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When geothermal fluid flows to the wellhead along the wellbore, there is a thermal transfer
from the high-temperature geothermal fluid to the low-temperature formation. This
process can directly lead to the decrease of wellhead temperature and loss of
geothermal energy. Even though previous studies have confirmed that reducing the
thermal conductivity of cement could validly cut down the heat loss of geothermal
fluid, the influence factors of thermal conductivity are limited. In this research, we
conducted detailed studies of the influence factors of thermal conductivity and
compressive strength for cement. The results show that with the increase of water-
cement ratio and thermal insulation materials, thermal conductivity and compressive
strength decline. Furthermore, curing temperature is another important factor to
improve the thermal preservation effect, but the testing temperature has the opposite
influence. Based on these results, the present study concluded that porosity, Skeleton
ingredients, curing temperature, and test temperature are vital factors for thermal
conductivity. This research provides theoretical guidance for increasing the wellhead
temperature of geothermal fluid and enhancing the efficiency of geothermal energy.
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1 INTRODUCTION

Geothermal energy is clean and sustainable and has been widely used for power generation,
heating, and farming (Bildirici and Gökmenoğlu, 2017; Wang et al., 2017; Hamm and Metcalfe,
2019; Yang et al., 2021). In recent years, with the increased need for renewable energy, the
exploration and utilization of medium-low temperature geothermal resources have been widely
developed in China (Ma et al., 2016; Zhao and Fu, 2019). However, the temperature difference
between high-temperature geothermal fluid and low-temperature formations results in the
temperature in the wellhead being lower than that in the actual reservoir (Hasan and Kabir,
2002). This is unfavorable to the application of geothermal energy, especially for geothermal wells
featured by high bottom temperature or lower fluid-production rate (Kanev et al., 1997; Tóth,
2006).

The wellhead temperature of the geothermal fluid is one of the most important parameters to
determine the usage modes and applied efficiency for geothermal energy (Kanev et al., 1997;
Tekin and Akin, 2011; Zhou and Zhang, 2013; Gorman et al., 2014). Hence, elevating
this temperature is vital for the exploration and utilization of geothermal energy. Recently,
more and more research has focused on cement sheath, as its great contribution to heat
transfer (Yang et al., 2013; Won et al., 2015). Meanwhile, the theory that decreasing cement
thermal conductivity can prominently reduce heat loss has been proposed (Ichim et al., 2016,
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Ichim et al., 2018; Li et al., 2017; Zhao, 2020). Based on
this theory, calculation method and influence factors (e.g.,
water-cement ratio, testing temperature, and additives) of
cement thermal conductivity have been confirmed (Ichim
et al., 2018; Won et al., 2015; Fang et al., 2020). These
results revealed the change laws of thermal conductivity
from macroscopical sight. The study of influencing factors
is not comprehensive and the microcosmic mechanisms
remain obscure.

This paper aims to confirm the change laws and
corresponding microcosmic mechanisms of thermal
conductivity for cement. A precisely designed steady-state
method was used at the selected representative thermal
insulation materials. Based on this research, thermal
conductivity, and compressive strength were affected by
different influence factors (i.e., water-cement ratio, thermal
insulation materials content, curing, and testing temperature)
are documented. Combined with the results of microcosmic
analysis (Porosity test and scanning electron microscope), a
method of interpreting changes in thermal conductivity and
compressive strength from microcosmic sights is proposed.
The research results could provide a theoretical basis for the
effective utilization of geothermal energy.

2 MATERIAL AND METHODS

2.1 Material
In this study, class G cement was used as the basic material as it
has been commonly used in geothermal wells. Simultaneously,
floating beads with a hollow structure and expanded perlite with a
honeycomb-like structure were selected as insulation materials.
Results of chemical composition and physical properties of Class
G cement are shown in Tables 1, 2. The properties of these two
thermal insulation materials are shown in Table 3.

