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Abstract: Scaling in a hydrothermal type of geothermal well reduces or interrupts the production
of geothermal energy. Calcite is one of the most common scales in geothermal wells. The reason
for its formation in geothermal production wells is clear. The flowing up of geothermal water
causes a change in the pressure and temperature, which results in the escape of CO, gas from the
geothermal water, causing a rise in pH and the supersaturation of CaCOj in the solution. To predict
scaling in a new geothermal well, conditional data for geothermal well simulations are required. It
is important to determine what field data are needed and how to obtain them. It is necessary to
deal with some parameters that are hard to measure and that have not been described in detail in
the existing literature. In this study, a two-phase flow model and a chemical reaction equilibrium
model are integrated to simulate the scaling process in production wells. Based on the simulation, a
comprehensive and practical approach, including a novel noncondensable gas content measurement
method, is applied to predict the depth of the first gas bubble using simple field test data and does
not require reservoir permeability and earth conductivity. The result shows good agreement with the
location of scaling detected in the field.
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1. Introduction

At present, the main global energy consumption still relies on fossil fuels, which brings
problems, such as environmental pollution and climate change. Thus, it is urgent for us
to change our energy use to new or renewable energy resources. Geothermal energy is an
important renewable energy. It has the characteristics of large reserves, wide distribution
and is clean, stable and reliable. It originates from the Earth’s magma and the decay of
radioactive materials. Geothermal energy is usually divided into shallow, hydrothermal
and hot dry rock categories. In the process of geothermal energy extraction from either
hydrothermal geothermal reservoirs or hot dry rock by enhanced geothermal systems [1],
due to changes in fluid temperature and pressure and the occurrence of chemical reactions,
scaling may occur in geothermal wells and surface equipment [2,3], which will block fluid
flowing in pipelines and result in loss or even cessation of production.

Scholars around the world have carried out a large number of studies on this topic.
Yanagisawa et al. [1] studied scaling in a hot dry rock geothermal system in Hijiori, Japan.
They found that after long-term operation, scales appeared in several different locations due
to changes in temperature. Mohammad Zolfagharroshan et al. [4] established a calculation
model for geothermal well flow and scaling, which is highly consistent with the actual
test data. Zhang et al. [5] tested the performance of a calcium carbonate-scale crystal
growth kinetics model through an experiment on scaling in geothermal water blocking
flow in pipes and applied it to predict carbonate scaling in a North Sea well. The results
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showed that the prediction was in good agreement with the real experimental field test
results. Tut Haklidir et al. [6] provided a review of mineral precipitation and effective
scale inhibition methods at geothermal power plants in West Anatolia (Turkey). They
pointed out that the systematic physical and chemical monitoring studies are critical
for providing uninterrupted energy production from power plants. They discussed the
selection of suitable chemical inhibitors, identifying optimum dosages of inhibitors along
with correct dosage points, and showed that preparing correct dilutions with water for
each geothermal system can extend the lifetime of geothermal power plant wells and
equipment. Zhang et al. [7] used geothermal water from Xining Basin, China, to conduct
scaling reaction tests under different temperatures, pressures and partial pressures of CO,
and found that only a very small amount of scale particles can attach to the pipe wall, while
most of them will invade the formation and damage the injectivity.

An exponential model is an important basis for judging the scaling trend. Song et al. [8]
predicted the scaling and corrosion tendencies of geothermal water by using Langelier and
Larson index (two kinds of CaCOj saturation prediction indexes) models and verified it
by a static immersion test. The results show that Langelier index can better predict the
scaling tendency of the aerated geothermal water, especially for the geothermal water with
a serious scaling potential. Wang et al. [9] analyzed the water quality of a geothermal
well in Ganzi, Sichuan province, China, and judged the tendency of corrosion and scaling
according to a Larson index and a Ryzner index. The results showed that the geothermal
water in this area had a moderate tendency to cause scaling and the scale component was
CaCOs. Liu [10] pointed out that there is still relatively little work on the prediction of the
corrosion and scaling tendency of geothermal fluids and suggested systematic analysis
of the corrosion and scaling tendency, three-dimensional multiphase flow and chemical
reaction numerical simulation based on the characteristics of geothermal fluids in different
regions are the future directions for research. Zhu et al. [11] discussed the method for
judging the scaling and corrosion tendency of geothermal water. When the C1~ content of
geothermal water is greater than 25%, the Larson index is better than the Ryzner index for
judging the tendency for scaling.

