

(96) 

where 𝑡 is the embedded time of unit fraction solution in the flowing process (sec). 𝐴 is the 

tubing wall surface area (m2). 𝑚 is the mass of unit fraction solution (kg). Under constant 

flow rate, both the time, surface area and unit mass can be represented by the moving 

distance along the flow direction, 𝐿 (m). Thus, this equation can be rewritten as: 

 
𝑑𝑇 = −𝑄(𝑥)𝑑𝑡(2𝜋𝑟 ∙ 𝑑𝐿)

1

𝐶𝑝

1

𝜌𝜋𝑟2𝑑𝐿
= −𝑄(𝑥)

2

𝐶𝑝𝜌𝑟
𝑑𝑡 

(97) 

Combine equation (95) and (97), we can get: 

 
𝑑𝑇 = −

2ℎ

𝐶𝑝𝜌𝑟
(𝑇𝑜𝑖𝑙 𝑏𝑎𝑡ℎ − 𝑇(𝑥))𝑑𝑡 

(98) 

Finally, based on the conception of overall heat transfer process, 𝑑𝑇 can also be 

described by the overall heat transfer coefficient  𝑘′ (1/s) as: 

 𝑑𝑇 = −𝑘′ (𝑇𝑜𝑖𝑙 𝑏𝑎𝑡ℎ − 𝑇(𝑥))𝑑𝑡 
(99) 

therefore, 𝑘′ is equal to: 

 
𝑘′ =

2ℎ

𝜌𝑟𝐶𝑝
 

(100) 
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To acquire the 𝑘′ value, the only required measurement is the effluent solution 

temperature. The relationship between effluent temperature and overall heat transfer 

coefficient is: 

 𝑇𝑒𝑓𝑓 = 𝑇𝑜𝑖𝑙 𝑏𝑎𝑡ℎ − (𝑇𝑜𝑖𝑙 𝑏𝑎𝑡ℎ − 𝑇0)𝑒−𝑘′𝑡 (101) 

where 𝑇𝑒𝑓𝑓  is the temperature of effluent solution (K). 𝑇0  is the temperature of inject 

solution (K). The measurement of effluent temperature and calculated overall heat transfer 

coefficient are summarized in Table 8. Based on the averaged overall heat transfer 

coefficient, the require distance to reach certain fluid temperature in oil bath is listed in 

Table. 9. 

Table 8. Measured overall heat transfer coefficient in quarter-inch set-up 

Flow rate 

(ml/hr) 
𝑇0 (C) Oil bath 𝑇𝑒𝑓𝑓 (C) 

retention 

time (sec) 

Overall heat 

transfer coeff. 

(1/sec) 

Heat transfer 

coeff. 

(W/m2/K) 

240 5.0 60.4 58.6 310.7 0.01102 6.1577 

480 5.0 60.6 57 155.4 0.01762 9.8372 

240 5.0 72.2 70.6 310.7 0.01203 6.7163 

480 5.0 70.4 67.7 155.4 0.02052 11.4545 

480 5.0 70 66.6 155.4 0.01899 10.6040 

240 5.0 81.4 79.5 310.7 0.01189 6.63806 

480 5.0 82.1 78.4 155.4 0.01955 10.9137 

240 5.0 92.8 90.5 310.7 0.01172 6.5447 

480 5.0 91.7 87.4 155.4 0.01933 10.7953 

Averaged overall heat transfer coeff. (1/sec) 0.01585 ±0.00405  

Averaged heat transfer coeff. (W/m2K) 8.85 ±2.26  
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Table 9. Required distance to reach certain temperature in qurter-inch set up  

Flow rate (ml/hr) 160 240 320 480 720 

Temp. ℃ reached 115 

Required length 

(cm) 
39.34 59.01 78.68 118.02 177.02 

Temp. ℃ reached 110 

Required length 

(cm) 
30.64 45.96 61.28 91.93 137.89 

3.3. Capillary tubing experiment results and discussions 

*Part of this chapter is modified from the author’s SPE paper (2017) (Lu, et al., 2018).  

3.3.1. Experiment summary 

Table 10. Capillary tubing experiment list 

No. SI 
Temp. 

(C) 

Induction 
Time 

(sec) 

Tubing 

material 

ID 

(inch) 

Flow 
rate 

(ml/hr) 

Reaction 
Time 

(sec) 

Duration 
time 

(hr) 

Final 
pressure 

(psig) 

Recovery 

(%) 
Design 

1 2.3 21.5 68.5 316SS 0.02 40 20.0 16.6 1.5 - A 

2 1.5 50 629 316SS 0.02 40 20.0 30.5 2.5 89.8 B 

3 1.5 50 629 316SS 0.02 80 10.0 25 5.0 56.0 B* 

4 1.5 50 629 316SS 0.02 40 20.0 23.4 2.5 23.5 C 

5 1.0 70 200 316SS 0.04 80 36.3 58.3 0.18 33.2 C 

6 1.0 70 200 316SS 0.04 80 36.3 116.8 5.0 44.9 C 

7 1.0 120 198 316SS 0.04 160 18.2 41.0 0.6 75.6 D 

8 0.9 120 433 316SS 0.04 160 18.2 4.0 0.09 72.6 D 

9 0.9 120 433 316SS 0.04 160 18.2 12.0 0.13 65.0 D 

10 0.9 120 433 316SS 0.04 160 18.2 42.6 0.6 52.4 D 

11 0.9 120 433 316SS 0.04 80 36.3 64.7 2.5 26.7 D 

12 0.9 120 433 316SS 0.04 160 18.2 46.9 4.0 56.8 D 

13 0.9 120 433 316SS 0.04 240 12.1 42.5 0.4 25.4 D 

14 0.6 120 >1000 316SS 0.04 160 18.2 85.0 0.3 66.8 D 

15 1.0 120 198 316SS 0.04 160 18.2 41.6 0.6 79.4 D 

16 1.0 120 198 PTFE 0.03 120 13.7 25.5 1.4 44.2 D 

*Experiment 3 wes run with mixing tee to improve the solution mixing performance. 
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3.3.2. Apparatus improvement 

The experimental results are reviewed to reveal the deposition mechanism and to 

improve the apparatus, especially for the heating method, mixing method and sample 

collection method. 

In experiment 1, under SI = 2.3 and room temperature the barium sulfate deposition 

are successfully built up inside 100 cm 316 SS tubing with 0.02 inch ID (Figure 11). In 

Experiment 2-3, the reaction tubing is embedded into water bath to keep in 50 ℃ condition 

with SI value equal to 1.5. Part of the effluent samples were taken with 0.2 micrometer 

filter. The result shows no difference between filtration or not (Figure 12). After 

experiment 4, the effluent sample were collected without filtration. Also, the deposition 

profile in experiment 2 shows two deposition peaks along the tubing (Figure 12), which 

may indicate insufficient mixing. In experiment 3, a mixing tee was used to replace original 

steel tee to improve the solution mixing, however the two-peak deposition trend remained 

the same (Figure 13). In experiment 4 (Figure 14), a cold-mixing design (Figure 6) was 

used to enhance the solution mixing by increasing the mixing time, which successfully 

remove the two-peak deposition trend (shown in viscous fluid method data, Figure 14).  

In experiment 5 and 6, the temperature is 70 ℃ and SI value 1.0. The tubing ID was 

increased to 0.04 inch preventing the curvature effect. The larger ID also increase the 

pressure build-up time (Figure 15). In experiment 7, the reaction temperature was increased 

to 120 ℃ by oil bath design. The inside pressure is controlled by 400 cm length 0.015 inch 

ID PTFE tubing to prevent the solution from boiling (Figure 6). From experiment 7 to 

experiment 16, the design of apparatus were keep the same (Design D). 
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Figure 11. Effluent concentration, differential pressure and deposition rate data of 

experiment 1. SI = 2.3, Temp = 21.5 ℃  

 

Figure 12. Effluent concentration, differential pressure and deposition rate data of 

experiment 2. SI = 1.5, Temp = 50 ℃ 

 

Figure 13. Effluent concentration, differential pressure and deposition rate data of 

experiment 3. SI = 1.5, Temp = 50 ℃, with mixing tee 
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Figure 14. Effluent concentration and differential pressure data of experiment 4. SI 

= 1.5, Temp = 50 ℃, with cold-mixing design 

 

Figure 15. Effluent concentration, differential pressure and deposition rate data of 

experiment 6. SI = 1.0, Temp = 70 ℃, with cold-mixing design (Design C) 

3.3.3. Deposition versus temperature 

In Figure 16, experiment 6 at 70 ℃  is compared with experiment 7 at 120 ℃ . The 

concentration of barium and sulfate are 0.00066 m at 120℃ and 0.00052 m 70℃ in 1.0 m NaCl 

solution. The SI value are 1.0 in both experiments. For the 70℃ experiment reaction tubing entered 

the water bath in the beginning, and the 120℃ one entered oil bath at 20 cm. Figure 16 shows the 

deposition rate profile along the tubing, the peak deposition rate location corresponds well with the 

heating design. The peak deposition rates are 38.4 and 238.9 g/m2/day for 70℃  and 120℃ 

experiment. The huge difference in deposition rate suggests that the energy barrier of deposition 
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process will be suppressed by the temperature increasing. For the effluent barium concentration to 

drop to 50% took 12 and 75 hr at 70 and 120℃, respectively.  

 

Figure 16. Effluent concentration, differential pressure and deposition rate data of 

experiment 6 and 7.  

 

3.3.4. Deposition versus duration time 

In Figure 17, experiments 8, 9, 10, & 12 with various deposition times are compared 

to show the deposition profile change. The experiments were done at SI = 0.9, Temp. = 

120℃, flow rate = 160 ml/hr for 4.0/12.0/42.6/46.9 hr. The data shows that the deposition 

rate increases with the experiment time. A possible reason is that the barite crystal surface 

area increasing enhance the bulk mass transfer flux. Figure 18 shows the deposition profile 

along the capillary tubing. The tubing entered the oil bath at 20 cm and most of the barite 

crystals formed between 25-35 cm.  
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Figure 17. Effluent concentration and differential pressure data of experiment 8, 9, 

10 and 12. 

 

 

Figure 18. Deposition rate profile data of experiment 8, 9, 10 and 12. 
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3.3.5. Deposition versus flow rate 

Experiment 11, 12 and 13 are compared to show the flow rate effect in capillary 

tubing deposition. Experiments with flow rate at 80 / 160 / 240 ml/hr (solution detention 

time = 12.1 / 18.2 / 36.3 second) at 120℃ and SI value = 0.9 were tested. The effluent 

barium concentration data shows no difference under various flow rates (Figure 19). The 

deposition rate profiles reveal that with the increasing flow rate, the barium sulfate will 

spread farther along the tubing. The similarity of effluent barium concentration data 

suggests that for reaction times between 12 to 36 seconds the deposition processes are 

independent to the transport processes. Note that the traveling times inside reactor differed 

by a factor of three, but the deposited barite amounts were still similar. This result 

corresponds well with previous results suggesting the reaction surface is the governing 

factor in capillary tubing deposition (Experiment 8, 9, 10 & 12). 

  

Figure 19. Effluent concentration, differential pressure and deposition rate data of 

experiment 11, 12 and 13. 
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3.3.6. Deposition versus SI value 

The deposition rates at different SI values are compared in Figure 20 with 

experiments 7, 10, and 15. The peak deposition rate in experiments with SI = 1.0 / 0.9 / 0.6 

are 238.9 / 184.2 / 42.3 g/m2day, respectively. The calculated SI values at the last effluent 

solution sample point are 0.21 / 0.09 / 0.18, which suggests that 87.4/ 94.0/ 76.9 % of 

oversaturated barium sulfate has deposited. The SI = 0.6 experiment reveals that even with 

long induction time (>1000 sec) compared to the detention time inside the tubing (18.2 

sec), the deposition still happens and most of the barite supersaturation will be removed 

from the solution phase. 

 

Figure 20. Effluent concentration, differential pressure and deposition rate data of 

experiment 7, 10 and 14. 

 

3.3.7. Deposition versus tubing material 

The barium sulfate deposition was also been tested in PTFE tubing (experiment 16) 

to understand the surface property effect. In Figure 21, the effluent barium concentration 
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data shows little difference between PTFE and 316 stainless steel.  Similar deposition trend 

results can be explained by crystal growth process. Once the initial deposition happens, the 

deposition rate is governed by crystal growth instead of nucleation or particle attachment. 

Since the crystal surface area is proportional to the accumulated barite crystal amount, the 

overall deposition behavior is similar. The only difference might be the initial stage 

deposition where the crystal has not formed yet, in the first two hour (7200 sec). The 

effluent barium concentration in PTFE tubing is higher than stainless steel one in the 

beginning. The low initial deposition rate in PTFE tubing may relate to the low surface 

energy of PTFE surface (Rosmaninho & Melo, 2006). 

 

Figure 21. Effluent concentration data of experiment 15 and 16. 

 

3.3.8. The application of viscous fluid method and proof from cross-section 

image. 

The viscous fluid method is design to test the deposition profile inside long 

capillary tubing including wax and asphaltene. In this research, this method is also applied 

to scale deposition measurement. The advantage of viscous fluid method is the capability 
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of direct detection of tubing inner radius and the measurement in long length tubing (i.e. 

50 feet). The disadvantage of this method is not able to get the differential pressure data in 

large radius tubing (e.g. quarter inch ID) and cannot be used to detect the porous structure 

material. The resolution is also not high enough to tell small radius difference (e.g. 5 

micrometer). Thus, the application of viscous fluid method on scale deposition is required 

to be evaluated. 

In Experiment 1, Figure 22, the simulated data shows an obvious two-step 

deposition profile: before 12 cm the tubing has 50 micrometer thickness of barite, after 12 

cm tubing is covered with 10 micrometer barite. The cross-section SEM image was taken 

at 5 cm, which shows about 30 ~ 100 micrometer thickness of barite crystal. In experiment 

2, 3 and 4, the viscous fluid method are able to tell the two-peak profile or one-peak profile 

which correspond well with the deposition rate measurement (Figure 23, 24, 25). However, 

the data only shows the general trend of deposited scale, the actual measured thickness is 

still questionable. For example, in experiment 3, 6 and 7, Figure 25, 26 and 27, the 

thickness of barite in the end of tubing is 200 micrometer according to viscous fluid method, 

but in actual there was nearly no deposit in the end of tubing by visual. In experiment 8, 9, 

10 and 12 (Figure 30) the viscous fluid method cannot tell the difference between 12 hr, 4 

hr and blank test result, but actually in the cross-section image there is some deposit crystal 

observed in 4hr/12hr experiment. For the 43 and 46 hr experiment, the image shows nearly 

clean tubing after 60 cm, but the measurement from viscous fluid method give the number 

of 50 ~ 70 micrometer. Similar mis-measurement are observed in exp. 11, 12 and 13, 7, 14 

and 15 (Figure 32, 33). The viscous fluid method can tell where the huge amount of deposit 

begins, but not able to give a correct thickness profile after the deposition peak.  



 
61 

The explanation is, the barite crystal has the porous structure. There is additional 

space and flow path in the porous crystals, which will lead to the thickness overestimation. 

Also, the method is not sensitive enough to measure thin layer of scale. The reason is, 

according to equation (86), the calculated thickness is proportional to (𝑑𝑃(𝑡) 𝑑𝑡⁄ )6. When 

the 𝑑𝑃(𝑡) value is low, there is no difference on calculated thickness. 