2.2 Methods
In this research, four different (0.5, 0.55, 0.6, and 0.7) water-cement
ratios (w/c ratio) were chosen for pure cement slurry. The mass
ratio of thermal insulation materials to Class G cement is 5%, 10%,
15%, and 20% respectively. Besides, a fixed w/c ratio (0.7) was

selected for thermal insulation cement slurry, and water-reducing
agents were used in maintaining its rheological properties. The
comparison between pure cement with a w/c ratio of 0.7 (w/c = 0.7)
and thermal insulation cement with different contents of thermal
insulation materials was conducted. Meanwhile, the steady-state
method was used to accurately calculate the thermal conductivity
of cement. The tools designed for making cement samples in this
study are shown in Figure 1. During the design process, the ratio
between sample diameter and thickness was greater than 8.

Cement powder and thermal insulation materials were mixed
before the thermal insulation cement was made. Then the
mixture was poured into a water-bearing agitator with low
stirring speed. Meanwhile, the pouring process was completed
in 15 s. The slurry was then cured in a curing chamber with curing
temperatures of 60°C, 90°C, and 120°C for 24 h, and the curing
pressure was set at 10 MPa.

After curing, the thermal conductivity of the cement sample
was tested by DRPL-Ⅲ high precision thermal conductivity tester
(measuring range 0.001–3W/(m.K), and the measurement
accuracy was 1%. In this study, we use “hot plate
temperature—cold plate temperature” to represent the test
temperature combination. When the hot plate temperature is
70°C and the cold plate temperature is 30°C, it is expressed as
“70–30°C.” Two conditions were set for analyzing pure cement
thermal conductivity. One set the hot plate temperature at 70°C
with different w/c ratios (i.e., 0.5, 0.55, 0.6, and 0.7) and curing
temperature (i.e., 60°C, 90°C, and 120°C). The other set the curing
temperature at 60°C with varied w/c ratios (i.e., 0.5, 0.55, 0.6, and
0.7) and hot plate temperatures (i.e., 50°C, 70°C, and 90°C).
Moreover, the analysis of the thermal conductivity of thermal
insulation cement was also conducted under two different
conditions. One was set the hot plate temperature at 70 °C
with varied content of thermal insulation materials (i.e., 5%,
10%, 15%, and 20%) and curing temperatures (i.e., 60°C, 90°C,
and 120°C). The other was set the curing temperature at 60 °C
with different w/c ratios (i.e., 5%, 10%, 15%, and 20%) and hot
plate temperatures (i.e., 50°C, 70°C, and 90°C).

The microstructures of pure cement and thermal insulation
cement were observed by using Nova NanoSEM 450 and
AxioCam MRc5. YAW-300B automatic pressure testing
machine was used to test compressive strength. The maximum
test value of this device is 300 kN, and the test error is within 1%.
During the test, the loading speed was kept at 71.7 ± 7.2 kN/min.
Dry density and the median pore throat size of cement were
achieved through AutoPore Ⅳ 9505. Test pressure was set at
1.0 MPa, and the chosen test temperature was 20°C. Rigaku
Ultima Ⅳ was used to test changes in mineral types and the
content of cement. All the equipment was calibrated before use.

TABLE 1 | Composition of Class G cement.

Chemical
composition

MgO SO3 Maximum
of total
alkalinity

C3S C2S C3A Maximum
value of

C4AF+2C3A

Content (%) 2.99 1.94 0.6 58.65 16.25 1.12 16.64

TABLE 2 | Physical properties of Class G cement.

Inspection item Density (g/cm3) Specific surface
area (m2/kg)

Water-cement ratio Thicking time
(min)

Compressive strength
(MPa)8 h

Thermal conductivity
(W·(m·K);1)

52°C, 20 MPa 38°C, 20 MPa 60°C, 20 MPa 70°C, 20 MPa

Measured valne 3.14 622 0.5 110 2.5 12 0.896
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3 RESULTS AND DISCUSSION

3.1 Pure Cement
3.1.1 Microstructure and Related Parameters
The microstructure of pure cement under a microscope and
scanning electron microscope (SEM) is shown in Figures
2A–D. As the w/c ratio increases from 0.5 to 0.7, the number
and size of primary macropores and micropores in pure cement
increases significantly, whereas the per unit volume of small
cracks was reduced (Figures 2A–D).