Prevention or removal of scale in geothermal systems usually requires the use of scale in-
hibitors and appropriate manipulation of injection to achieve good results. Haklidir et al. [12]
designed two fuzzy logic controllers to control silica and calcium carbonate scale inhibi-
tion systems and achieved good results. Topcu et al. [13] investigated the effect of CO,
injection on the formation of scaling in Tuzla Geothermal Field (TGF), located in the north-
west of Turkey. The results show that the injection of CO, into the hypersaline brine
of TGF is a promising green approach for both mitigation of scaling by reducing pH at
the well head and the minimization of potential corrosion compared to the use of formic
acid. Zhang et al. [14] used PHREEQC, a software developed by The US Geological Sur-
vey, to analyze and study the scaling problem of a high-temperature geothermal well in
Kangding, China, by using hydrogeochemical simulation technology. The results show
that serious scale formation occurs with the change in temperature, pH, pressure and redox
environment of the geothermal fluid during exploitation.

To solve the scaling problem, chemical scale inhibitors or mechanical removal are
needed in geothermal wells. However, chemical scale inhibitors need to be added to pure
liquid geothermal water to achieve good scale inhibition [15,16], so it is very important
to determine the depth of the first gas bubble in geothermal wells. The point where the
wellbore dynamic pressure profile diverges from linearity is generally used for determining
gas breakout depth. However, a significant amount of vaporization must have occurred to
change the slope of the line and lead to curvature in the pressure profile. Moreover, the
depth of that point is most probably shallower than the depth of the first gas bubble. The
pH changes as soon as a gas bubble forms [16]. Therefore, it is not sensitive to use dynamic
pressure curve to predict the depth of the first gas bubble and a more accurate calculation
model is needed. Patzay et al. [17] developed an equilibrium simulation algorithm and
a computer program for calcite scale formation in a CaCO3-H;O-CO, system using the
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Davies and Pitzer activity calculation methods and a simple linearization method to deal
with the flow pressure drop and temperature change in the well. Haizlip et al. [15] discussed
the influence of noncondensable gases on reservoir and geothermal well productivity. In
their study, the partial pressure of CO, dissolved in geothermal water was calculated
using Henry’s law and the steam tables. The depth of gas breakout (bubble) depth in
high gas content wells can be estimated using the measured downhole pressures from
dynamic surveys and the calculated total pressure where the total pressure is the sum of
the liquid water pressure plus the gas pressure. Akin [16] et al. used the geothermal water
composition, CO; gas content and wellbore temperature and pressure data to calculate the
bubble starting point position in PHREEQC software. Patzay et al. [18] used a solubility
equilibrium program GEOPROF to determine the bubble point depth, temperature and
pressure, as well as the partial pressure profiles of the gases CO,, CHy and Ny in two
geothermal wells in southern Hungary. It was recommended that the wellhead pressure
should be maintained above 40 bar in one of the wells because of the intensity of scaling at
surface conditions. Liang et al. [19] used WellSim, a well simulation software, to predict
the location of scaling in a geothermal well in Hebei province, China, and analyzed the
impact of scaling. When preventing scaling on site, the depth of the submersible pump or
the injection of scaling inhibitor should be below the flash point.

As far as we know, most of the literature on scaling simulations in geothermal wells
used existing commercial software (such as WellSim, PHREEQC) or only introduced briefly
the simulation calculation. However, geothermal fluid scaling involves two-phase flow
and chemical reaction. For example, the model of reference [4] mainly focused on two-
phase flow cannot simulate the change in chemical components and analyze the effect
of noncondensable gases on scaling. The model in reference [17] focused on chemical
equilibrium but without concerning detailed two-phase flow fluid dynamics. In addition, to
predict scaling in a new geothermal well, conditional data for geothermal well simulations
are required. What field data are needed and how to obtain them has not been described
in detail in the previous literature. In this paper, the whole process of specific simulation
methods and field data acquisition methods are integrated and clarified. In this study, we
will take a geothermal well in Boye, Hebei province, China, as an example to systematically
elaborate the methodology.

2. Wellbore Simulation
2.1. Mathematical Model

The basic mechanism of wellbore scaling is as follows: while the geothermal fluid rises
from underground through a wellbore, the pressure decreases continuously and flashing
may appear somewhere in the wellbore. Then, acidic gaseous CO, originally dissolved in
geothermal water solution escapes into the steam, which raises the solution pH and results
in super-saturation of CaCOj solubility and, therefore, precipitation of solid scale.