 

Figure 22. Viscous fluid method measured differential pressure data and thickness 

profile in experiment 1 (SI = 2.3, Temp = 21.5 ℃) 

 

Figure 23. Cross-section SEM image at 5 cm from tubing inlet in experiment 1  
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Figure 24. Viscous fluid method measured differential pressure data and thickness 

profile in experiment 2 (SI = 1.5, Temp = 50 ℃) 

 

Figure 25. Viscous fluid method measured differential pressure data and thickness 

profile in experiment 3 (SI = 1.5, Temp = 50 ℃) 

 

Figure 26. Viscous fluid method measured differential pressure data and thickness 

profile in experiment 4 (SI = 1.5, Temp = 50 ℃) 
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Figure 27. Viscous fluid method measured differential pressure data and thickness 

profile in experiment 6 (SI = 1.0, Temp = 70 ℃) 

 

Figure 28. Viscous fluid method measured differential pressure data and thickness 

profile in experiment 7 (SI = 1.0, Temp = 120 ℃) 

 

Figure 29. Viscous fluid method measured differential pressure data in experiment 

8, 9, 10, 12 (time = 4 / 12 / 43 / 46 hr) 
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Figure 30. Viscous fluid method simulated thickness profile in experiment 8, 9, 10 & 

12 (time = 4 / 12 / 43 / 46 hr) 

 

 

Exp. 8 
4 hr 

Exp. 9 
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43 hr 

Exp. 12 
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Figure 31. Cross-section image of experiment 8, 9, 10 and 12. 

 

Figure 32. Viscous fluid method simulated thickness profile in experiment 11, 12 

and 13 (flow rate = 80 / 160 / 240 ml/hr) 

 

 

Exp. 8 
4 hr 
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Figure 33. Viscous fluid method simulated thickness profile in experiment 7, 14 and 

15 (SI value = 0.9 / 0.6 / 1.0 ) 

 

3.4. Differential equation model in capillary tubing deposition 

3.4.1. Ordinary differential equation model 

The purpose of the deposition rate modelling is to calculate the deposition rate 

profile. Based on previous discussion, the deposition in capillary tubing is surface 

controlled. For surface controlled mechanism, the growth rate can be modelled by the 

following equation: 

 𝑑𝐶

𝑑𝑡
= −𝑘𝑟

2

𝑟
(𝐶 − 𝐶𝑒𝑞)𝑛 (102) 

where 𝑘𝑟 is the heterogeneous reaction rate constant (cm/s/molality), 𝑟 is the tubing ID 

(cm), and 𝐶 is the cation and anion concentration under 1:1 cation-to-anion ratio (molality). 

𝐶𝑒𝑞 is the cation and anion concentration at equilibrium (molality).  
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For steady-state condition, the relationship between time and location is: 

 
𝑑𝑡 =

𝑑𝑥

𝑣
 (103) 

where 𝑣 is the linear flow velocity (m/s). Therefore, the growth rate model becomes: 

 𝑑𝐶

𝑑𝑥
= −𝑘𝑟

2

𝑣𝑟
(𝐶 − 𝐶𝑒𝑞)𝑛 (104) 

Christy and Putnis 1993 had reported that in barite crystallization is a second order 

reaction (Christy & Putnis, 1993). Thus, the growth rate model becomes: 

 𝑑𝐶

𝑑𝑥
= −𝑘𝑟

2

𝑣𝑟
(𝐶 − 𝐶𝑒𝑞)2 (105) 

The heterogeneous reaction rate constant 𝑘𝑟  can be fitted from effluent 

concentration data.  

The heterogeneous reaction model is applied to experiment 5 (SI = 1.0, temp = 70 

℃). There are 15 effluent concentration data in experiment 5. Thus, it will generate 15 

different reaction rate constants. Including the equilibrium concentration 𝐶𝑒𝑞 , there are 

totally 16 fitting parameters. The fitted result is shown in Table 11 and Figure 34: 

Table 11. The measured and fitted effluent data in experiment 5 by second order 

reaction ODE model   

Measured data Fitting result 

Time (min) [Ba] (C/C0) Ceq kr (cm/s/molality) 

6 0.99 

0.365 

(=0.00019 m*) 

0.22 

51 1.01 0.16 

101 0.96 0.34 

201 0.82 1.15 
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404 0.75 1.79 

1146 0.64 3.43 

1251 0.63 3.66 

1351 0.62 4.10 

1551 0.61 4.29 

1731 0.61 4.32 

1951 0.57 5.48 

2601 0.54 7.11 

2801 0.53 7.73 

3001 0.50 9.90 

3251 0.52 8.56 

*The Ceq value calculated from SSP2019 is 0.00019m. 

 

 

Figure 34. Concenntration profile and effluent concentration fitting result in 

experiment 5 by ODE model. 

Based on the fitted rate constants, we can compare the calculated results with the 

measured data (Figure 35). The fitting result shows better recovery (76.5 %) then the 

measured one (38.4 %). The fitted deposition profile trend agrees well with the 
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measurement data. On the other hand, if we plot the 𝑘𝑟 values versus time, we can find a 

linear relationship shown in Figure 36: 

 

Figure 35. Calculated deposition profile versus measured data in experiment 5  

 

 

Figure 36. Fitted reaction rate constant versus experiment time in experiment 5 

The 𝑘𝑟 value increases linearly with time, which suggest that the barium sulfate 

deposition rate is a function of time. Also, in the very beginning (time < 200 mins), we can 
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observe an induction time period that suggests the beginning of deposition may be 

nucleation. 

3.4.2. Partial differential equation model of second order reaction 

To reach a better modelling, a PDE model is developed based on ODE model. 

According to the ODE fitting result, the reaction rate constant 𝑘𝑟 is linearly proportional 

to deposition time. Therefore, it is reasonable to express the 𝑘𝑟(𝑡)  as the following 

equation: 

 
𝑘𝑟(𝑡) = 𝑘𝑚

𝑟

2
(𝑎𝑡 + 𝑏) (106) 

where 𝑘𝑚 is the modelling reaction rate constant, 𝑎 and 𝑏 are the fitting constants. 𝑣 is the 

linear flow velocity (cm/s) and 𝑟  is the tubing radius (cm). In order to calculate the 

deposition rate profile, we need to reach the concentration profile in the flow first. The 

concentration profile 𝐶(𝑥, 𝑡)  is a function of both time and distance, which can be 

described as following: 

 𝜕𝐶(𝑥, 𝑡)

𝜕𝑡
+ 𝑣

𝜕𝐶(𝑥, 𝑡)

𝜕𝑥
= −𝑘𝑚(𝑎𝑡 + 𝑏)(𝐶(𝑥, 𝑡) − 𝐶𝑒𝑞)𝑛 (107) 

As previous discussion, barium sulfate crystal growth is a second order reaction. 

Thus, 𝑛 = 2 and the unit of  𝑘𝑚 is 1/s/molality. 

To fit the equation with experiment data, the solution of the partial differential 

equation need to be find out first. The following section is the process to reach the solution. 

 First, we can simplify the PDE equation by setting a term 𝑢(𝑥, 𝑡): 
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 𝑢(𝑥, 𝑡) = 𝐶(𝑥, 𝑡) − 𝐶𝑒𝑞 (108) 

Thus, the original equation (107) can be rewritten as: 

 𝜕𝑢(𝑥, 𝑡)

𝜕𝑡
= −𝑣

𝜕𝑢(𝑥, 𝑡)

𝜕𝑥
− 𝑘𝑚(𝑎𝑡 + 𝑏)𝑢(𝑥, 𝑡)2 (109) 

The solution of the partial differential equation follows the bellowing formula: 

 
∫

𝑑𝑢

𝑢(𝑥, 𝑡)2
= ∫ −𝑘𝑚(𝑎𝑡 + 𝑏)𝑑𝑡 + 𝛷(𝑣𝑡 − 𝑥) (110) 

That is, our target is to find out what is 𝛷(𝑣𝑡 − 𝑥). 

By integrating the equation (110), we can get: 

 −1

𝑢(𝑥, 𝑡)
= −𝑘𝑚 (

𝑎

2
𝑡2 + 𝑏𝑡) + 𝛷(𝑣𝑡 − 𝑥) (111) 

 
𝑢(𝑥, 𝑡) =

1

𝑘𝑚 (
𝑎
2 𝑡2 + 𝑏𝑡) − 𝛷(𝑣𝑡 − 𝑥)

 
(112) 

To solve the 𝛷(𝑣𝑡 − 𝑥) function, we need to use the boundary condition. The first 

boundary condition is: 

 𝑢(0,0) = 𝐶0 − 𝐶𝑒𝑞 (113) 

The physical meaning of first boundary condition is that when 𝑥 = 0, 𝑡 = 0, the 

solution has not yet entering the tubing and  has no reaction happened. Thus 𝐶(𝑥, 𝑡) = 𝐶0. 

Based on the first boundary condition, the equation can be written as: 
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𝑢(𝑥, 𝑡) =

1

𝑘𝑚 (
𝑎
2 𝑡2 + 𝑏𝑡) + 𝛷′(𝑣𝑡 − 𝑥) +

1
𝐶0 − 𝐶𝑒𝑞

 
(114) 

In order to solve 𝛷′(𝑣𝑡 − 𝑥) term, we need to introduce the second boundary 

condition: 

 𝑢(0, 𝑡) = 𝐶0 − 𝐶𝑒𝑞 (115) 

the physical meaning of second boundary condition is at any time 𝑡 , there is no 

precipitation happens in the beginning of tubing. The 𝛷′(𝑣𝑡 − 𝑥) can now be calculated 

as: 

 
𝛷′(𝑣𝑡) = −𝑘𝑚 (

𝑎

2
𝑡2 + 𝑏𝑡) = −𝑘𝑚 (

𝑎

2𝑣2
(𝑣𝑡)2 +

𝑏

𝑣
(𝑣𝑡)) (116) 

 
𝛷′(𝑣𝑡 − 𝑥) = −𝑘𝑚 (

𝑎

2
𝑡2 −

𝑎

𝑣
𝑥𝑡 +

𝑎

2𝑣2
𝑥2 + 𝑏𝑡 −

𝑏

𝑣
𝑥) (117) 

Therefore, the solution to the partial differential equation is: 

 
𝑢(𝑥, 𝑡) =

1

𝑘𝑚 (
𝑎
𝑣 𝑥𝑡 −

𝑎
2𝑣2 𝑥2 +

𝑏
𝑣 𝑥) +

1
𝐶0 − 𝐶𝑒𝑞

 
(118) 

 
𝐶(𝑥, 𝑡) =

1

𝑘𝑚 (
𝑎
𝑣 𝑥𝑡 −

𝑎
2𝑣2 𝑥2 +

𝑏
𝑣 𝑥) +

1
𝐶0 − 𝐶𝑒𝑞

+ 𝐶𝑒𝑞 
(119) 

The 𝑘𝑚  value fitted by equation (119) is shown in Table 12 and the 𝑘𝑟  value 

calculated from equation (106) is plotted in Figure 37. Furthermore, the 𝐶(𝑥, 𝑡) value 

calculated by equation (119) is shown in Fig 38: 
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Table 12. The fitted paratmeter of reaction rate constant in 2nd order PDE model  

  km 1.2327 1/sec/molality  

 a 0.0012 1/sec  

 b 0.50 1  

 

 

Figure 37. The fitted reacion rate constant in the PDE model 

 

Figure 38. The fitted 𝑪(𝒙, 𝒕) in experiment 5 by second order PDE model 
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To verify the fitting result, we can compare the 𝐶(𝑥 = 100 𝑐𝑚, 𝑡) data with the 

effluent barium concentration data in Figure 39: 

 

Figure 39. The measured effluent concentration compare with 𝑪(𝟏𝟎𝟎 , 𝒕) in PDE 

model fitting 

The fitting model agrees well with the measurement data, which suggests that the 

second order surface reaction is the main mechanism of barium sulfate deposition inside 

capillary tubing. The capability of PDE model are able to calculate the deposition rate at 

any time and any location inside the reaction tubing. The deposited mass and thickness 

profile is also available from the 𝐶(𝑥, 𝑡) function (Figure 40). The modelled barium sulfate 

recovery is 104.1%, agrees well with the experiment result. 
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Figure 40. The deposited mass and thickenss profile from second order PDE model 

3.4.3. Partial differential equation model at first order reaction 

Even though the barium sulfate crystal growth is reported as a second order reaction, 

it is still possible that the data is fitted well with first order reaction. Thus, first order partial 

deferential equation model is also needed to be verified. The first order surface growth 

equation is: 

 𝜕𝐶(𝑥, 𝑡)

𝜕𝑡
+ 𝑣

𝜕𝐶(𝑥, 𝑡)

𝜕𝑥
= −𝑘𝑚(𝑎𝑡 + 𝑏)(𝐶(𝑥, 𝑡) − 𝐶𝑒𝑞)1 (120) 

To solve this equation, firstly we set: 

 𝑢(𝑥, 𝑡) = 𝐶(𝑥, 𝑡) − 𝐶𝑒𝑞 
(121) 

thus the equation becomes: 

 𝜕𝑢(𝑥, 𝑡)

𝜕𝑡
= −𝑣

𝜕𝑢(𝑥, 𝑡)

𝜕𝑥
− 𝑘𝑚(𝑎𝑡 + 𝑏)𝑢(𝑥, 𝑡) 

(122) 

The solution formula of equation (122) can be written down as following: 
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𝑢(𝑥, 𝑡) = exp (∫ −𝑘𝑚(𝑎𝑡 + 𝑏)𝑑𝑡) ∙ 𝛷(𝑣𝑡 − 𝑥) (123) 

Two boundary conditions are required to solve the equation. The first condition is: 

 𝑢(0,0) = 𝐶0 − 𝐶𝑒𝑞 (124) 

Thus, the equation becomes: 

 𝑢(𝑥, 𝑡) = exp (−𝑘𝑚 (
𝑎

2
𝑡2 + 𝑏𝑡)) ∙ (𝛷′(𝑣𝑡 − 𝑥))(𝐶0 − 𝐶𝑒𝑞) 

(125) 

The second boundary condition is: 

 𝑢(0, 𝑡) = 𝐶0 − 𝐶𝑒𝑞 (126) 

Therefore, the 𝛷′ term can be calculated: 

 
𝛷′(𝑣𝑡) = 𝑘𝑚 (

𝑎

2
𝑡2 + 𝑏𝑡) = 𝑘𝑚(

𝑎

2𝑣2
(𝑣𝑡)2 +

𝑏

𝑣
(𝑣𝑡)) (127) 

That is, 𝛷′(𝑣𝑡 − 𝑥) can be described as: 

 
𝛷′(𝑣𝑡 − 𝑥) = 𝑘𝑚(

𝑎

2
𝑡2 −

𝑎

𝑣
𝑡𝑥 +

𝑎

2𝑣2
𝑥2 + 𝑏𝑡 −

𝑏

𝑣
𝑥) (128) 

 
𝑢(𝑥, 𝑡) = exp (𝑘𝑚 (−

𝑎

𝑣
𝑡𝑥 +

𝑎

2𝑣2
𝑥2 −

𝑏

𝑣
𝑥))(𝐶0 − 𝐶𝑒𝑞) (129) 

Finally, the solution of the first order partial differential equation is: 

 
𝐶(𝑥, 𝑡) = exp (𝑘𝑚 (−

𝑎

𝑣
𝑡𝑥 +

𝑎

2𝑣2
𝑥2 −

𝑏

𝑣
𝑥)) (𝐶0 − 𝐶𝑒𝑞) + 𝐶𝑒𝑞 (130) 
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For the first order partial differential equation solution, we can also fit the 

experiment. 5 data to get the value of 𝑘𝑚, 𝑎 and 𝑏 (Table 13 and Figure 41): 

Table 13. The fitted paratmeter of reaction rate constant in 1st order PDE model 

  km 5.0117 1/sec  

 a 3.88×10-8 1/sec  

 b 0.001362 1  

 

 

Figure 41. The fitted reacion rate constant in 1st and 2nd  PDE model 

The fitting result of first order reaction shows a non-zero reaction rate at t = 0, 

which is not possible. By plotting the 𝐶(𝑥, 𝑡) in Figure 42, the fitted result of first order 

equation is not reasonable. Even though it is not the boundary condition, the value of 

𝐶(𝑥, 0) are supposed to be equal to 𝐶0 since at time = 0 sec there should be no deposition 

take placed yet, and the deposition rate should also be zero. The fitted result suggest that 

the first order surface reaction may not be appropriate to explain the barium sulfate 

deposition inside capillary tubing. 
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Figure 42. The fitted 𝑪(𝒙, 𝒕) in experiment 5 by first order PDE model 

3.5. Quarter inch tubing results and discussion 

The normal scale problems begin with a thin scale layer on the tubing wall. Usually, 

the scale layer only covers a small fraction of cross-section area, which is opposite to the 

observation in capillary tubing experiments. Therefore, we use a quarter inch pipe as the 

new experiment approach. The results of quarter inch tubing experiments give us an 

opposite view of deposition kinetics. The results are discussed in the following sections. 
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3.5.1. Experiment summary 

Table 14. Quarter-inch tubing experiment list 

No. SI value 
Temp. 

(C) 

Induction 

Time 
(sec) 

[Ca] 

(m) 

Tubing 

material 
[SO42-] 
/[Ba2+] 

Flow 

rate 
(ml/hr) 

Reaction 

Time 
(sec) 

Duration 

time 
(hr) 

SI value at 

last data 
point 

[Ba2+] at 

last data 
point (m) 

Recovery 

(%) 
Design 

1q 1.0 120 198 0.0 316SS 1.0 160 466 48.1 0.32 0.000300 78.1 E 

2q 1.0 120 198 0.0 316SS 1.0 320 233 43.4 0.35 0.000311 103.2 E 

3q 0.9 120 433 0.0 316SS 1.0 240 311 44.5 0.33 0.000304 98.1 F 

4q 0.9 120 433 0.0 316SS 1.0 480 155 10.5 0.60 0.000418 N/A F 

5q 0.9 120 433 0.0 316SS 1.0 240 311 1.1 0.77 0.000506 78.8 F 

6q 0.9 120 433 0.0 316SS 1.0 720 103 29.0 0.58 0.000406 80.7 F 

7q 0.9 120 433 0.0 316SS 1.0 240 311 209 0.24 0.000276 82.4 F 

8q 0.9 120 524 0.1 316SS 5.0 240 311 48.0 0.54 0.000170 86.7 F 

9q+ 0.9 120 524 0.1 Mild steel 1.0 240 228 75.8 0.67 0.000602 74.1 F 

10q+ 0.9 120 524 0.1 PTFE 1.0 240 228 48 0.71 0.000630 81.2 F 

11q 0.9 120 433-524 0-0.1 316SS 1.0 240 311 120 N/A N/A N/A F 

12q* 1.36-0.76 50-160 N/A 0.1 316SS 1.0 240 311 N/A N/A N/A N/A F 

13q= 1.08-0.60 50-120 N/A 0.1 316SS 1.0 160 161 N/A N/A N/A N/A F 

14q= N/A 50-150 N/A 0.1 316SS 1.0 160 161 N/A N/A N/A N/A F 
+: The experiment 9q and 10q were conducted in tubing with ID = 0.18 inch. 

*: The experiment 12q was run in the tubing partially coated with barite by experiment 10q. 
=: The experiments 13q and 14q were run in the tubing fully covered with barite. 

3.5.2. Apparatus design and improvement 

In the quarter inch tubing experiments, the apparatus design is also improving with 

the research progress. According to experiment 16, the barium sulfate deposits in the 1/16” 

PTFE tubing. The result points out there might be barite deposition inside the cold bath 

1/16” PTFE tubing. In experiment 2q, the barite crystals are observed inside the cold-bath 

PTFE tubing (Design E). The deposition fraction inside the PTFE tubing is measured 

(Figure 43). About 21.7% of total deposited barite is found in the PTFE tubing, and 68.4 

% is in the reaction tubing. Furthermore, only 1.5 % barite is found in the first 20 cm PTFE 

tubing. The results suggests a shorter connection tubing gives better recovery. Therefore, 

in the new design of apparatus, a 15 cm 1/8” OD PTFE tubing is used to connect the mixing 

tee and reaction tubing (Figure 8) (Design F). 
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Figure 43. The barite amount measured in connection PTFE tubing 

3.5.3. Measured rates of deposition and amounts of barite 

The tubing was cut into 5 cm length sections and put into 0.05 m DTPA solution at 

80 ℃ for 3-4 days to measure the amounts of barite. The barium concentration in the DTPA 

solution is diluted and measured with ICP-OES. The amounts of deposited barite were 

calculated from the measured concentrations. The measured rates of deposition were 

calculated from the amount of deposited barite (g) divided by the tubing surface area (m2) 

and the deposition time (day), which can be stated as follows: 

 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑔/𝑚2/𝑑𝑎𝑦)

=  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐵𝑎𝑆𝑂4 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 (𝑔)

𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑑𝑎𝑦) × 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2)
 

(131) 
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3.5.4. Deposition kinetics in clean tubing 

As opposite to capillary tubing experiments, the effluent concentration in quarter 

inch tubing experiment changes with flow rate. In Figure 44, the effluent concentration 

increases at higher flow rate. The following heterogeneous reaction rate equation can 

model this result: 

 
𝐶𝑒𝑓𝑓 = 𝐶eq + (𝐶0 − 𝐶eq)𝑒−𝑘𝑟

𝐴
𝑉

𝑡 = 𝐶eq + (𝐶0 − 𝐶eq)𝑒
−𝑘𝑟

2𝜋𝑟
𝑄

𝑥
 (132) 

where 𝐶𝑒𝑓𝑓  is the effluent concentration of barium (molality). 𝐶eq  is the equilibrium 

concentration of barium (molality). 𝐶0 is the initial concentration of barium ion (molality). 

𝑘𝑟 is the heterogeneous reaction rate constant (cm/sec). 𝐴 is the tubing wall surface area 

(cm2). 𝑉 is the total volume inside the reaction tubing (cm3). 𝑡 is the residence time in 

reaction tubing (sec). 𝑄 is the flow rate (cm3/sec) and 𝑥 is the location inside the reaction 

tubing (cm). This model assumes steady-state condition inside the quarter inch tubing. This 

assumption is supported by data (Figure 47).  

Equation (5) can also be reached from the integration of the deposition rate, where: 

 
𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =

𝑑𝐶(𝑥)

𝑑𝑡
= −𝑘𝑟

A

𝑉
(𝐶(𝑥) − 𝐶𝑒𝑞) (133) 

where 𝑑𝑡 is equal to 𝜋𝑟2𝑑𝑥 𝑄⁄ . The deposition rate represent how fast the barium sulfate 

leave the solution and deposit on the surface. This equation indicates that the deposition 

rate is proportional to the supersaturation term (𝐶(𝑥) − 𝐶𝑒𝑞).  
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The changes in the effluent barium concentrations for the experiments 1q and 3q to 

6q are plotted in Figure 44. For experiments 1q, 3q and 6q, the effluent concentrations 

dropped rapidly in the first 10 hours of deposition and then approached to a steady-state 

level. The effluent concentrations are higher with a faster flow rate, which suggest the 

longer reaction time will lead to more depletion in the solution. This result corresponds 

with equation (132), with the same deposition rate constant 𝑘𝑟 (which implies the same 

temperature and pressure), a faster flow rate Q will lead to a higher effluent concentration 

𝐶(𝑥)  (𝑥  = tubing length 𝐿). To further analysis the data, the heterogeneous reaction 

equation (equation (132)) was used to calculate the deposition rate constants from the 

effluent concentrations. The log value of deposition rate constants log (𝑘𝑟)  in experiment 

1q and 3q to 7q are plotted in Figure 45 and Figure 46.  

In Figure 45, the all log (𝑘𝑟) values can be divided into two phases, a rapid growing 

phase (before 10.0 hr) followed by a steady-state deposition phase (after 10.0 hr). In the 

steady-state phase, the values of reaction rate constants were similar among the 

experiments regardless of the different flow rates (160 ml/hr to 720 ml/hr), SI values (0.9 

and 1.0) and anion/cation ratio ([SO4
2-]/[Ba2+] = 1.0 or 5.0), which suggests that once the 

deposition reaches a steady-state, the reaction may be governed by the same process. In the 

rapid growing phase, the deposition rate constants increased with the crystal surface; in the 

steady-state phase the deposition rate constants were governed by the transportation, thus 

stay in a similar level.  
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Figure 44. Effluent concentration data in experiment 1q and 3q to 6q (Flow rate = 

160 / 240 / 480 / 240 / 720 ml/hr) 

 

 

Figure 45. The log value of deposition rate constants, log(kr) in experiments 1q and 

3q to 6q. 
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Figure 46. The barium effluent concentrations and log values of deposition rate 

constants, log(kr) in experiment 7q. 
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Figure 47. The measrued rates of deposition along with the tubing in experiments 3q 

and 5q to 8q 

For all experiments 1q and 3q to 7q, the amounts of barite crystals deposited inside 

the tubing were directly measured (Figure 47). The measured rates of deposition along with 

the pipe were calculated from the amount of deposited barite by equation (131). Table 14 

shows mass-balance recoveries range from 78% to 98% in experiments 1q to 7q. 

Experiment 7q shows slow deposition rates (< 2.0 g/m2/day). Experiment 3q, 5q, and 6q 

show deposition rates range from 5 to 45 g/m2/day. Experiment 8q shows a slightly lower 

deposition rates range from 4 to 25 g/m2/day along with the pipe. The increase of the 

measured rates of deposition from the second (5-10 cm) data point to the third (10-15 cm) 
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point can be explained by the increase of the temperature, where the temperature of the 

solution increase from 4 ℃ to 120 ℃ between the entrance to the 10 cm spot. This result 

suggests that temperature shows a significant effect on deposition kinetics, which will be 

further discussed in partially covered tubing experiments. The higher deposition rate at the 

first (0-5 cm) data point and the last two (80-85, 85-92.7 cm) data points can be explained 

by the change of tubing inner radius (ID) between the stainless steel tubing and the PTFE 

tubing.  

The effluent SI values and effluent barium concentrations at the last data point are 

listed in Table 14. In Figure 47, the low measured rates of deposition in experiment 5q is 

consistent with previous discussion that at the beginning of growing phase, the effluent 

concentration (0.000506 m) is close to the injection barium level (0.000585 m) (Figure 44). 

For experiment 3q and 7q (44.5 hr and 209 hr), the measured rates of deposition from 15 

cm to 80 cm are similar, which suggest the deposition rates are not a function of time once 

the effluents reach a steady-state level. This result is consistent with the effluent 

concentration data, where effluent concentrations and log(kr) values shows the same level 

in experiment 3q and 7q after 10 hour deposition (Figure 45 and Figure 46). The last point 

barium concentrations in experiment 3q and 7q are also similar (0.000303 and 0.000276 

m, respectively). A predicted steady-state deposition rates using the 𝑘𝑟  from experiment 

3q is also plotted in Figure 47, which shows a good match with the measured deposition 

rate in experiments 3q and 7q. (The temperature at 0 to 10 cm were calculated from heat 

transfer, the 𝑘𝑟 value at first 10 cm were calculated from the results of experiment 12q.) 

Furthermore, in the middle part of the tubing (15 to 80 cm), the deposition rates in 

experiments 3q, 7q, and 8q decrease exponentially with the distance. This decreasing trend 
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of deposition rates along with the tubing corresponds well with the prediction from 

equation (132) and (133). In equation (133), the deposition rate is proportional to the 

𝐶(𝑥) − 𝐶𝑒𝑞. Take experiment 4 as example, at the injection the 𝐶(𝑥 = 0) − 𝐶𝑒𝑞value is 

0.000377 m, the 𝐶(𝑥 = 𝐿) − 𝐶𝑒𝑞  value at the last data point is 0.000096 m, which is 

approximately differed by 4 times. The measured rates of deposition in Figure 49a agrees 

that the deposition rate is about 4 times higher at the beginning than the end of the tubing. 

Also, equation (133) suggests that the 𝐶(𝑥) − 𝐶𝑒𝑞 term decreases exponentially along with 

the tubing, which means the deposition rate will also decreases exponentially according to 

equation (133). The measured rates of deposition shows the same trend as the prediction 

from equations (132) and (133) in Figure 47, which verify the deposition rates along with 

the tubing can be described by the heterogeneous reaction equation. The decreasing 

deposition rate also related to the crystal sizes and number densities along with the tubing, 

which will be discussed later. 

In Figure 47, the measured rates of deposition in experiment 6q shows the peak 

deposition rate extends from 20 cm to 40 cm, which suggests that the flow spread out the 

deposited barite at a faster flow rate (720 ml/hr). From 40 cm to 80 cm, the deposition rate 

in experiment 6q shows a similar decreasing trend but with a faster deposition rate 

compared with experiment 3q. The faster flow rates correlate to the higher effluent 

concentrations in experiment 6q in Figure 45. The higher effluent concentration represents 

a faster deposition rate in the tubing according to equation (133). The measured rates of 

deposition in experiment 8q are slower compared to experiments 3q, which can be 

explained by the different anion/cation ratio ([SO4
2-]/[Ba2+] = 5.0) lead to less deposable 

mass. 



 
88 

3.5.5. Crystallization process in deposition 

To further investigate the crystallization process in deposition, the crystal 

morphologies were observed using scanning electron microscopy (SEM). Figure 50 

presents the image of barite crystals image after the deposition in experiments 4q to 7q. 

The barite crystals are orthorhombic and homogeneously dispersed on the tubing wall. 

Both the number density and crystal size of barite crystals increase with the deposition time. 

At 1.1 hr, the diameter of the barite crystal is approximately 10 μm. At 10.5 to 29.0 hr, the 

crystal sizes are approximately and uniformed 40 to 60 μm. After 209 hr, 100 to 300 μm 

size barite particles were found on the tubing wall. The crystals fused into larger crystals 

and generate the diversity in particle size. The SEM images indicate that the barium sulfate 

deposition is a crystal growth process. 
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Figure 48. Deposition rate profile in experiment 5q, 4q, 6q and 7q at 39-40 cm with 

deposition times (a) 1.1 hr, (b) 10.5 hr, (c) 29.0 hr and (d) 209 hr. (*Image (d) is the 

SEM image of fall-off barite crystals.)  

Figure 49 shows the barite crystals along with the tubing in experiments 4q and 6q 

after 10.5, and 29.0 hours of deposition. In the images, all of the barite crystals have similar 

crystal morphology (orthorhombic). The crystals have a smaller size and higher particle 

number density in the beginning part of the tubing. On the other hand, the crystal size is 

larger, and the number density is lower in the latter part (30 to 100 cm) of the tubing. 

(a) Exp. 5q time = 1.1 hr, 800X  (b) Exp. 4q Time = 10.5 hr, 200X 

(c) Exp. 6q Time = 29.0 hr, 200X (d) Exp. 7q Time = 209 hr, 200X* 
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Figure 49. The 800 times magnified SEM images of experiments 4q and 6q for 10.5 

and 29.0 hr deposition at locations (a,e) 14-15 cm, (b,f) 34-35 cm, (c,g) 59-60 cm and 

(d,h) 74-75 cm.  

The ImageJ software was used to analyze the particle size and the number density 

on SEM image in experiments 4q to 7q. Figure D in Supporting Information shows the 

analysis process of particle sizes and number densities on SEM images. A certain area was 

chosen, and the crystals in this area are labeled. The surface areas of the labeled crystals 

are then calculated by the software as the projected particle areas (𝜇𝑚2). The equations 

(134) to (136) shows the calculation of the projected area diameter (𝜇𝑚2) (Fan & Zhu, 

2005) and the effective number density (#/𝑐𝑚2), which will be further discussed later. The 

volume of deposited barite is calculated from the amount of deposited barite inside the 

tubing. The value of the barite density used in this calculation is 4.48 𝑔/𝑐𝑚3. 

 

Exp. 6q Time = 29.0 hr, 800X 

(f)  (g)  (h)  (e)  

(c)  (d)  

Exp. 4q Time = 10.5 hr, 800X 

(b)  (a)  
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𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = √
4 × 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎

𝜋
 (134) 

 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 =
𝜋

6
(𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑑𝑖𝑎𝑚𝑡𝑒𝑟)3 

(135) 

 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

=  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑏𝑎𝑟𝑖𝑡𝑒 (𝑐𝑚3) 

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3) × 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑐𝑚2)
 

(136) 

 
Figure 50. The (a) mean projected area diameter and (b) effective number density of 

barite particles in experiments 4q to 7q with 1.1, 10.5, 29.0, and 209 hr of deposition. 