Although the principle of CaCOj scaling in a wellbore has been recognized, accurate
modeling of it is quite complicated, involving two-phase flow, formation heat transfer and
chemical changes in the solution and especially the flash process. Thus, the model should
involve chemical reaction equilibrium and phase equilibrium of the brine in the wellbore,
pressure drop in the two-phase flow and heat loss to the formation, etc. The mathematical
model of these processes presented in this paper is based on references [4,20-22].

2.1.1. Two-Phase Flow Model

The conservation equations for the fluid are given below in one-dimensional form:
Continuity:

dp | dpv)
o Tar 70 M
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where p is the fluid density in kg/m?, v is the velocity in m/s; t is time in s and ! is the wellbore
length in m. There is no mass accumulation in steady-state flow. Therefore, we have:

Ipv) _ )

Momentum: ( 2)
d(pv ap mid

= ——_—— —_— 1 9
ot ol o~ Ta o Pesm ©)
where p is pressure in Pa, T is the frictional coefficient in kg/ (m-s?), d is the wellbore
inner diameter in m, A is the wellbore cross sectional area in m?, g is the gravitational
acceleration in m/s? and 6 is the angle between the wellbore and the horizontal direction
(dimensionless). Considering steady-state flow and by combining Equations (2) and (3),
Equation (3) can be reduced to

dp md . do

- A —pgsm()—pva 4)
When it flashes to two-phase flow, the fluid is regarded as a homogeneous gas-liquid

mixture. If the well is vertical, Equation (4) can be written as follows:

d U2 . Vo
_ £ — gpmlx + fmlx ;‘léxpmlx + pmlxvmlx dHZ'IIX (5)

where z is the vertical length in m, f is the friction factor (dimensionless) and the subscript
mix stands for mixture parameters. In our study, the friction factor calculation model from
reference [20] is adopted. Here, we will not repeat related equations from the reference. The
void fraction and mixing density are used to calculate different friction factors according to
different flow patterns. Flow patterns of gas-liquid two-phase flow can be classified into four
types: Bubbly, Slug, Churn and Annular. Slip effects are considered in all these flow regimes.

Energy:

dn  do . dg
a—fvafgsuﬁf— (6)

where / is enthalpy in J/kg and g is the heat transfer rate per unit of mass flow rate of a
calculation section in W/ (kg/s), defined by [21] as:

o lTlde(T — Tei)
9= T my

@)

where [ is the length of a calculated wellbore section in m, m; is mass flow rate in kg/s, T
is the formation temperature in K and U is the total heat transfer coefficient in W/(m?-K).
U may be approximated by [23]

0.6k
U=-5 ®)

where k is the “effective thermal conductivity” of the formation [24]. For steady-state liquid flow
through a wellbore, k can be estimated by matching the temperature profile in the well [21].

2.1.2. Chemical and Phase Equilibrium Models

The electrolyte solution phase equilibrium model [22] is used as a reference to calculate
the flash process. The phase equilibrium model of an electrolyte solution is shown in
Figure 1. After the change in temperature and pressure of the incoming solution, containing
certain amounts of chemical components, its chemical components are redistributed among
the three phases of gas, liquid and solid.
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Vapor Phase (moles of V, yH20, etC.L

Inflow (H20in, etc.)

T=Temperature \Liquid Phase (moles of }ian

P=Pressure / molalities of H*,OH- etc.)

|
Solid Phase (moles of each solid)

Figure 1. Schematic of phase equilibrium model of electrolyte solution.

The equations involved are as follows.
Mass equilibrium of chemical components can be expressed as

M
Fouti = Fini + Y, 0 €] 9)
=1

where Fi, ; and F;; ; are the molar flow rates of each component i before and after ionization
or dissociation reaction, respectively, in mol/s, v is the stoichiometric coefficient (dimen-
sionless), ¢ is the reaction degree in mol/s, j stands for a certain equilibrium equation and
M is the total number of equilibrium equations.

Therefore, the updated chemical component compositions after chemical reactions
have reached equilibrium can be defined by

F .
zi = Nout,l ( 1 0)
Zi F out,i

where N is the total number of chemical components. The total mass equilibrium can be
described by the following equations.

F=L+V

Fz; = Lx; + Vy; (11)

where F is the total mass flow rate of all phases in mol/s, L liquid phase, V gas phase, x is
the liquid phase ratio, y is the gas phase ratio and z is the chemical component compositions
in all phases.

The energy balance is shown in the following equation.

HLL+ HyV = HpF + Q (12)

where Hp, Hy and Hf are the molar enthalpy of liquid, gas and all phases in J/mol;
Q is the heat transfer rate in W.
Phase equilibrium is shown in the following equation.

yi = Kix; (13)

where K is the Henry coefficient (dimensionless). According to Henry’s law, the solubility
of a gas in a liquid (expressed by mole fraction) is proportional to the equilibrium partial
pressure of the gas at a certain temperature and equilibrium state.

Chemical equilibrium can be expressed by the following equation.

K:II_\]I( Vi — N[ pidi Y
j ViXi) H fQ (14)

i=1 i=1
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where K is the chemical reaction equilibrium constant, where the dimension is different
for each specific chemical reaction, <y is the activity coefficient in dimensionless, ¢ is the
fugacity coefficient in dimensionless and f is the fugacity in Pa. Pitzer electrolyte activity
coefficient model [25] was used to calculate the liquid phase activity coefficients, while gas
phase fugacity coefficients were calculated by a PR equation of state [26].

The chemical constituent constraint can be expressed by the following equations.

Nm
ryi=1

= (15)
E X; = 1

i=1

where Ny, is the total number of gas molecules and m stands for molecular.
The electroneutral equilibrium can be shown as the following equations.

N

2 Zixi =0 (16)

i=1

Here, Z; represents the true value of the charge of the ion species, not the absolute
value, without dimension.
Physical property correlations are shown by the following equations.

Hg = H(Pg, Ty, z;)
HV = H(P, T/yi)

HL = H(P, T, xi) (17)
K; =K(P,T,xi,yi)
Kj = K(T,P)

2.1.3. Scaling Tendency

A saturation index model is used in this paper to predict the scaling tendency of
geothermal fluid. The saturation index is defined by

{[Me][An]}

SI=1lg Ksp

(18)

where [Me] and [An] are bivalent cation and anion concentrations, respectively, and Ky, is
solubility. When the SI is equal to zero, [Me][An] is saturated in the solution; when SI is
larger than zero, [Me][An] is super-saturated and there is a tendency for scaling.

For calcite, the following equation for the SI correlation is adopted [4].

SI = +6.33+15.0x1073T—

CO, CO
Pyg 2 fg 2

5.31 x 107672 — 5.27 x 107°P — 333459 + 1.431S;

1 { [Ca?*][HCO%"]

(19)

where T is the temperature in °C, P is the pressure in psi and S is the ion strength, defined by
s=:Y ¢z} (20)

where C; is the concentration of each chemical constituent in mol/kg,, (kg refers to 1 kg
geothermal water).
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2.1.4. Identification of the First Gas Bubble

The depth of the first gas bubble is identified by comparing the sum of the gas partial
pressures to the local fluid pressure, as shown in the following equation [17].

™=

(Kix;) =1 (21)

i=1

2.2. Model Solution Algorithm

The geothermal water flow in the interior of the wellbore is simplified as one-dimensional
steady flow. The wellbore is divided into many computational units in the length direction
and the parameters of each unit are calculated step by step from the well bottom to the top,
including heat transfer, fluid flow, chemical change and scaling, etc. The unit calculation
flowchart is shown in Figure 2.

Given the upper calculated unit pressure Pi,
temperature T1, enthalpy Hi, flow rate m, the molar
raction of each constituent xi in solution and yi1 in ga

v

Estimate next unit pressure change
AP*, and temperature change AT*

Calculate estimated enthalpy change AH*

Calculate the average pressure
and temperature of the unit
P=P1+AP*/2
T=T1;AT*/2
Calculate the flash process under the
temperature T, and pressure P, and obtained
new chemical constituent composition xa, yiz.
Calculate two phase flow pressure drop AP,

heatloss and temperature drop AT.

P2=P1+AP/[2
To=T1+0T/2

| Calculate enthalpy change AH |
) 4

@redict scaling tendency and go to next calculate uniD

Figure 2. Flow chart of a calculation unit.

The flash simulation algorithm is the most complex part in this paper. Luckily, the flash
separation process algorithm is a well-developed topic in the subject of chemical engineering
simulation [22]. The typical method is to obtain an N + M-dimensional equation set according
to the relationship between ionization balance and phase balance for a two-phase system con-
taining N components (all ions and molecules) and M chemical reactions, such as ionization
or hydrolysis. The nonlinear equations are solved by Marquardt iterative algorithm.
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At the end of the calculation of each unit, the saturation index is calculated to deter-
mine whether scaling occurs. If scaling occurs, a certain amount will be precipitated to
make the solution return to the saturation state under the current conditions, so as to obtain
the balance relationship of each component.