 

(a) 

(b) 
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Figure 50a shows the barite crystal size along with the tubing with various 

deposition times. According to the results, the crystal size grows larger with time. Figure 

50b provides information about the effective number density of crystals. In experiment 7q 

(209 hr), it shows a lower number density than experiment 6q (29.0 hr) because of the 

crystal aggregation – the limitation of surface area forces the crystals to fuse with each 

other, thus decreasing the effective number density. The effective number densities in 

experiments 5q (1.1 hr), 4q (10.5 hr), and 6q (29.0 hr) increase with the time, which 

suggests that not only the particle size but also the number of crystals increases during the 

barite deposition. In Figure 49 and 50b, experiments 4q and 6q show a decreasing trend of 

particle number density along with the tubing. This decreasing trend corresponds with the 

decreasing of supersaturation ratio in solution along with the pipe, which could be furthered 

explained by the classical nucleation theory as follows.  

In the classical nucleation theory (Nielsen, 1964; Lasaga, 1998; Dai, et al., 2019) 

the nucleation rate in the aqueous phase can be expressed as: 

 
𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 =

2𝐷

𝑑5
exp (−

16𝜋𝑉2𝜎𝑁𝐿
3𝑁𝐴

3

3𝑅3𝑇3(𝑙𝑛Ω)2
) (137) 

where 𝐼𝑎𝑞𝑢𝑒𝑜𝑢𝑠 is the nucleation rate in the aqueous phase (#/m3/s). 𝐷 is the ion diffusion 

coefficient in aqueous solution, and d is the ion molecular diameter. 𝜎𝑁𝐿 is the nucleus-

liquid interfacial energy  (J/m2) . 𝑉 is the molar volume (m3). 𝑁𝐴 is Avogadro’s number. 𝑅 

is the ideal gas constant (8.314 J/mol/K). T is temperature (Kelvin), and Ω  is the 

supersaturation ratio. 
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In equation (140), the nucleation rate is defined as the number of nuclei that form per unit 

time per unit space (#/m3/s). The nucleation rate decreases with (lnΩ)2, which means the 

number density of particles formed from nucleation also decreases with the supersaturation 

ratio. According to equations (135), the supersaturation of the solution decreases with the 

distance in the pipe. The decreasing trend of number densities in experiments 4q (10.5 hr) 

& 6q (29.0 hr) corresponds with the nucleation rates from the classical nucleation theory. 

This result indicates the nucleation may be the first step of the barium sulfate deposition. 

On the other hand, this decreasing trend is not found in experiment 5q (1.1 hr) because of 

that at the beginning stage, (only 1.1 hr after the deposition begin) the supersaturation ratio 

of the solution in the pipe was consistent from the tubing entrance to the end. In experiment 

7q (209 hr), the extended time and the limited surface area lead to the crystals aggregation, 

thus decrease the number densities (Figure 50d). Additional SEM images of experiments 

5q and 7q are shown in Figure 51 and 52. 
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Figure 51. The SEM image of experiment 5q for 1.1 hr at different locations (a) 14-

15 cm, (b) 39-40 cm, (c) 64-65 cm and (d) 89-90 cm. 

 

(a) Exp. 5q Time = 1.1 h, 14-15 cm 3000X  (b) Exp. 5q Time = 1.1 h, 39-40 cm 3000X 

(c) Exp. 5q Time = 1.1 h, 64-65 cm 3000X (d) Exp. 5q Time = 1.1 h, 74-75 cm 3000X 
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Figure 52. The SEM image of experiment 7q for 209 hr at different locations (a) 9-

10 cm, (b) 34-35 cm, (c) 59-60 cm and (d) 89-90 cm. (+The shadows in the image (b) 

are the positions occupied by fall-off barite crystals.)(*Images (c) & (d) are the SEM 

images of fall-off barite crystals.) 

 
 

 

 

(a) Exp. 7q Time = 209 h, 9-10 cm 200X  (b) Exp. 7q Time = 209 h, 34-35 cm 200X+ 

(c) Exp. 7q Time = 209 h, 59-60 cm 200X* (d) Exp. 7q Time = 209 h, 89-90 cm 200X* 
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3.5.6. Deposition versus tubing material 

The barium sulfate deposition in quarter inch PTFE and mild steel tubing are also 

tested. In Figure 53 and 54, the data shows different results from the capillary tubing 

experiments. The deposition rate in PTFE tubing is slower than the in the stainless steel 

one. In experiment 9q, the mild steel is treated with C 3.5 reagent (500 ml hydrochloric 

acid with 3.5 g hexamethylene tetramine than add DI water to 1000 ml) for 20 minutes at 

room temperature to remove the grease. The SEM image in Figure 55 reveals that the 

morphology of barite is plate shape and covered with iron oxide (rust). The rust decrease 

the contact area of crystal and solution. Thus, the existence of rust may lower the deposition 

rate in mild steel tubing. The result suggests a competition relationship between scale 

deposition and tubing corrosion. 

 

Figure 53. Effluent concentration data of experiment 3q, 8q and 9q 
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Figure 54. Deposition rate profile data of experiment 3q, 8q and 9q 

 

 

Figure 55. SEM image of barite crystal morphology in experiment 9q (mild steel) 

Exp. 9q time = 48 hr, 79-80 cm 200X Exp. 9q time = 48 hr, 79-80 cm 800X 

 

Exp. 9q time = 48 hr, 19-20 cm 200X Exp. 9q time = 48 hr, 19-20 cm 3000X 
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For the PTFE tubing test, there is no difference between 0.04” stainless steel tubing 

and 0.03” PTFE tubing (Figure 21). However, in 0.18” ID PTFE the deposition rate is 

extremely low compare to 0.21” ID stainless steel tubing. The possible reasons are the 

curvature difference and the hydrophobicity caused by different type of PTFE. The Figure 

58 shows the contact angle of water drop on the 0.03” ID PTFE tubing and 0.18” ID PTFE 

tubing. The result suggest the capillary PTFE tubing is more hydrophobic. In literature, it 

is proved that hydrophobicity enhances the heterogeneous nucleation (Dai, et al., 2016). In 

the SEM image, Figure 57 shows that barite crystal can be occasionally found on the PTFE 

tubing wall. The result may suggests that with enough time, the deposition will take place 

and covered the PTFE tubing. 

 

Figure 56. The water contact angle on capillary and quarter-inch PTFE tubing 

 

Capillary PTFE tubing Quarter-inch PTFE tubing 
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Figure 57. SEM image of barite crystal in experiment 10q (quarter-inch PTFE 

tubing) 

3.5.7. Deposition versus calcium ion concentration 

Calcium ion concentration is a significant parameter in scale deposition control. 

The scale inhibitors may show less inhibition with the present of calcium ion. Thus, the 

scale deposition rate tests should include calcium ion as background. The calcium ion 

effect on deposition rate is tested. The [Ca+2] from 0.003 m (120 ppm, ~5 times to barium 

ion) to 0.1 m (4000 ppm) are used under SI value = 0.9 at 120 ℃. The result in Figure 58 

suggests that calcium has no effect on barium sulfate deposition. The 0.0025 m pipes as 

buffer also shows no effect on deposition rate. 

 

Exp. 10q time = 48 hr, 4-5 cm 200X Exp. 10q time = 48 hr, 39-40 cm 200X 
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Figure 58. The effluent concentration data in experiment 11q with various [Ca+2] 

concentration under SI = 0.9. 

 

3.5.8. Deposition kinetics in partially covered tubing 

In this part, the deposition kinetics are characterized by deposition rate constants 

calculated from the measured effluent barium concentrations in equation (132). The 

Graetz-Nusselt theory is used to provide theoretical diffusion-controlled rate constants. 

The measured deposition rate constants are compared with theoretical diffusion-controlled 

rate constant to verify whether deposition in the flow loop is diffusion-controlled. 

[Ca+2] = 0 ppm 0.003 ppm 0.025 ppm 0.1 ppm 0.1 ppm 
+ 0.0025m pipes 
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Figure 59. The effluent concentration data in experiment 12q with the same 

composition under various SI and temperature 

 

Figure 60. The calculated Sherwood number from 52 to 163 ℃ in experiment 12q. 

Figure 59 shows the measured effluent barium concentrations in experiment 8, in 

which the partially covered tubing was used. This experiment is conducted at 52 to 163 ℃. 

The equilibrium barium concentrations and SI values calculated from ScaleSoftPitzer2019 

are also plotted in Figure 59. According to equation (132), the lower the effluent 

concentration, the higher the deposition rate constant. That is, the deposition rates increase 

with temperature but do not increase with the SI values (Figure 59). 
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The diffusion-controlled rate constants calculated from Graetz-Nusselt theory were 

compared with the calculated deposition rate constants from the effluent concentrations. 

The theoretical diffusion-controlled rate constants from Graetz-Nusselt theory can be 

expressed as follows (Cussler & Cussler, 2009): 

 
𝑆ℎ =

𝑘𝑎𝑣𝑔𝑑

𝐷
= 1.62(𝑅𝑒)

1
3(𝑆𝑐)

1
3(

𝑑

𝐿
)

1
3 = (

𝑑2𝑣

𝐷𝐿
)1/3 (138) 

where 𝑘𝑎𝑣𝑔 (cm/sec) is the averaged diffusion-controlled rate constant along the pipe in 

laminar flow. 𝑆ℎ is the Sherwood number, , 𝑑 is the inside diameter of the tubing (0.5334 

cm), 𝐷 is the diffusion coefficient of ions (cm2/sec), 𝑅𝑒 is the Reynolds number, 𝑆𝑐 is the 

Schmidt number, 𝐿 is the length of partially covered tubing (92.7 cm), 𝑣 is the linear flow 

velocity (0.30 cm/sec). According to equation (138), the averaged diffusion-controlled rate 

constant can be calculated from the Sherwood number, tubing inner diameter, and ion 

diffusion coefficient. The calculated Sherwood number at temperatures from 52 to 163 ℃ 

is plotted in Figure 62. 

In barium sulfate deposition, the reaction can be stated as follows: 

 𝐵𝑎(𝑎𝑞)
2+ + 𝑆𝑂4(𝑎𝑞)

2− → 𝐵𝑎𝑆𝑂4 (𝑛𝑢𝑐𝑙𝑒𝑖) 
(139) 

which indicates that the diffusion coefficient in equation (138) should be the coupled 

barium-sulfate ion diffusion coefficient. The coupled ion diffusion coefficient can be 

calculated from the reduce-mass equation: 

 
𝐷𝑎𝑏 =

|𝑧𝑎𝑧𝑏|𝐷𝑎𝐷𝑏

|𝑧𝑎|𝐷𝑎 + |𝑧𝑏|𝐷𝑏
 (140) 
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where 𝐷𝑎𝑏  (cm2/sec) is the coupled ion diffusion coefficient, 𝑧𝑎  and 𝑧𝑏  are the valence 

charge of the cation and anion, 𝐷𝑎 and 𝐷𝑏 are the diffusion coefficients (cm2/sec) of the 

cation and anion. The ion diffusion coefficient of 𝐵𝑎2+ and 𝑆𝑂4
2− are from Lasaga 1998. 

The calculated diffusion coefficients of 𝐵𝑎2+, 𝑆𝑂4
2− and 𝐵𝑎2+ − 𝑆𝑂4

2− coupled ions are 

plotted in Figure 61. 

 

Figure 61. The calculated diffusion coefficient of Ba+2, Ca+2, BaSO4(aq) and BaSO4(aq) 

corrected with solution viscosity 

According to the Stokes-Einstein equation, the diffusion coefficient is inversely 

proportional to the solution viscosity. The diffusion coefficient for a barium sulfate 

coupled-ion is therefore corrected with the brine viscosity. The following equation is used: 

 𝐷𝑎𝑏, 𝑏𝑟𝑖𝑛𝑒 = 𝐷𝑎𝑏, 𝐷𝐼

𝜇𝐷𝐼

𝜇𝑏𝑟𝑖𝑛𝑒
 

(141) 

where 𝐷𝑎𝑏, 𝑏𝑟𝑖𝑛𝑒 and 𝐷𝑎𝑏, 𝐷𝐼 are the diffusion coefficients of coupled ion in brine solution 

and DI water.  𝜇𝑏𝑟𝑖𝑛𝑒, 𝜇𝐷𝐼 are the viscosities of brine solution and DI water. The viscosities 
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of brine and DI water are calculated from ScaleSoftPitzer2019. The calculated diffusion 

coefficients are also plotted in Figure 61. The coupled-ion diffusion coefficient ranges from 

2 × 10−5 to 1 × 10−4 cm/s at 52 to 163 ℃.  

Figure 61 shows the deposition rate constants in experiment 12q compared with the 

diffusion-controlled rate constants. The result shows that the deposition rate constants 

calculated from measured effluent barium concentrations are slightly lower than the 

predicted values from Graetz-Nusselt theory, but the difference is negligible small. 

Therefore, the result suggests that the barium sulfate deposition is governed by coupled-

ion diffusion. This result also indicates that the deposition reaction is transport-controlled, 

which is different from previous studies that proposed the barite crystal growth is surface-

controlled (Liu & Nancollas, 1975; Nancollas, Liu, & others, 1975; Lasaga, 1998). The 

predicted log (𝑘𝑟) value from Graetz-Nusselt theory at 120 ℃ in the presence of 1 m NaCl 

is -3.35 (𝑘𝑟 = 0.0004504 cm/s), which is also consistent with the results in steady-state 

phase in experiments 1q, 3q, 6q, and 7q (Figure 45 and Figure 46). In experiment 8q, due 

to the anion/cation ratio ([SO4
2-]/[Ba2+] = 5.0), there will be less chance of the  barium-

sulfate ion coupling. This fact lead to the smaller deposition rate constant in experiment 8q 

that the log (𝑘𝑟) value is -3.5 in the steady-state phase.  

In Figure 62, the measured reaction rate constants are also fitted with Arrhenius 

equation: 

 𝑘𝑟 = 𝐴0𝑒−𝐸𝑎/𝑅𝑇 
(142) 
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where 𝐴0  is the pre-exponential term (cm/sec). 𝐸𝑎  is the activation energy (J). 𝑅 is the 

Boltzmann constant (J/K) and 𝑇 is the temperature (K). The fitted parameters are listed in 

Table. 15: 

Table 15. The fitted parameter of corrected diffusion coefficient 

  𝐴0 0.014541 cm/sec  

 𝐸𝑎 12154.5 J  

 

 

Figure 62. The calculated deposition rate constants based on effluent concentrations 

in experiment 12q (with 95% prediction bands) and the theoretical diffusion-

controlled rate constants. 
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3.5.9. Deposition kinetics in fully covered tubing 

In experiment 10, tubing fully covered with barite crystals was used to verify the 

diffusion-controlled mechanism in the presence of the barite scale layer. 

 

Figure 63. The calculated deposition/dissolution rate constants and the theoretical 

diffusion-controlled rate constants in (a) experiment 13q (deposition in tubing fully 

covered with barite). (b) experiment 14q (dissolution in tubing fully covered with 

barite).  

Figure 63a shows the calculated deposition rate constants from effluent 

concentrations in experiment 13q (tubing fully covered with barite) compared with the 

coupled-ion diffusion-controlled rate constant. The result suggests that the deposition rate 

constants are larger than the theoretical ones. The result can be attributed to the additional 

crystal surface area. The increased area leads to a faster overall deposition rate.  

The barite dissolution rate in the fully covered tubing is measured to verify the 

increasing surface area hypothesis. In experiment 14q, the same fully covered tubing was 

injected with 1.0 m NaCl and 0.1 m calcium solution. The effluents of barium 

concentrations were measured at 50 to 150 ℃. The calculated dissolution rate constants 

(a) (b) 
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are plotted in Figure 63b. The result shows that the experimental dissolution rate constants 

are also higher than the theoretical diffusion-controlled dissolution rate constants. 