2.3. Chemical Reaction Equations and Phase Change Equilibrium Equations

Due to the complex chemical composition of geothermal fluids, it is impossible to
cover all of them. The purpose of this paper is to describe the simulation method of CaCO3
scaling. Currently, only the interaction of CaCOj3, CO,, H,O, NaCl and CHy is considered
in the wellbore scaling simulation program as shown in Table 1.

Table 1. Chemical reaction and phase change equilibrium equations involved in this simulation program.

p4
e

Equations

Hzo + COZ(aq) — HCO37 + HT
HCO3~ < CO32~ +Ht
H,O <+ HY + OH™
CaHCO3 %  Ca’t + HCO3~
CaCO;3° < Ca?t + COz2~
Ca(OH)™ ¢« Ca’t 4+ OH™
HzO(aq) A d Hzog
COZ(aq) A d COzg
NaCl®(halite) +» Na™ + Cl~
10 CaCO3%(calcite) +» Ca?t 4+ CO32~

11 CH4(aq) Ad CH4g

Note: the subscript aq refers to solution, & refers to gas phase and ® refers to solid phase.

OO Ul WN -~

\O

2.4. Programming

The wellbore simulation program is written in the Visual Studio 2019 integrated develop-
ment environment with Python computer language. Tkinter library is used to make a simple
parameter input interface. Then, one can easily input the parameters of each example.

3. Field Test for Prediction of the Depth of the First Gas Bubble or Scaling of a Real
Geothermal Well

3.1. The Situation of the Tested Geothermal Well

The geothermal well selected in the test is located in Boye County, Hebei Province,
China (as shown in Figure 3). This area is located within the hinterland of Jizhong Plain,
the middle of Hebei Province and 50 km south of Baoding city. The tectonic position of this
area is located in the east-central margin of North China Plate (level 1), Bohai Bay Basin
(level 2), Jizhong Depression (level 3), Gaoyang low uplift (level 4 tectonic unit) and the
junction of Gaoyang low uplift and Raoyang depression. According to the rock debris
logging, drilling time (speed) logging and comprehensive logging data, combined with the
comparative analysis of regional geological information, the geothermal well drilled from
top to bottom encountered Quaternary Pingyuan Formation, Upper Tertiary Minghuazhen
Formation, Guantao Formation, Dongying Formation, Lower Tertiary Shahejie Formation,
Kongdian Formation and Wumishan Formation (not drilled through).

The well has a shape of three-stage structure. Three kinds of seamless petroleum steel
tubes are used with different well diameters. The well structure for fluid flow is formed
as shown in Table 2. The well is currently used for heating in the residential area and the
submersible pump is put into the well at a depth of 110 m. The roughness of the tube is
about 0.015 mm.
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Figure 3. Location of Boye County, Heibei province, China.

Table 2. Well structure.

Depth (m) Inner Diameter (mm)
0~462 320.4

462~3056 226.62

3056~3570 159.42

3.2. Field Test Methods
(1) The depth of scaling:

Open the tube at the wellhead and observe visually.
(2) Static temperature and pressure of the well:

Professional logging truck is used to measure static wellbore pressure and temperature
data. Temperatures and pressures every 10 m from wellhead to the well bottom are recorded
and saved in an Excel spreadsheet.



Processes 2022, 10, 2018

10 of 16

(3) Gas and liquid chemical composition analysis of the geothermal water:

A sampling port is set at the wellhead. After gas-liquid separation, the gas and
liquid are sampled, respectively. The gas composition and contents are analyzed by gas
chromatography. The composition of the water sample was sent to professional institutions
for analysis. After filtration, the geothermal water is analyzed by induced plasma mass
spectrometer, titration and ion chromatography.

(4) Measuring method of noncondensable gas contents in a unit weight of geothermal water:

A drainage method is used to measure the noncondensable gas content in geothermal
water. As shown in Figure 4, the testing procedure is as follows.

Figure 4. Schematic of noncondensable gas content measuring steps: (a) turn a bottle upside down
filled with water; (b) open the valve let geothermal fluid flow inside the bottle; (c) move the bottle to
make the liquid surface inside and outside the bottle is at the same level.