Based on equation (132), the heterogeneous reaction equation can be rewritten as: 

 
𝐶(𝑥) = 𝐶𝑒𝑞 + (𝐶0 − 𝐶𝑒𝑞)𝑒

−𝑘𝑟
A
𝑄 (143) 

where A = 2𝜋𝑟𝐿 , is the reaction surface area. The required surface area for the 

experimental dissolution rate can be calculated from equation (143). The calculated 

required surface area is expressed as the area ratio, which is defined as the required surface 

area over the original tubing surface area, where the area ratio in fully covered tubing is 

2.28. This result suggests that the surface area in fully covered tubing is 2.28 times larger 

than the surface area in the partially covered tubing. The dissolution experiment shows that 

the additional crystal surface area increases the barite deposition rates. 

3.6. Conclusions  

Understanding the deposition process and the kinetics is essential for deposition 

prediction in the flow pipe and oil well. The barium sulfate deposition has been 

systematically studied in a flow loop apparatus at related industrial conditions. SEM 

observations of the barite crystal morphology and changes in size show that crystallization 

is the main mechanism in barium sulfate deposition. The observed phenomena that particle 

number density increases with the solution SI value implies that the nucleation process may 

trigger the barium sulfate deposition.  
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For the analysis of kinetics, our result suggests that the deposition is a transport-

controlled process in the quarter inch OD tubing and a surface-controlled process in the 

capillary tubing. For the application in the industrial field, the transport-controlled 

mechanism in the quarter inch OD tubing is more reliable and realistic because of the 

tubing size. By comparing with the theoretical diffusion-controlled rate constants from 

Graetz-Nusselt theory, the barium sulfate deposition in a laminar flow quarter inch OD 

tubing is a diffusion-controlled process. The deposition rate constants in partially covered 

tubing are equal to the theoretical diffusion-controlled rate constants. The deposition in 

fully covered tubing shows that with the additional crystal surface area, the overall 

deposition rate will be increased. A heterogeneous reaction equation is used with the 

deposition rate constant 𝑘𝑟(𝑇, 𝑃) to predict the deposition rates along with the pipe. 
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Chapter 4 

Barium sulfate deposition inhibition* 

*Part of this chapter is modified from the author’s paper (2019) (Lu, et al., 2019)  

4.1. Introduction 

In industries, scale deposition is a serious problem for liquid transportation, water 

treatment, mixing, and heat transfer processes (Li & Vidic, 2011; Amjad & Demadis, 2015; 

Olajire, 2015). Scale inhibitors are widely used to solve the deposition problem in oil fields 

(Nancollas & Sawada., 1982; Tomson & Fu, 2004; Kelland, 2014), desalination (Gill J. S., 

1999; Al-Hamzah & Fellows, 2015) and water distribution systems (Guan, 2007). For 

example, polyaspartic acid (PASP) and amino trimethylene phosphonic acid are used in 

circulating cooling water system (Liu, et al., 2013), sodium hexa-meta-phosphate (SHMP) 

was used in RO units (Butt, Rahman, & Baduruthamal, 1995) and maleic acid-acrylic 

acid/acrylamide copolymers were tested to prevent calcium sulfate in high temperature 

reservoir (Senthilmurugan, Ghosh, Kundu, Haroun, & Kameshwari, 2010). Considerable 

work has been done to investigate the inhibition of barite formation, which is one of the 

most common scale in sulfate-rich condition. Several theories of barite inhibition process 

have been proposed, including relative diffusion rates (Tomson M. B., 1983), inhibitor 
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adsorption (Leung & Nancollas, 1978; Christoffersen, Christoffersen, Christensen, & 

Nancollas, 1983; Kan, Fu, & Tomson, 2005), induction time change (Dai, et al., 2017; Dai, 

et al., 2017), crystal morphology change (Xiao, Kan, & Tomson, 2001; Wang & Antonietti, 

2005) and crystallization pathway change (Benton, Collins, Grimsey, Parkinson, & Rodger, 

1993; Ruiz-Agudo & Putnis, 2014). However, most prior kinetic researches were 

conducted in batch mode, where the deposition to pipe surfaces and the fluid hydrodynamic 

were not considered.  

In this work, the deposition kinetics and the effect of inhibitors on scale deposition 

were investigated in an improved flow loop apparatus. The performance of scale inhibitor 

was tested at three main conditions: deposition in a clean tubing, a tubing partially covered 

with barite, and a tubing fully covered with barite. One phosphonate inhibitor (DTPMP) 

and two polymer inhibitors (PPCA and SPCA) were studied. DTPMP, PPCA, and SPCA 

are widely used as scale inhibitors in the oil and gas industry (Shen & Tomson, 2008; Fan, 

et al., 2012; Tomson & Fu, 2004; Tantayakom & Chavadej, 2005; Kelland, 2014). In the 

experiments, the deposition kinetics are characterized by the heterogeneous deposition rate 

constants. By using the deposition rate constants, the effect of inhibitors on deposition was 

measured over a wide range of temperature and SI values (temperatures from 50 to 150 ℃, 

SI values from 0.50 to 1.08). A Langmuir-type equation was used to model the deposition 

rate constants as a function of inhibitor concentration and temperature. The impact of 

inhibitors on crystal morphology in the tubing was also observed using SEM. To conclude, 

a novel method to characterize the performance of scale inhibitor by measuring the 

deposition rate and calculating the deposition rate constants had been developed. The effect 

of inhibitors on deposition rate constants was investigated and modeled. The results can be 



 
111 

applied to scale deposition control in any plug-flow type reactors for various industrial 

processes. 

4.2. Experiments description 

The flow loop deposition apparatus is used in this study. The deposition rate 

constant can be calculated from the measured effluent concentration in this design. The 

deposited crystals can also be observed through SEM after the deposition experiments. The 

apparatus design is modified from design F in section 3.2.3.2, which is shown in Figure 64. 

 

Figure 64. The flow loop apparatus used in inhibition experiments (Chapter 4)  

The experimental conditions are listed in Table 16. The chemicals and sampling 

methods are described in sections 3.2.1 and 3.2.3. The effluent barium samples are 

collected with 0.05 m DTPA solution with 1 to 4 weight-to-weight ratio. The target 

inhibitors are DTPMP (with 5 phosphonate groups on an amide carbon chain), PPCA 

(phosphino polycarboxylic acid) and SPCA (sulphonated polycarboxylic acid) (Figure 65). 
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The crystal samples are coated with 10 nm gold and observed by SEM with 200 to 3000 

times magnification. The experimental details will be discussed in the following sections. 

 
 

 

 

Figure 65. Inhibitors: DTPMP (top), SPCA (bottom-left) and PPCA (bottom-right). 
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4.2.1. Summary of experiments 

Table 16. Inhibitor test experiments list. 

All the experiments were conducted in a ¼ inch OD 0.21 inch ID 316 stainless steel 

tubing. The calcium concentrations were 0.1 molality. 

No. SI 
Temp. 

(℃) 

Flow rate 

(ml/hr) 

Reaction 

Time 
(sec) 

Duration time 

(hr) 
Inh. 

Conc. 

(ppm) 

Tubing length 

(cm) 

15q 0.9 120 240 311 48 - - 92.7 

16q 0.9 120 240 311 48 DTPMP 0.25 92.7 

17q 0.9 120 240 311 48 PPCA 0.25 92.7 

17q-1 0.9 120 240 311 48 PPCA 1.0 92.7 

18q 0.9 120 240 311 48 SPCA 0.25 92.7 

19q+ 0.9 120 240 311 24/24 DTPMP 0/0.25 92.7 

20q+ 0.9 120 240 311 24/24/48 DTPMP 0/0.25/0 92.7 

21q* 1.08-0.50 50-150 160 161 - DTPMP 0 32.1 

22q* 1.08-0.50 50-150 160 161 - DTPMP 0.02 32.1 

23q* 1.08-0.50 50-150 160 161 - DTPMP 0.1 32.1 

24q* 1.08-0.50 50-150 160 161 - DTPMP 0.5 32.1 

25q* 1.08-0.50 50-150 160 161 - DTPMP 2.0 32.1 

26q* 1.08-0.50 50-150 160 161 - PPCA 0.1 32.1 

27q* 1.08-0.50 50-150 160 161 - PPCA 0.5 32.1 

28q* 1.08-0.50 50-150 160 161 - PPCA 2.0 32.1 

29q* 1.08-0.50 50-150 160 161 - PPCA 4.0 32.1 

30q* 1.08-0.50 50-150 160 161 - PPCA 20.0 32.1 

31q= 1.08-0.50 50-150 160 161 - SPCA 0 31.6 

32q= 1.08-0.50 50-150 160 161 - SPCA 0.1 31.6 

33q= 1.08-0.50 50-150 160 161 - SPCA 0.5 31.6 

34q= 1.08-0.50 50-150 160 161 - SPCA 2.0 31.6 

35q= 1.08-0.50 50-150 160 161 - SPCA 8.0 31.6 

36q= 1.08-0.50 50-150 160 161 - SPCA 40 31.6 
+: The experiment 19q and 20q were run in tubing partially coated with barite. 

*: The experiment 21q-30q were run in the tubing coated with barite. The coating method is shown in section 3.5.9. 
=: The experiment 31q-36q were run in a tubing fully covered with barite. The coating method is described in section 4.3.3.3 

 

4.2.2. Clean tubing experiments 

In clean tubing experiments (experiments 15q to 18q), a clean stainless steel tubing 

was used. In experiment 1a, the brine with barite SI = 0.9 was injected into the tubing at 
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120 ℃ for 48 hr. In experiments 15q to 18q, 0.5 mg/L DTPMP, PPCA or SPCA was added 

to the anion brine (0.25 mg/L inhibitor in the mixed solution). After the 48 hr deposition, 

the deposited barite crystals were dissolved in DTPA and measured with ICP-OES to 

calculate the deposition rate within the tubing. 

4.2.3. Partially covered tubing experiments 

The tubing partially covered with barite is tested in experiment 19q and 20q. The 

partially covered tubing is defined as the tubing with its inner wall partially occupied with 

barite crystals. In experiment 18q and 19q, the tubing was flow with a 0.9 SI barium sulfate 

brine in the first 24 hr to create partial coverage. The tubing is flow with the solution at 

120 ℃ with flow rate 240 ml/hr. After coating, 0.25 ppm DTPMP was added into the 0.9 

SI barium sulfate brine for another 24 hr flowing (0.5 ppm DTPMP in anion solution). 

After the experiment, the tubing was cut into 5 cm length pieces by wire cutter. Then each 

piece was cut into 1 cm and 4 cm pieces at the point 1 cm away from beginning. The 1 cm 

pieces were cut into 0.5 cm semicircular by hacksaw for SEM observation. The 4 cm pieces 

were soaked with 0.05 m DTPA solution at 80 ℃ for four days to dissolve the barite 

crystals. The dissolved barium concentration is measured by ICP-OES.  

4.2.4. Fully covered tubing experiments 

The barite deposition experiments in tubing fully covered with barite were 

conducted to test the performance of scale inhibitor in the presence of an already deposited 

scale layer. In this study, two fully covered 1 ft (32.1 cm) stainless steel tubing (tubing A 

and tubing B) were used. These two tubing were coated by a solution supersaturated with 

barium sulfate at SI = 1.5 at 120 ℃ for 96 hours. Tubing A was used in experiment 21q to 
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30q in the presence of DTPMP or PPCA. After the DTPMP tests, tubing A was injected 

with the solution at 0.9 SI at 120 ℃. The measured barium effluent concentrations returned 

to a similar level as before DTPMP tests (data not shown). In experiment 31q to 36q, SPCA 

is tested in the tubing B. For each experiment conducted in the fully covered tubing, the 

inhibitors were added into the anion solution. The oil bath was heated up to 50, 90, 120 

and 150 ℃ in sequence. At each temperature, after 10 minutes for thermal equilibrium, 

three effluent samples were collected for 23 s every 5 min. The average deposition rate 

constants with various inhibitor concentrations at different temperatures were then 

calculated from the measured barium concentrations. 

4.2.5. Thermal stability of scale inhibitors 

The thermal stability of DTPMP, PPCA, and SPCA had been reported in the 

literature. The active fraction of DTPMP decreases 2% and 8% at 120℃ and 150℃ for 5 

hours at pH 7 (Wang, et al., 2014). The inhibition efficiency of PPCA shows less than 5% 

decrease after 14 days aging at 175℃ at pH 6 (Dyer & Graham, 2003). The molecular 

weight of SPCA decreases 10% for 3 day exposure at 180℃ at pH 7 (Griffin, Johnstone, 

Cotter, O'Brien, & others, 2013). These results suggest that the thermal degradation will 

has negligible effect in this work, since the scale inhibitors were only exposure for 311 

seconds at 120℃ in clean tubing experiments and for 161 seconds at 150℃ in fully covered 

tubing experiments with pH value equal to 6.7 in both case. 
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4.3. Results and discussion 

In this section, the inhibitor impact on deposition rates are discussed. The crystal 

morphology change with the presence of scale inhibitors is also studied. The results of 

deposition kinetics are compared with previous works.  

4.3.1. Deposition and inhibition in the clean stainless steel tubing 

In experiment 15q (Figure 66), the barite deposition experiments were conducted 

in the clean stainless steel tubing with and without inhibitors. Experiment 15q was tested 

at the condition of 120 ℃ and barite SI = 0.9 with 0.1m calcium for 48 hr without inhibitors. 

Experiments 16q, 17q, and 18q were conducted at the same condition with an additional 

0.25 ppm DTPMP, PPCA, and SPCA, respectively. The measured deposition rates along 

the pipe are plotted in Figure 66. In experiment 15q, the measured barium effluent 

concentrations decreased to and stayed stable at about the 50% injection barium 

concentration level after approximately 24 hr. Experiment 16q shows that no deposition 

occurs in the 48 hr period as the observed barium concentrations in the effluent remains 

close to the barium concentration in the injected solution. The result suggests that 0.25 ppm 

DTPMP can inhibit the barite precipitation of a solution supersaturated with barite SI = 0.9 

at 120 ℃, which agrees with previous studies tested in the dynamic scale loop (Zhang, et 

al., 2017). Similarly, the measured deposition rate is near zero (Figure 66). Both 0.25 ppm 

PPCA and SPCA cannot completely inhibit the deposition (Figure 66, experiments 17q and 

18q). In experiment 17q (0.25 ppm PPCA), the effluent barium concentrations decreased 

to 80% of the injection concentration level after 24 hr deposition and remained stable for 

another 24 hr. On the other hand, in the presence of 0.25 ppm SPCA (experiment 18q), the 
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effluent barium concentrations were similar to the injection level in the first 4 hr deposition, 

then decrease to about 70% of injection level after 48 hr. These results suggest that the 

inhibition mechanism of DTPMP is probably different from that of PPCA and SPCA.  

For the trends of deposition rate profile, the experiment 15q is generally follows 

the heterogeneous reaction equation (equation (132)), that the deposition rate decreased 

exponentially along with the tubing. For experiment 16q to 18q, the inhibitor may adsorb 

to the metal/crystal surface and control the deposition rate, which implies that the coverage 

fraction of inhibitor on surface will be higher at the front part and lower at the later part. 

Therefore, the deposition rates in experiment 16q to 18q increased along with the tubing. 

For the irregularly trends of deposition rates in Figure 66, it may be caused by the random 

distribution of the actives sites on the stainless steel surface in experiment 15q, and caused 

by the insufficient coverage of inhibitors on the metal/crystal active sites (which may not 

be homogeneously distributed) in experiment 16q to 18q (Harouaka, Kan, & Tomson, 

2019). 