At first, the volume of water in a bucket was recorded. Then, a bottle filled with
the water was turned upside down in the bucket with the bottle mouth submersed in the
water (Figure 4a). In the second step, the valve was opened and the geothermal water
containing noncondensable gas flowed into the bottle. As a result, the noncondensable
gas was collected inside the bottle (Figure 4b). In the third step, the valve was closed after
collecting a certain amount of gas. When the water temperature was equal to the ambient
temperature after a while or was the ambient temperature, T was recorded. The bottle was
moved up and down to make the liquid surface inside and outside the bottle reach the
same level (Figure 4c), so that the pressure of the gas in the bottle is equal to 1 atm. The
volume of the gas at this time V was recorded (after making a record and drawing a line on
the bottle, use a measuring cylinder to measure the volume with water), then the increased
geothermal water m was measured by a measuring cylinder. According to the following
equation, the molar of noncondensable gas 1 can be calculated.

(P - Pwater,S(T))V = nRT (22)

where P is 1 atm; T is ambient temperature in K; Pyater,s is water saturated pressure under
the ambient temperature; R is universal gas constant. Then, n/m is the noncondensable gas
content in a unit weight of geothermal water.

(5) Measurement of the total mass flow rate of the geothermal water:
The total mass flow rate of the geothermal water is measured by an ultrasonic flowmeter.
(6) Measurement of the dynamic temperature and pressure at the wellhead:

A mechanical temperature meter with an accuracy of £1.0% and a mechanical pressure
meter with an accuracy of +1.6% are fixed in the wellhead and we can read the real-time data.
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4. Results and Discussion
4.1. Analysis of a Trial Computation

Example input parameters are shown in Table 3. The Earth formation temperature is
calculated as a linear change from ground surface to bottom hole.

Table 3. Example input parameters.

Item Value
Total depth of the wellbore 1000 m
Inner diameter 200 mm
Pipe inner surface roughness 0.015 mm
Bottom hole temperature 70 °C
Bottom hole pressure 11.2 MPa
Flow rate 2.5kg/s
CaZ* content 4.0 mg/kgw
HCO3~ content 12.18 mg/kgw
CO, content 50 mg/kgw
CH4 content 200 mg/kgw
ground surface temperature 25°C

The wellbore is divided into 500 computational sections (optional) and parameters,

such as gas-liquid component composition, temperature, pressure, flow rate, pH and
scaling saturation index, of each unit are obtained after calculation by simulation program,
as shown in Table 4. The partial pressure of each kind of gas is the total pressure multiplied
by its gas phase mole fraction and fugacity coefficient. The pH can be determined by H*
concentration. The cumulative scale of CaCOs(s) is 7.0 x 107> mol/ kgw. The depth of the
first gas bubble or initial scaling point is 118 m. Therefore, the four representative depths in
Table 4 are the bottom of the well, the wellhead, the point before the bubble point (150 m)
and the point after the bubble point (60 m), respectively. They are selected to show how
parameters change along the wellbore.

Table 4. Concentration of each component in the geothermal water at different depths of the well.

Condition Concentration/(mol/kg)
1=1000m H* OH~ HCO3~ CO3%~ COs(aq) CHy(aq) Ca**
Tosizi5k 284 107 590x107%  202x107* 547 x1077 113x107%  125x1072 993 x 107°
P =112.0 bar CaHCO;3* CaCO3° Ca(OH)* H,O(aq) H,O(g) COs(g) CHy(g)
481 x 1077 352 x 10~° 2.62 x 1077 55.540 76 0.00 0.00 0.00
H* OH~ HCO;~ CO;32~ CO,(aq) CHy(aq) Ca%t
k=150 m 2.81 x 107° 553 x 1078 2.02 x 1074 544 x 10~° 1.13 x 1073 1.25 x 1072 9.93 x 107°
T =34247K i i i i : i :
P =18.7 bar CaHCO;* CaCO5° Ca(OH)* H,0(aq) H,O(g) CO,(g) CHy(g)
479 x 1077 342 x 1077 232 x 1077 55.540 76 0.00 0.00 0.00
H* OH~ HCO3~ CO52~ COs(aq) CHy(aq) Ca?*
h=60m -6 -8 -5 ~10 -3 -3 -5
T = 34298 K 851 x 10 1.74 x 10 6.81 x 10 6.08 x 10 1.16 x 10 7.28 x 10 2.99 x 10
P =8.8Dbar CaHCO;3* CaCO3° Ca(OH)* H,0O(aq) H,O(g) COx(g) CHy(g)
486 x107%  115x 10710 227 x 1078 55.540 81 1.82 x 1075 433 x 107> 5.22 x 1073
H* OH~ HCO3~ CO32~ COs(aq) CHy(aq) CaZt
h=0m 6 -8 5 ~10 4 23 -5
T 31216 K 6.81 x 10 2.15 x 10 6.64 x 10 7.40 x 10 9.00 x 10 1.68 x 10 2.99 x 10
P =22bar CaHCO;5* CaCO3° Ca(OH)* H,0(aq) H,0(g) CO,(g) CHy(g)
474 x 1078 139 x 10710 2380 x 10°8 55.540 67 1.6 x 1074 3.00 x 1074 1.08 x 102