DTPMP at 0.25 ppm can stop the deposition reaction for 48 hr, which relates to the 

previous research (Tomson & Kan, 2002; Dai, et al., 2017) that the inhibitors can inhibit 

the barium sulfate nucleation. On the other hand, the higher effluent concentrations in 

experiment 17q and 18q (compare to experiment 15q) in the presence of 0.25 ppm PPCA 

and SPCA can be explained by the fact that the inhibitors are also the crystallization 

inhibitors (Kelland, 2014), which suggests that the PPCA and SPCA will decrease the 

deposition rates even after the formation of crystals.  
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After the two day deposition, the deposited barite crystals were observed using 

SEM (Figure 67). Figure 67a shows sharp-edge rosette barite crystals in experiment 1a 

without the presence of inhibitors. In Figure 67b, no deposited barite crystal is observed in 

SEM images. The deposited particles and lumps on the tubing wall are steel, iron oxide, 

carbon-Niobium or modified barium sulfate, analyzed by EDAX. This result agrees well 

with the effluent concentration results in Figure 67 that the 0.25 ppm DTPMP can stop the 

barium sulfate deposition. In Figure 67c, the round-edge rosette barite crystals were found 

in the tubing, which suggests the presence of PPCA changes the morphology of barite 

crystals. In Figure 67d, in the presence of 0.25 ppm SPCA, the sharp-edge rosette barite 

crystals were founded inside the tubing. According to the images, the presence of SPCA 

did not change the morphology of barite crystals. These observations suggest that PPCA 

and SPCA have different effects on barite morphology. 

 

Figure 66. The effluent concentration and deposition rate profile in experiments 15q 

to 18q. 
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Figure 67. The SEM image of stainless steel tubing in experiments 15q (a), 16q (b), 

17q (c) and 18q (d).  

 

4.3.2. Deposition and inhibition in the partially covered tubing 

The inhibition experiments were also conducted in tubing partially coated with 

barite (Experiment 19q and 20q). Figure 68 shows that the effluent barium concentration 

(b) Exp. 16q, time = 48 hr, 24-25 cm 800X 

 

(c) Exp. 17q, time = 48 hr, 24-25 cm 800X 

 

(d) Exp. 18q, time = 48 hr, 24-25 cm 800X 

 

(a) Exp. 15q, time = 48 hr, 24-25 cm 800X 
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returns to the injection level within 4 hours of DTPMP injection, which suggests that 0.25 

ppm DTPMP can completely inhibit barium sulfate deposition in the partially covered 

tubing. If the injection of DTPMP was stopped after complete inhibition, the effluent 

concentration takes another 48 hrs to return to steady state level. This result suggests that 

the inhibition kinetic is faster than the regrowth kinetics. 

 

Figure 68. The effluent concentration data in experiment 15q and 16q 

The SEM image in Figure 69 shows that the barite crystal morphology after 24 hr 

deposition with 0.25 ppm DTPMP, which shows no difference from the no-inhibitor 

experiment (experiment 15q in Figure 67q). Also, Figure 70 suggests that even with 

another 48 hr regrowth without DTPMP, the crystals do not change, which further support 

that DTPMP has no impact on the crystal morphology of deposited barite.  
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Figure 69.  The SEM image in experiment 15q with 24 hr growth and 24 hr 

inhibition 

  

Exp. 19q time = 48 hr, 14-15 cm 800X Exp. 19q time = 48 hr, 44-45 cm 800X 

 

Exp. 19q time = 48 hr, 64-65 cm 800X Exp. 19q time = 48 hr, 89-90 cm 800X 
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Figure 70. The SEM image of experiment 16q (24 hr growth + 24 hr inhibition + 48 

hr growth) 

 

 

Exp. 20q time = 96 hr, 14-15 cm 3000X Exp. 20q time = 96 hr, 39-40 cm 800X 

 

Exp. 20q time = 96 hr, 64-65 cm 3000X Exp. 20q time = 96 hr, 89-90 cm 800X 
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4.3.3. Deposition and inhibition in the fully covered tubing 

4.3.3.1. DTPMP 

The effect of scale inhibitors on the deposition rates in the presence of the barite 

scale layer was also investigated in the flow loop apparatus. A Langmuir-type equation 

was developed to model the effect of inhibitors on deposition rate constants. Figure 71 

shows the deposition rate constants in experiment 21q to 25q in the presence of DTPMP. 

The rate constants were calculated from the measured effluent barium concentration using 

equation (132). Figure 71 shows that the presence of inhibitors decreases the deposition 

rate constant, which also suggests that at least 2 ppm of DTPMP is required to reach circa 

95% inhibition. 

 

Figure 71. The concentration effluent data of experiment 21q to 25q (SI = 1.08 / 0.74 

/ 0.60 / 0.50, temperature = 50 / 90 / 120 / 150 ℃, respectively) 

To model the effect of inhibitors on the deposition rate constants, a Langmuir-type 

equation is used to fit the deposition rate constant data in fully covered tubing (equations 

144 - 146). The result of experiment 22q, with 0.02 ppm DTPMP, is removed from the 
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following data analyses because this experiment was run after experiment 23q, with higher 

inhibitor concentration (0.1 ppm), which might have been contaminated by the carry-over 

of DTPMP. 

The Langmuir-type equation is described as follows: 

 
𝜃 =

𝑉𝑚 − 𝑉

𝑉𝑚
=

𝐾𝑒𝑞𝐶𝑖𝑛ℎ

1 + 𝐾𝑒𝑞𝐶𝑖𝑛ℎ
 (144) 

where 𝜃 is the fractional occupancy,  𝑉 is the unoccupied adsorption site number, 𝑉𝑚 is the 

number of total adsorption sites, 𝐾𝑒𝑞 is the associate equilibrium constant (1/ppm) and 𝐶𝑖𝑛ℎ 

is the inhibitor concentration (ppm).  

In this model, it is assumed that the reaction rate is proportional to the unoccupied 

fraction of active sites. Thus the fractional occupancy 𝜃 can be written as: 

 
𝜃 =

𝑘𝑟, 𝐶𝑖𝑛ℎ=0 − 𝑘𝑟, 𝐶𝑖𝑛ℎ

𝑘𝑟, 𝐶𝑖𝑛ℎ=0
 (145) 

where 𝑘𝑟, 𝐶𝑖𝑛ℎ=0 is the deposition rate constant with no scale inhibitor and 𝑘𝑟, 𝐶𝑖𝑛ℎ
 is the 

deposition rate constant with a certain concentration of scale inhibitor. Here, 𝜃 = 1 implies 

complete inhibition, where the deposition rate constant is decreased to zero. On the other 

hand, 𝜃 = 0 implies no inhibition, which suggests that the rate constant is the same as no 

inhibitor present. The data can be fitted with the following equation: 

 1

𝜃
=

𝑘𝑟, 𝐶𝑖𝑛ℎ=0

𝑘𝑟, 𝐶𝑖𝑛ℎ=0 − 𝑘𝑟, 𝐶𝑖𝑛ℎ

=
1

𝐾𝑒𝑞𝐶𝑖𝑛ℎ
+ 1 (146) 
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The fitted result is plotted in Figure 72. The fitted 𝐾𝑒𝑞 values of DTPMP are listed in Table 

17. 

 

 Figure 72. The fitted Langmuir-type equation (𝟏/𝛉 vs. 𝟏/𝐂𝐢𝐧𝐡) of experiments 23q 

to 25q (DTPMP 0.1 / 0.5 / 2.0 ppm). 

 

Table 17. The 𝑲𝒆𝒒 value of DTPMP at various temperatures 

  DTPMP PPCA SPCA 

Temp ℃ SI value 
𝐾𝑒𝑞 

(1/ppm) 

𝐾𝑒𝑞 

(1/ppm) 
𝜃0

∗ 
𝐾𝑒𝑞 

(1/ppm) 
𝜃0 

50 1.08 6.82 1.07 0.516 0.89 0.281 

90 0.74 2.84 0.84 0.274 1.96 0.117 

120 0.60 4.06 1.55 0.185 4.07 0.111 

150 0.50 12.00 4.11 0.142 10.9 0.070 
*𝜃0 is defined as the fraction of barite active sites that cannot be occupied in equation 6. 

4.3.3.2. PPCA and SPCA 

The deposition rate constants with various concentrations of PPCA and SPCA were 

measured in experiments 26q to 36q (The deposition rated constants in experiment 26q to 

36q are plotted in Figures 73 and 74). The PPCA experiments were conducted in the tubing 
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A which is the same tubing used in DTPMP experiments. Before the PPCA experiments, 

the tubing A was injected with barium sulfate solution at 0.9 barite SI at 120 ℃. The 

measured barium effluent concentrations returned to a similar level as before DTPMP tests, 

which suggests barium sulfate precipitation returned to the original level. The experimental 

results show that PPCA starts to inhibit the scale formation at 0.5 ppm, but fails to reach 

complete inhibition (𝑘𝑟 = 0 𝑐𝑚/𝑠) even at 20 ppm (𝑘𝑟 = 1.2 ~ 2.1 × 10−4 𝑐𝑚/𝑠 at 50 ~ 

150 ℃). Likewise, SPCA starts to inhibit the scale deposition at 0.1 ppm. The deposition 

rate constants with high SPCA dosage (40 ppm) at 50 to 150 ℃ range from 0.76 ~ 1.6 ×

10−4 𝑐𝑚/𝑠 . The result suggests that both PPCA and SPCA cannot reach complete 

inhibition in fully covered tubing even with comparatively high dosages. 

 

Figure 73. The deposition rate constants of experiment 2 and 26q to 30q with 

various PPCA concentrations (SI = 1.08 / 0.74 / 0.60 / 0.50, temperature = 50 / 90 

/120 / 150 ℃, respectively). 
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Figure 74. The deposition rate constant of experiments 31q to 36q with various 

SPCA concentrations (SI = 1.08 / 0.74 / 0.60 / 0.50, temperature = 50 / 90 / 120 / 150 

℃, respectively). 

The values of (𝑘𝑟, 𝐶𝑖𝑛ℎ=0 − 𝑘𝑟, 𝐶𝑖𝑛ℎ
) 𝑘𝑟, 𝐶𝑖𝑛ℎ=0⁄  term in experiments 26q to 36q in 

the presence of PPCA/SPCA (Figures 75 and 76), the results show that the values of 

(𝑘𝑟, 𝐶𝑖𝑛ℎ=0 − 𝑘𝑟, 𝐶𝑖𝑛ℎ
) 𝑘𝑟, 𝐶𝑖𝑛ℎ=0⁄  term approach a constant value, less than 1, even at high 

inhibitor concentrations (20 ppm PPCA and 40 ppm SPCA). The deposition rates appear 

to have reached the minimum and constant values in the presence of only about 4 ppm 

PPCA or 8 ppm SPCA. Based on equation (144), this suggests that there is a fraction of 

the barite sites that are unoccupiable by either PPCA or SPCA; we introduce the term 𝜃0 

to fit the data with the Langmuir-type equation. 𝜃0 is defined as the fraction of active barite 

sites that cannot be occupied by inhibitor, which is a function of temperature as 𝜃0(𝑇) 

(Supporting Information Available: 𝜃0(𝑇) values are plotted in Figure 75 and 76). Thus, 

the fractional occupancy 𝜃 in equation (145) can be rewritten as: 
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𝜃 =

𝑘𝑟, 𝐶𝑖𝑛ℎ=0 − 𝑘𝑟, 𝐶𝑖𝑛ℎ

𝑘𝑟, 𝐶𝑖𝑛ℎ=0

1

(1 − 𝜃0(𝑇))
 (147) 

In the data fitting processes, it is assumed that with 20 ppm PPCA or 40 ppm SPCA all the 

available active sites were occupied. The fitted data follows the modified equation: 

 1

𝜃
=

𝑘𝑟, 𝐶𝑖𝑛ℎ=0(1 − 𝜃0(𝑇))

𝑘𝑟, 𝐶𝑖𝑛ℎ=0 − 𝑘𝑟, 𝐶𝑖𝑛ℎ

=
1

𝐾𝑒𝑞𝐶𝑖𝑛ℎ
+ 1 (148) 

The modified fitted equations, equation (148), for PPCA and SPCA inhibition are plotted 

in Figure 77. The fitted 𝐾𝑒𝑞  values are listed in Table 17. The fact that the effect of 

inhibitors on deposition rate constants can be fitted by the Langmuir-type equation implies 

that these inhibitors behave as adsorbates to the barite crystals. The higher 𝜃0 values of 

PPCA and SPCA suggests that these two inhibitors do not perform as well as DTPMP, 

which corresponds with the previous study that phosphonate group inhibitors are better 

crystallization inhibitors than polymers (Graham, Boak, Sorbie, & others, 2003; Kelland, 

2014). The results suggest that the deposition inhibition process in a pipe can be described 

by the inhibitor absorption to the barite crystal. The fractional occupancy 𝜃  and 

unoccupiable fraction 𝜃0 of each inhibitor can be used to predict the minimum deposition 

rate constants, regardless of maximum SPCA or PPCA concentrations. 
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Figure 75. The plotted 
𝒌𝒓, 𝑪𝒊𝒏𝒉=𝟎−𝒌𝒓, 𝑪𝒊𝒏𝒉

𝒌𝒓, 𝑪𝒊𝒏𝒉=𝟎
 value of experiments 27q to 30q (PPCA 0.5 / 

2.0 / 4.0 / 20 ppm). 

 

Figure 76. The plotted 
𝒌𝒓, 𝑪𝒊𝒏𝒉=𝟎−𝒌𝒓, 𝑪𝒊𝒏𝒉

𝒌𝒓, 𝑪𝒊𝒏𝒉=𝟎
 value of experiments 32q to 36q (SPCA 0.1 / 

0.5 / 2.0 / 8.0 / 40 ppm). 
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Figure 77. The fitted Langmuir-type equation (𝟏/𝜽 vs. 𝟏/𝑪𝒊𝒏𝒉) of (a) experiments 8 

to11 (PPCA 0.5 / 2.0 / 4.0 / 20 ppm) and (b) experiments 32q to 36q (SPCA 0.5 / 2.0 / 

8.0 / 40 ppm). 

4.4. The isosteric enthalpy of adsorption of inhibitors 

To verify the inhibition process, the isosteric enthalpies of adsorption were 

calculated to compare with literature data. The isosteric enthalpy ∆𝐻𝑠𝑡 is defined as the 

standard enthalpy of adsorption at a fixed surface coverage. At constant pressure, the 

equilibrium constant 𝐾 for a reaction is related to the reaction enthalpy ∆𝐻 as: 

 𝑑 𝑙𝑛𝐾

𝑑𝑇
=

∆𝐻

𝑅𝑇2
 (149) 

Generally, enthalpy ∆𝐻 is a function of temperature (Stumm & Morgan, 2012). To 

determine the isosteric enthalpy ∆𝐻𝑠𝑡  (kJ/mol) from the associate equilibrium constant 

𝐾𝑒𝑞, it is assumed that the heat capacity ∆𝐶𝑝 (kJ/mol/K) of the reaction is independent of 

temperature. Therefore, the natural log of associate equilibrium constant 𝑙𝑛(𝐾𝑒𝑞) became 

(Stumm & Morgan, 2012): 



 
131 

 
𝑙𝑛𝐾𝑒𝑞 = 𝐵 +

∆𝐻𝑠𝑡

𝑅𝑇𝐾
+

∆𝐶𝑝

𝑅
∙ 𝑙𝑛(𝑇𝐾) (150) 

where  𝑇𝐾  is the temperature in Kelvin and 𝐵  is constant. The fitted 𝑙𝑛𝐾𝑒𝑞  value of 

DTPMP, PPCA, and SPCA are stated as follows: 

 
𝐷𝑇𝑃𝑀𝑃: 𝑙𝑛𝐾𝑒𝑞 = −902.2 +

47533.3

𝑇𝐾
+ 131.02𝑙 𝑛(𝑇𝐾) , 𝑅2 = 0.9997 (151) 

 
𝑃𝑃𝐶𝐴: 𝑙𝑛𝐾𝑒𝑞 = −637.7 +

32441.7

𝑇𝐾
+ 93.01𝑙𝑛 (𝑇𝐾), 𝑅2 = 0.9998 (152) 

 
𝑆𝑃𝐶𝐴: 𝑙𝑛𝐾𝑒𝑞 = −347.1 +

15692.3

𝑇𝐾
+ 51.66𝑙 𝑛(𝑇𝐾) , 𝑅2 = 0.9997 (153) 

The isosteric enthalpy ∆𝐻𝑠𝑡  shows a linear relationship to temperature which can be 

assumed as ∆𝐻𝑠𝑡 = 𝑎 + 𝑏 𝑇𝐾, where 𝑎 and 𝑏 are constants. By the definition, the ∆𝐶𝑝 =

𝑑∆𝐻𝑠𝑡 𝑑𝑇⁄ = 𝑏. Thus, the value of 𝑏 = ∆𝐶𝑝  can be calculated directly from the fitted 

𝑙𝑛𝐾𝑒𝑞 equations. The isosteric enthalpies per functional group at 25℃ and the number of 

functional groups in each inhibitor are listed in Table 18. The enthalpy value of the 

phosphinate group is assumed to be zero because of the phosphinate group was not 

involved in the adsorption process according to the PPCA structure. In previous literature 

(Hayward & Trapnell, 1964), the typical value of physisorption enthalpy is approximate -

20 kJ/mol, the typical value of chemisorption enthalpy is -200 kJ/mol, which suggests that 

the adsorption is a reasonable mechanism to explain the inhibitor behavior.  
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Table 18. The functional group isosteric enthalpy 25℃ in DTPMP, PPCA, and 

SPCA. 

 
Functional group isosteric enthalpy ∆𝐻𝑠𝑡  at 25℃ (kJ/mol) × # of functional 

groups in inhibitor molecules. 
Inhibitor isosteric 

enthalpy ∆𝐻𝑠𝑡  at 

25℃ (kJ/mol) Functional 

groups 
Phosphonate Phosphinate Sulfonate Carboxylic acid 

DTPMP -14.08 × 5    -70.42 

PPCA  0.0* × 1  -0.753 × 52 -39.17 

SPCA   0.732 × 7 -0.753 × 10 -2.407 

*The isosteric enthalpy of phosphinate group is assumed to be zero because of the structure of PPCA, the 

phosphinate group is not able to attach the crystals.  

4.5. Proposed inhibition mechanism of barite deposition 

Based on the observations in this study, a kink site adsorption mechanism can be 

proposed as the barite inhibition mechanism in the presence of a scale layer (Figure. 7). 

The proposed mechanism agrees with Mullin’s suggestion that the effect of impurities on 

crystallization kinetics is usually adsorption to crystals (Mullin, 2001). In our observations, 

at higher temperatures, the inhibitors show larger Langmuir-type equilibrium constants, 

𝐾𝑒𝑞 , and smaller unoccupiable fractions, 𝜃0  (Figure 78). The unoccupiable fractions 𝜃0 

also increase with the molar weights of inhibitors the average 𝜃0
𝑃𝑃𝐶𝐴/𝜃0

𝑆𝑃𝐶𝐴 = 2.0, whereas 

the corresponding molecular weight ratio is 2.5. This trend corresponds with the pore 

adsorption mechanism of polymer adsorption on clay proposed by Schamp and 

Huylebroeck (Schamp & Huylebroeck, 1973). The adsorption of polymers increased with 

temperature can be explained by the higher coil mobility of polymers at a higher 

temperature. The adsorption of polymers decreased with molar weight can be explained by 

the steric repulsion between the kink sites and polymer molecules with larger molar 

weights. The stronger adsorption at a higher temperature between inhibitors and barite 
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crystals implies that the inhibitor-barite reaction is more entropy favored than energy 

favored (Adamson, 1990), which means the adsorption of inhibitors release more entropy 

in the associated solvent than the entropy loss on surface adsorption at high temperature. 

Compared with previous work, Leung et al (1978) had measured the barium sulfate 

growth rate change in the presence of NTMP (nitrilotri(methylenephosphonic acid)), the 

associate equilibrium constant 𝐾𝑒𝑞 was calculated to be 70.9 at 25℃. The difference can 

be explained by the lower molar mass of NTMP (299.05 g/mol) and the difference of 

experimental method. The barite growth rates were measured in the seeded beaker tests, 

which may be easier for the inhibitors to adsorb and inhibit the crystallization. 

This kink site inhibition mechanism can also explain the difference performance of 

scale inhibitors between clean tubing experiments and fully covered experiments. With 

0.25 ppm DTPMP/PPCA or SPCA, the deposition rate constant is approximately 0.00, 

10.3 × 10−5, and 32.1 × 10−5 after 2-day deposition the clean tubing, and predicted to be 

60.1 × 10−5, 73.8 × 10−5, and 72.1 × 10−5 cm/s in the fully covered tubing at 120℃. 

The performance seems to be worse in the fully covered tubing than in the clean tubing. 

For the DTPMP, 0.25 ppm is sufficient to stop the nucleation and lead to close-to-zero 

deposition rate in the clean tubing, where the same concentration can only partially covered 

the actives sites in the fully covered tubing. For the PPCA and SPCA, there is more crystals 

on the surface and has more active sites needed to be occupied in the fully covered tubing 

experiments than the clean tubing experiments. Therefore, it will need higher concentration 

of the inhibitors to reach the same level of inhibition in the fully covered tubing. 
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Figure 78. The proposed kink site adsorption mechanism of barite inhibition in a 

pipe.  

4.6. Conclusion 

Investigating the barite deposition kinetics and the inhibition mechanism is 

important for solving the scaling problem in the industrial processes. A flow loop apparatus 

was built to study the deposition and inhibition at a wide range of temperatures. One 

phosphonate inhibitor and two polymer inhibitors were tested in clean tubing and tubing 

fully covered with barite to reveal the inhibition mechanism. The inhibition kinetics in the 

fully covered tubing were modeled by Langmuir-type equations, which can be applied to 

the prevention of scale deposition in the presence of a scale layer. The SEM images of 

barite crystals were taken to show the effect of inhibitors on crystal morphology. Our 

results in SEM images and Langmuir-type equation fitting indicate the inhibition 

mechanism is consistent with an inhibitor adsorption process. A kink-site adsorption 

mechanism was also proposed.  

In the clean tubing experiments, 0.25 ppm DTPMP can inhibit the deposition at 

120℃ with barite SI = 0.9 for 48 hours, where PPCA and SPCA can decrease the deposition 
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rate. The morphology of barite was found to be modified in the presence of DTPMP and 

PPCA, where SPCA shows no effect on barite morphology. In the fully covered tubing 

experiments, the effluent barium concentrations were measured in the presence of 0.02 to 

40 ppm scale inhibitors at 50 to 150℃. 2.0 ppm of DTPMP can decrease the deposition 

rate constant to the near zero level, where 20/40 ppm of PPCA and SPCA can decrease 50 

to 95 % of the deposition rate constants depends on the temperature and molecular weight, 

where the increase of temperature and decrease of the molar mass will enhance the 

inhibition. The changes of the deposition rate constants were modelled by the Langmuir-

type equation. Based on the fitted associate equilibrium constants in the Langmuir-type 

equation, the isosteric adsorption enthalpy of the scale inhibitors and functional groups 

were calculated. The negative value of the isosteric enthalpy suggest the inhibitor-crystal 

adsorption is a reasonable process for deposition inhibition. The proposed kink-site 

adsorption mechanism can explain the performance of scale inhibitors on the barite 

deposition. This work provided a novel method to characterize the effect of scale inhibitor 

on barite deposition by measuring the deposition rate constants, which can be widely 

applied to the scale treatment/deposition prediction in the plug-flow type reactors. The 

Langmuir-type equation modeling also offer a preliminary framework for future study in 

the kinetics of scale deposition inhibition. 
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Chapter 5 

Nucleation in the Boundary Layer 

5.1. Introduction 

The mineral scale deposition on interfacial surface such as pipe wall and membrane 

can cause problems including reduction of flow rate, increasing consumption of energy and 

economic losses, which may become problems in the industrial processes such as filtration 

(Warsinger, Swaminathan, Guillen-Burrieza, Arafat, & others, 2015; Hasson, Drak, & 

Semiat, 2001), heat transfer (Gill & Nancollas, 1980; Amjad Z. , 1988), oil and gas 

production (Kan, Tomson, & others, 2012; Oddo, Tomson, & others, 1994) and water 

treatment (Peiris, Jaklewicz, Budman, Legge, & Moresoli, 2013). The nucleation and 

crystallization are the key processes of precipitation and deposition kinetics (Amjad & 

Demadis, 2015; Lasaga, 1998). Therefore, the better understanding of the scale formation 

kinetics will give a better guidance to scale prediction and treatment. Several experimental 

methods including have also been developed to measure the precipitation kinetics in lab.  
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Kinetic turbidity test based on induction time measurement is one of the method to 

characterize the scale formation kinetics (He, Oddo, & Tomson, 1994; He, Oddo, & 

Tomson, 1995). The induction time is defined as the time period between the creation of 

supersaturation and the detection of signal changes (Söhnel & Mullin, 1988). The detected 

signals can be turbidity (Dai, et al., 2019), visual observation (He, Oddo, & Tomson, 1994; 

He, Oddo, & Tomson, 1995) or light intensity (such as green laser) (Zhang, et al., 2017). 

By the definition, the induction time also represent the kinetic stable period that the scale 

will not forms, which is widely accepted as the method to predict the scale risk in the real 

field (Dai, et al., 2017; Zhang, et al., 2017; Tomson, Fu, Watson, Kan, & others, 2002). 

However, some research argued that the prediction from induction the time measurements 

does not correlate to the filed observations, which means the scale forms even the 

supersaturated solution is regarded as kinetically stable (Ramstad, Tydal, Askvik, Fotland, 

& others, 2005). Observations in capillary tubing also suggest that mineral scale deposits 

in the tubing with the predicted induction time longer than the traveling time (Lu, et al., 

2018). These results imply that whether the induction time can be used to characterize the 

scaling risk is needed to be reexamined. We proposed that the presence of hydrodynamic 

boundary layer is the reason why scale forms and deposits in the tubing before the induction 

time. To verify this explanation, the nucleation kinetics were observed in microfluidic chip 

and compared with crystallization mechanisms in batch reactor in literature. 

In the past decades, many mechanism models have been develop to interpret the 

monitored signals during the crystallization processes (Söhnel & Mullin, 1988; Nielsen, 

1964). Söhnel and Mullin (1988) derived the theoretical approach of the induction time as 

the combination of nucleation time and crystal growth time. The nucleation time can be 
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calculated by classical nucleation theory and the growth time can be reached through either 

diffusion growth or polynuclear growth. Dai et al (2019) proposed a two-stage quantitative 

model based on also classical nucleation theory, surface growth and particle aggregation 

to fit the turbidity signal change during crystallization (Dai, et al., 2019). According to the 

model, the nucleation time, nucleation rate, particle size, number density, surface tension, 

induction time and linear growth rate can be fitted from the turbidity data curve.  

In this work, barite deposition experiments at 70 to 120 ℃ were conducted in flow 

loop apparatus by continuously injecting the supersaturated solution into the tubing. The 

effluent concentrations and amount of deposited crystals remained in tubing were measured 

to verify whether barite scales deposited or not. The induction times predicted by 

ScaleSoftPitzer 2019 were compared with the results of deposition experiments. Further 

experiments to investigate the nucleation kinetics inside the boundary layer were conducted 

in microfluidic chip at 25 ℃. The nucleation time and crystal growth rate were interpreted 

from the particle size data recorded by a high-speed camera in real-time.  

5.2. Backgrounds 

5.2.1. The kinetics of crystallization and induction time 

He et al (1994 and 1995) developed an induction time measurement method to 

determine the kinetics of crystallization (He, Oddo, & Tomson, 1994; He, Oddo, & 

Tomson, 1995). This method is later regarded as the kinetic turbidity test. The induction 

time is defined as the time required for a supersaturation solution to form detectable 

particles, which is related to both nucleation and crystal growth kinetics (Söhnel and Mullin 
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1988; Dai 2017). In this work, all the induction time were calculated by the experience 

equation from SSP2019. The induction time (sec) equation (for [Ba+2] / [SO4
-2] = 1:1) is 

listed here: 

 𝑙𝑜𝑔 (𝐵𝑎𝑟𝑖𝑡𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒)

= 1.5232 −
10.8784

𝑆𝐼
−

895.6683

𝑇𝐾
+

5476.992

𝑆𝐼 × 𝑇𝐾
 

(154) 

In the previous research, the induction time can be well described by the two-stage 

crystallization model (Figure 79) which including the first stage of classical homogeneous 

nucleation and the second stage of crystal surface growth and particle aggregation. 

The concept of the induction time is widely used to determine the scale formation 

risk in the oil and gas industry (Kan, Tomson, & others, 2012; Dai, et al., 2019). For the 

scale control of barite in the production well, the general rule is: if the induction time is 

longer than the travelling time inside the production well (usually 2 hours), the condition 

is regarded as safe. The reason is, the barite will form after the mixed produced water 

reaching the ground. 

 

Figure 79. The crystallization process according to the two-stage crystallization 

model. 
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5.2.2. The contradiction between induction time prediction and experimental 

result 

However, the conception of induction time cannot describe the observation in the 

capillary tubing deposition experiments (Chapter 3). In experiments 1 to 16, all the 

deposition experiments have retention time shorter than 40 seconds, while the calculate 

induction is range from 60 seconds to 400 seconds (Table 10). On the other hand, the 

highest deposition rate locations are either in the entrance of tubing (experiments 1 to 6) or 

at the point where the temperature rise (experiments 7 to 15). Similar phenomena was also 

found in the quarter inch tubing experiments. The deposited barite were found in 

experiment 3q to 8q, where the induction times were longer than the detention time 

(travelling time) inside the tubing (Table 14). According to the experiments, the deposition 

happens inside the tubing before the injected solutions reaching induction time. The 

contradiction simply points there is some mechanisms missed in our understanding to the 

deposition reaction.  

5.2.3. Boundary layer and fully developed Poiseuille flow 

A possible explanation to this contradiction is the existence of hydrodynamic 

boundary layer in flowing pipe system. The hypothesis is, in the presence of the 

hydrodynamic boundary layer, the supersaturated solution can stay and nucleate at the 

surface without moving. 

In section 2.4 we already discussed the concentration boundary layer and 

hydrodynamic boundary layer. There is only laminar flow in the capillary tubing (0.02” 
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and 0.04” ID) with flow rate lower than 240 ml/hr. For the laminar pipe flow, the boundary 

layer starts to build up from the entrance and become fully developed after a certain 

distance. McDonough (McDonough, 2009) discussed the distance required to form fully 

developed flow. The distance is called as entrance length 𝐿𝑒 (m). The entrance length can 

be calculated by the following equation for the laminar flow: 

 𝐿𝑒 ≅ 0.06𝑑𝑅𝑒 (155) 

where 𝑑 is the pipe inside diameter and 𝑅𝑒 is the Reynolds number. For the turbulent flow, 

the entrance length can be estimated as: 

 𝐿𝑒 = 4.4𝑑(𝑅𝑒)1 6⁄  (156) 

After the flow becomes fully developed, the boundary layers from opposite surface 

merge together and stop growing. Basically, the hydrodynamic boundary layer covers the 

pipe wall from the entrance till the end. In the hydrodynamic boundary layer, the linear 

flow velocity is much slower, which gives enough time for crystal formation.  

5.2.4. Velocity profile in the Poiseuille flow 

In both deposition experiments and microfluidic experiments, the flows in the pipes 

or the channels was driven by pressure gradient, which can be regarded as Poiseuille flows. 