Note: the subscript aq refers to solution, g refers to gas phase.
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Figure 5 is the output data of the calculation example. Figure 5a shows the curves
of temperature and pressure changes along the well. Figure 5b—d show evolutions of
geothermal water pH, partial pressure of CO, and composition of gas and liquid phases
after the first gas bubble point, respectively. Under a mass flow rate of 2.5 kg/s flow rate,
the temperature decrease is small and the pressure decreases linearly. After the first gas
bubble point, due to the escape of CO,, the pH of geothermal water increases exponentially
and the partial pressure of CO, decreases rapidly. These curve evolution trends match the
calcite scaling mechanism very well. The change in gas composition in Figure 5c shows
that CHy gas has a faster growth rate than CO;, because CHy4 has a lower solubility in
water. Figure 5d shows the change in concentration of each component in the liquid phase.
It can be seen that, except for free CO, molecules, CH4 molecules, HCO® and Ca?*, the
concentration of other components in the solution is low, less than 1 x 10~° mol/kgy. In other
words, calculated parameters changed significantly after the first gas bubble point, while they
were almost unchanged before the first gas bubble point, except for the total pressure.
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Figure 5. (a) Temperature and pressure distribution along the well; (b) CO, partial pressure and pH
evolution after the first gas bubble point; (c) concentration evolution of gas components after the first
gas bubble point; (d) concentration evolution of liquid components after the first gas bubble point.

Effects of Noncondensable Gas on the First Gas Bubble Point and Scale

Figure 6 shows the variation curves of the ultimate scale amount, changing with CO,
content under different well bottom temperatures. This was achieved by changing the
two variables of well bottom temperature and CO, content based on the above calculation
example. The final amount of scale is calculated by keeping CaCOj saturation index less
than zero. As can be seen from the figure, under a well bottom temperature of 70 °C, the
amount of scale decreases with an increase in CO, content and, when the CO, content
reaches a certain level, the amount of scale approaches 0. Under the same CO, content,
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with an increase in well bottom temperature, the amount of scale increases, but due to the

limitation of Ca2*, the amount of scale also is limited to a certain maximum.
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800
CO, content / (mg/kg,,)

2000

Figure 6. Relation of scale quantities with CO, content under different well fluid temperatures.

Figure 7 shows the influence of CH4 and CO; content per kg of geothermal water on
the depth of the first gas bubble under the above calculation example conditions. It can
be seen from the figure that the depth of the first gas bubble is linearly increased with the
content of these two noncondensable gases. In general, the depth of the first gas bubble is
the location where scaling begins. As the content of noncondensable gases increases, the
gases escape more easily from the aqueous solution and the flash point becomes deeper.
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Figure 7. The effect of CHy (a) and CO; (b) contents on the first gas bubble point.

4.2. Field Test Results

)
@

®)

4)
©)
(6)

The position of scale is right at the wellhead.

The logging truck results were recorded in an Excel spreadsheet that recorded tem-
perature and pressure data points every 10 m. Part of the data is shown in Table 5.
The static water surface is at a depth of 72 m. The temperature and pressure of the
geothermal water in the bottom of the well (depth of 3570 m) are 142.937 °C and
32.89 MPa, respectively.

The analysis and test center of Guangzhou Institute of Energy Conversion, Chinese
Academy of Sciences, detected that the main components of noncondensable gas
are 90% CO; and 10% CHyj. The liquid composition was tested by the Groundwater
Mineral Water and Environment Monitoring Center of the Ministry of Land and
Resources, China, and the results are shown in Table 6.

The noncondensable gas content in a unit weight of geothermal water is 0.003668 mol/kgy.
The total mass flow rate of the geothermal water is 90 m3/h.

The temperature is 121 °C and pressure is 3.5 bar at the wellhead.
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Table 5. Static temperature and pressure in the tested well.

Depth (m) Temperature (°C) Gage Pressure (MPa)
72 23.377 0
1000 65.356 8.988
2000 102.649 18.479
3000 137.52 27.72
3570 142.937 32.89

Table 6. Concentration of each constituent in the geothermal water.

Constituent K* Na* CaZ* MgZ* HCO;~  CO5%~ Cl- S0,4%~ F~ NO;~
Concentration ), 1889 79.95 12.36 579.1 100.0 2757 116.1 8.35 1.62

4.3. Depth Prediciton of the First Gas Bubble by Wellbore Simulation

Putting the field test data above into the wellbore simulation program described in
Section 2, the depth of the first gas bubble or scale starting point can be predicted. In
this well, a submerged pump is placed at a depth of 110 m. In our simulation model,
the pressure of the geothermal water is increased suddenly by a certain pressure boost
according to the performance of the pump. The lift of the submerged pump is 19 m at
a total mass flow rate of 90 m>/h. Geothermal water flows into the pump pipe with a
diameter of 150 mm after the pump.

The temperature of the formation for each calculation section is obtained by using linear
interpolations between tabulated data from the logging truck. For chemical components that
are not considered in the program, anions are subsumed with C1~ input of equal mole charge
and cations with Na* input of equal mole charge. For example, 1 mol SO,?~ can be regarded
as 2mol C1~ and 1 mol K* ion can be regarded as 1 mol Na* ion for calculation.

As the well bottom pressure will decrease during the dynamic flow of geothermal
wells, the magnitude of the pressure drop factor is related to the formation permeability
and other geological properties and, usually, is not easy to obtain. The well bottom pressure
under a dynamic condition can be continuously adjusted by multiple trial calculations
and after the calculations, the appropriate value can be obtained by comparing with the
real wellhead pressure. Similarly, in the process of heat dissipation calculation, the actual
formation thermal conductivity k. is also not easy to obtain. If it cannot be provided,
some estimated values can be set and several trial calculations carried out until the well
bottom temperature and wellhead temperature are consistent with the measured data.
After obtaining satisfactory results, the depth of the first gas bubble can be calculated at
about 2 m, which is consistent with the actual location of scaling at the wellhead.

Although we take the geothermal well in Boye county, Hebei Province, China, as an
example to show the prediction of the scaling procedure, the methods are suitable to all
geothermal wells involving the calcite scaling problem. For other type of scales, other
chemical component properties are needed to add into equations of chemical reaction
equilibrium manually. However, the computational algorithm is the same. Following
the procedure described above, one can easily estimate the depth of the scaling in the
geothermal well without reservoir parameters that are hard to obtain.

5. Conclusions

In this paper, models of two-phase flow, chemical reaction equilibrium and flashing
are combined together to simulate the flow in a geothermal well. The simulation is able
to obtain the change in temperature, pressure, chemical components in the gas and liquid
phase, pH and gas phase partial pressure, determine the depth of the first gas bubble and
judge the tendency of scaling, etc. A simple calculation example shows that the numerical
results are reasonable. It can establish the exponential decrease in CO; partial pressure



Processes 2022, 10, 2018 15 of 16

and exponential increase in pH after the occurrence of the first gas bubble. At the same
time, after parameter sensitivity analysis, the following three conclusions can be drawn:
(1) with an increase in CO; content, the amount of scaling gradually decreases until no
scaling occurs; (2) the higher the geothermal water temperature, the more likely scaling is
to occur; (3) with an increase in noncondensable gas, the first gas bubble location, that is,
the scaling location, becomes deeper.

The chemical composition of geothermal water in the simulation program of this paper
only includes Ca?*, HCO3—, Na*, Cl~ ions and CO,, CH4 noncondensable gases. However,
real geothermal brine contains more complex components. More chemical components can
be added on the basis of this model framework. By using appropriate chemical constants,
such as a chemical reaction equilibrium constant and Henry coefficient, the real flow and
chemical change in a geothermal well can be accurately simulated.

Based on the simulation model, this paper discusses, in detail, the field test data acqui-
sition process and computational prediction procedure for the scale location of geothermal
wells containing noncondensable gases. Through drainage and liquid surface-level balance
methods, noncondensable gas content in the geothermal water can be measured. When
inputting chemical composition into the simulation program, chemical components not
mentioned in the program are combined with corresponding similar components that are
already considered. While it is difficult to obtain the bottom hole pressure drop factor
and the actual Earth formation thermal conductivity directly, repeated calculation and
comparison with the well bottom temperature and pressure are carried out to figure them
out indirectly. The depth of the first gas bubble resulting from the simulation program is
very close to the location of scaling detected in the field.
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