The velocity profile at the cross section of fully developed laminar flow in circular pipe 

and square channel had been calculated in previous research (White, 1991), which are 

stated as follows: 
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𝑢(𝑟)𝑝𝑖𝑝𝑒 = −

𝑅2

4𝜇
(

𝑑𝑃

𝑑𝑥
) (1 −

𝑟2

𝑅2) = 2𝑉𝑎𝑣𝑔 (1 −
𝑟2

𝑅2) (157) 

 
𝑢(𝑦, 𝑧)𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =

16𝑎2

𝜇𝜋3
(−

𝑑𝑃

𝑑𝑥
) ∑ (−1)

𝑖−1
2

∞

𝑖=1,3,5…

[1 −
cosh (𝑖𝜋𝑧 2𝑎⁄ )

cosh (𝑖𝜋 2⁄ )
]

cos (𝑖𝜋𝑦/2𝑎)

𝑖3
 

(158) 

where 𝑅  is the radius of pipe, 2𝑎  is the width and high of the channel. 𝑟 is the radial 

coordinate. 𝑥, 𝑦  and 𝑧  are the cartesian coordinates. 𝜇  is the fluid viscosity. 𝑉𝑎𝑣𝑔  is the 

averaged linear flow velocity. 𝑑𝑃 𝑑𝑥⁄  is the pressure gradient. In both the pipe and the 

square channel, the linear velocity approaches to zero at the surface (𝑟 → 𝑅, 𝑥, 𝑦 → ±𝑎). 

5.3. Experiments in the microfluidic chip 

In order to prove the hypothesis of crystal formation in boundary layer, a 

microfluidic chip experiment were designed to give us the direct observation of deposition 

reaction.  
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5.3.1. Summary of experiments 

The experiments were conducted in both the microfluidic chip and the quarter inch 

OD stainless steel tubing. The conditions and physical parameters were listed in Table 19. 

Table 19. The lists of microfluidic experiments and quarter inch tubing 

experiments. 

Microfluidic experiments (optical microscope on VSI)* 

No. SI+ 
Temp. 

(℃) 

[Ba2+] 

10-3 (m) 

[Ca2+] 

(m) 

Reaction Time 

(sec) 

Predicted induction 

time (sec)= 

Calculated 

nucleation time (sec) 

1m 1.7 25 0.75 0.1 0.278 1020.4 N/A 

2m 1.5 25 0.60 0.1 0.278 3947.5 N/A 

3m 1.3 25 0.475 0.1 0.278 23157 N/A 

Microfluidic experiments (Inverted microscope)* 

No. SI+ 
Temp. 

(℃) 

[Ba2+] 

10-3 (m) 

[Ca2+] 

(m) 

Reaction Time 

(sec) 

Predicted induction 

time (sec)= 

Calculated 

nucleation time (sec) 

4m 1.87 25 1.688 0.025 0.278 352 21.2 

5m 1.77 25 0.752 0.025 0.278 592 52.6 

6m 1.67 25 0.670 0.025 0.278 1061 154.5 

7m 1.57 25 0.597 0.025 0.278 2049 561.1 

8m 1.37 25 0.474 0.025 0.278 10188 N/A 

9m 1.17 25 0.375 0.025 0.278 87667 N/A 

Deposition experiments** 

No. SI+ 
Temp. 

(℃) 

[Ba2+] 

10-3 (m) 

[Ca2+] 

(m) 

Reaction Time 

(sec) 

Predicted induction 

time= 

Calculated 

nucleation time (sec) 

15q 0.90 120 0.780 0.1 311 524 sec N/A 

37q 0.70 120 0.620 0.1 311 4884 sec N/A 

38q 0.50 120 0.490 0.1 311 75.3 hr N/A 

39q 0.30 120 0.390 0.1 311 101.1 yr N/A 

40q 0.90 70 0.565 0.1 311 12.2 hr N/A 

41q 0.70 70 0.449 0.1 311 20.9 day N/A 

* All the deposition experiments were run at flow rate = 30 ml/hr for 1 to 3 hours in microfluidic chip. 

** All the deposition experiments were run at flow rate = 240 ml/hr for 48 hours in 3 ft 316 stainless steel quarter inch OD tubing.  
+ The SI values, 𝑆𝐼 ≡ log[(𝑎𝐵𝑎2+𝑎𝑆𝑂4

2−)/𝐾𝑠𝑝], with 𝑎 refer to activity, were calculated value using ScaleSoftPitzer 2019. 

=
 The predicted induction time are calculated from equation (2) which is built in ScaleSoftPitzer 2019. 
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5.3.2. Chemicals and solutions 

The solutions used in experiments were all made with DI water. The cation solution 

(BaCl2) and anion solution (Na2SO4) were used to generated supersaturation. Barium 

chloride dihydrate (Fisher chemical, crystalline certified ACS, ≥ 99.0%), sodium sulfate 

anhydrous (EMD Millipore, Granular ACS, ≥ 99.0%), sodium chloride (Sigma-Aldrich, 

ACS reagent, ≥ 99.0%) and calcium chloride dihydrate (Sigma-Aldrich, ACS reagent, ≥

99.0% ) are used to prepare the solutions. The 0.05 m DPTA (diethylenetriamine 

pentaacetic acid, Acros Organics, 98+%) solution at 11.0 to 12.0 pH was used to dissolve 

barite crystals, clean microfluidic channels and prevent the precipitation after the reaction 

tubing in flow loop apparatus. Sodium hydroxide (Sigma-Aldrich, beads, 20-40 mesh, 

reagent grade, 97%) was used to adjust the DTPA solution pH. The 10 % non-phosphate 

detergent (Liquinox) was used to degrease the stainless steel tubing before experiments. 

5.3.3. Microfluidic chip set-up 

A Labsmith PMMA mini-luer chip with 4 channels (200 𝜇𝑚 × 200 𝜇𝑚 × 5.85 𝑐𝑚) 

was used in microfluidic experiment (Labsmith P/N 01-0172-0156-01). All microfluidic 

experiments were conducted at ambient temperature (25 ℃ ). The cation and anion 

solutions were injected by two Pharmacia P-500 syringe pump. The solutions were mixed 

in a 1/16” ID PTFE mixing tee. The luer chip and mixing tee were connected with a 50 cm 

0.03” ID PTFE tubing sealed with a 15 cm 1/16” ID PFA tubing by epoxy. At flow rate = 

30 ml/hr, the travelling time after the mixing tee before the chip was 63 sec and the 

travelling time inside the microfluidic channel was 0.278 sec. The crystallization processes 
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were observed with either an optical microscope or an inverted microscope. The Bruker 

ContourGT-K Vertical Scanning Interferometry (VSI) was used as the optical microscope. 

The 10 XBF objective is chose to observe the particle formation. The Olumpus IX 71 was 

used as the inverted microscope and the experiments were recorded by a high-speed CMOS 

camera (Phantom V4.3, Vision Research, Inc.)(Figure 80). 

 

Figure 80. Schematic diagram of the microfluidic chip setup with the invertied 

microscope. 
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5.4. Results and discussion 

5.4.1. Induction time in microfluidic chip 

Three experiments were conducted in the microfluidic chip to measure the 

induction times. The induction time here is defined as the first time when the formed 

particle was observed after the injection of supersaturated solutions. The measured 

induction times in experiments 1m to 3m are shown in Figure 81 to 83. The measured 

induction times are 160, 850, and 4020 seconds. 

 

 

 

Figure 81. Microscope image of microfluidic chip in experiment 1m with barium 

sulfate SI = 1.7 at time (a) 0 (b) 60 (c) 160 (d) 380 second. 

  

(a) 0 sec (b) 60 sec 

 

(c) 160 sec (d) 380 sec 
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Figure 82. Microscope image of microfluidic chip in experiment 2m with barium 

sulfate SI = 1.5 at time (a) 0 (b) 300 (c) 850 (d) 1800 second. 

 

 

Figure 83. Microscope image of microfluidic chip in experiment 3m with barium 

sulfate SI = 1.5 at time (a) 0 (b) 300 (c) 850 (d) 1800 second. 

 

(a) 0 sec (b) 300 sec 

 

(c) 850 sec (d) 1800 sec 

 

(a) 0 sec (b) 1800 sec 

 

(c) 4020 sec (d) 7200 sec 
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Figure 84 shows the comparison of measured induction times in experiments 1m to 

3m and the predicted induction times from equation (154). The result shows similar 

observed trend between the predicted induction times in the beaker tests and the measured 

induction times in the microfluidic chips. However, because of the difference of measuring 

methods, the induction times in beaker tests require certain levels of the number density 

and particle size, on the other hand the induction times in microfluidic channel just need 

one particle to be detected. This fact may explain the results in Figure 84, where the 

induction times in microfluidic chips is about half to one order shorter than in beaker test. 

Therefore, to further confirm the difference between the kinetics in the bulk phase (beaker 

test) and in the boundary layer, another method is needed to be developed.  

 

Figure 84. The comparison of measured and predicted log10(induction time). 
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5.4.2. Nucleation time in microfluidic chip 

Dai et al (2019) developed a two-stage model based on turbidity measurement to 

describe the crystallization kinetics in the beaker tests (Dai, et al., 2019). In his work, the 

nucleation times at room temperature with SI value from 1.57 to 1.87 were calculated from 

the model of turbidity signals. The nucleation time is defined as the length of the time 

period from the creation of supersaturation to the end of the nucleation stage. In his model, 

the crystallization can be divided into two stages, at the first stage, only the nucleation 

reaction take places; at the second stage, only the crystal growth and the aggregation 

reactions take place (Figure 79). In the microfluidic chip, the nucleation time can be 

measured as the time when the particles begin to form, which is equal to the end of the first 

stage (nucleation stage) in the two-stage crystallization process. 

Figure 85 shows the image of barite particles inside the microfluidic channel in 

experiment 7m. The particle sizes were estimated as the area of ellipse (length × width × 

𝜋 4⁄ ). The particle sizes were plotted with time in Figure 86. The measured nucleation time 

is obtained from the interceptions on the x-axials. The measured nucleation times in the 

microfluidic experiments were compared with the calculated nucleation times in beaker 

tests in Figure 87.  
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Figure 85. The observed particles in microfluidic chip in experiment 7m. 
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Figure 86. The particle sizes in experiment 4m to 8m with barite SI from 1.37 to 

1.87. 

 

  



  
152 

Figure 87. The measured nucleation times (microfluidic chip) in experiments 4m to 

7m with SI values 1.87 to 1.37 and the calculated nucleation times in beaker tests 

(Dai, et al., 2019). 

In Figure 87, the results suggests that at room temperature with 0.025 m calcium 

(experiments 4m to 7m), the nucleation times at the surface of microfluidic channels are 

equal to the ones in the beaker tests. This result suggest the kinetics at the surface is equal 

to the bulk phase, which confirms that the existence of the boundary layer, where the 

nucleation can take place at the surface without flushed away by the flow. 

5.4.3. Deposition in quarter inch OD tubing 

To further confirm the hypothesis that the nucleation of scale will take place inside 

the hydrodynamic boundary layer, the experiments were also conducted in the quarter inch 

OD 316 stainless steel tubing for 48 hours. In experiments 15q and 37q to 41q, six 

experiments were conducted to verify the deposition at 70 and 120 ℃ with barite SI value 

from 0.3 to 0.9. The measured deposition rates in experiments 15q and 37q to 47q were 

plotted in Figure 88. The results shows in 48 hours (2 days), the deposited barite were 

founded in SI value over 0.5 at 120 ℃ and SI value over 0.9 at 70 ℃. 
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Figure 88. The measured deposition rates in experiments 15q and 37q to 41q. 

 

Figure 89. The isopleth diagram of predicted induction times (curve) and 

experiments results (circles and crosses). 
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To interpret the data, the experiments with and without deposited barite were 

plotted in the isopleth diagram in Figure 89. The reaction time (travelling time) inside the 

dynamic loop was 311 seconds, and the predicted induction time for all the six experiments 

(15q and 37q to 41q) were longer than 320 seconds. According to the previous knowledge, 

there should be no deposition inside all the six experiments since the induction time longer 

than the reaction represents that the scale will forms after the solution pass the exit of the 

quarter inch tubing. That is, in Figure 89, it was believed that under the isopleth curve of 

320 second, there should be no scale. However, four of the six experiments shows 

deposited barite, which agrees with the contradictions we observed before. To solve this 

contradiction, we introduce the hypothesis of nucleation inside the hydrodynamic 

boundary layer. That is, during the 2 days (48 hours) experiments, a thin layer of 

supersaturated solution will stay at the surface and end up to nucleate. If we draw the 

isopleth curve of 48 hour, it will successfully separates the experiments from no scale ones 

to the deposition observed ones. This fact is the prove to the boundary layer hypothesis, 

which changes the concept of induction time: we used to believe if the induction time 

longer than the reaction time the condition can be regarded as no scale risk, now the 

induction time only represent the times when the deposition begins. 

5.4.4. Inhibition in quarter inch OD tubing 

Another application of this work is the prediction of required inhibitor 

concentrations. In experiments 16q and 17q, the predicted induction times of SI value 

equals to 0.9 at 120 ℃ with 0.25 ppm DTPMP or PPCA are 22.5 hr and 11.1 hr. Both the 

predicted induction times are shorter than the reaction time (48 hr), which corresponds to 
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the results that 0.25 ppm PPCA cannot completely inhibition the barite scale and in the 

presence of 0.25 ppm DTPMP, small amount of deposited barite still found in the tubing. 

Furthermore, in experiment 17q-1 with 1.0 ppm PPCA, the barite deposition was 

completely inhibited (Figure 90). The predicted induction time in the presence of 1.0 ppm 

PPCA with barite SI value equals to 0.9 at 120 ℃  is longer than one year, which 

corresponds to the result. For now, the induction time represents the time when the 

deposition begins, which means by adding the inhibitor to extend the induction time longer 

than the duration time (experiment running time), the deposition will not able to take place. 

The corrected concept of induction time can now be applied to the prediction of required 

inhibitor concentrations. 

 

Figure 90. The measured deposition rates in experiments 15q to 17q-1. 
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Figure 91. The scenario of barite/calcite deposition in the produce well. 

5.5. Conclusion and application  

As it is mentioned in section 5.2.1, the induction time is widely used as the tool to 

determine the risk of scaling in the oil well. A typical safe SI value was picked from the 2 

hour isopleth curve of induction time (Figure. 89). However, according to the previous 

results, the concept of induction time is now represent the time when the deposition begins 

after the injection of supersaturated water. The threshold of the safe SI value is needed to 

be examined. Based on the new concept, the scenario of crystallization kinetics and the 

boundary layer is shown in Figure 91. At the surface of the pipe wall, a thin layer of 

hydrodynamic boundary layer with low flow rate will cause the supersaturated solutions to 

stay and nucleate at the surface, which lead to the initialization of deposition. The 
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nucleation kinetics in the boundary layer is similar to the crystallization kinetics in the 

beaker test, which can be described from the induction times. That is, the deposition begins 

after the running time of the oil well reach the induction time. According to the results in 

Figure 89, a 2-days isopleth curve of induction time is feasible to predict the scale risk in 

a 2-days experiment, which lower down the safe SI value from 1.65 at 50 ℃ and 0.68 at 

150 ℃ to 0.95 at 50 ℃ and 0.36 at 150 ℃. Based on the experimental data, it is confident 

that we recommend a 2-days isopleth curve as the standard of safe SI value. An isopleth 

curved for longer time can be selected to match the needs of the fields (i.e. a 30-days 

isopleth curve).  
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Chapter 6 

Future research 

In this dissertation, there are three fundamental findings: 

 The barium sulfate is diffusion controlled rather than surface growth controlled. 

 The deposition begins at the hydrodynamic boundary layer. The induction time now 

represents the time when the deposition begins.        

 Trace amount of scale inhibitor is needed to prevent scaling when the SI value is 

higher than zero. In the presence of scale layer, higher concentration of inhibitor is 

required. 

In the future, the following topic are suggested to be investigated: 

 Turbulence and the shear stress: will the scales deposit under high turbulence 

conditions or at high shear stress? What would the effect of eddies and dead zones 

be?  

 Multi-scale deposition: the deposition kinetics and process of multi-scale deposition 

(barite/gypsum/calcite, etc) is remain unknown. 
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Notes 

[Footnotes, etc. can be organized here (if not placed in the main text).] 
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