The test results of dry density and the median pore throat
radius of pure cement under different w/c ratios are shown in
Figure 2E. With the increase of w/c ratio, the dry density
gradually decreases, whereas the median pore throat radius
gradually increased (Figure 2E). In a word, the change rates
of dry density and median pore throat radius were gradually
reduced. That is when the w/c ratio is 0.6, the dry density and
median pore throat radius are 1.37 g/cm3 and 53 μm respectively,
accounting for 67.9 and 61.3% of the total decrease. The increase
in the number and size of the primary macropores is the main
reason for the changes in dry density and median pore throat
radius.

The XRD results of pure cement with different w/c ratios (0.5
and 0.7) are shown in Figure 3. As shown in the figure, the
increase of w/c ratio or curing temperature can effectively
improve the hydration degree of C3S, C2S, and C4AF, which
will result in an obvious increase of CH and CSH content
(Figures 3A–D).

3.1.2 Thermal Conductivity
The thermal conductivity obtained under different curing and hot
plate temperatures is shown in Table 4 and plotted in Figures
4A,B. Notably, as the content of floating beads increases, the

thermal conductivity decreases rapidly at first and then the
reduction rate becomes relatively slow (Figures 4A,B). The
thermal conductivity of pure cement (w/c = 0.7) is 21.2%,
25.0%, and 25.6% respectively lower than that of pure cement
(w/c = 0.5) under three different curing temperatures (i.e., 60°C,
90°C, 120°C) (Figure 4A). In the same case, the decrease
percentage is higher than 20.1% under three different hot plate
temperatures (Figure 4B). It is believed that the improvement of
the degree of hydration of cement particles and cement porosity
are two major factors that lead to the decrease of thermal
conductivity. Moreover, as the w/c ratio is lower than 0.55,
most of the added water is involved in the hydration of the
cement particles, and a small number of them are used to form
pores. In this process, the increased hydration degree of cement
particles will convert more C3S and C3A into CSH with relatively
weak heat conduction capacity, which is the main reason for the
reduction of heat transfer capacity of cement skeleton (Qomi
et al., 2014; Kumar and Mitra, 2021). When the w/c ratio is
between 0.55 and 0.6, the increase rate of cement particle
hydration degree gradually decreases, and the increased pores
become the main result of the w/c ratio increase. In this case, the
thermal conduction capacity of air is much lower than that of
cement skeleton. Therefore, the increased pores can effectively
reduce the cross-sectional area and prolong the path of heat
transfer in cement. The above three results are the main way to
reduce the pure cement thermal conductivity. When the w/c ratio
is higher than 0.6, the free water required for cement particle
hydration reaches saturation, and the main function of increased
free water is to improve porosity. However, as the ratio between
the subsequently added free water and total volume of cement
slurry continues to decrease, the free water that can be distributed
per unit volume slurry also continues to decrease. This leads to a
slower change rate in porosity and thermal conductivity.

TABLE 3 | Properties of thermal insulation materials.

Serial
number

Properties Density
(g/cm3)

Type Size
(mesh)

Particle
structure

Thermal
conductivity
(W·(m·K)−1)

SiO2 (%) Al2O3 (%)

a Floating beads 0.48 powder 40–100 hollow 0.065 56 32.7
b Expanded

perlite
0.43 powder 40–100 honeycomb 0.037 70 15

FIGURE 1 | Curing molds and test samples. (A) Curing mold assembly drawing. (B) Thermal conductivity test sample.
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FIGURE 2 |Microstructure and related parameters of pure cement. (A)Microstructure of pure cement (w/c = 0.5) under the microscope. (B)Microstructure of pure
cement (w/c = 0.7) under the microscope. (C)Microstructure of pure cement (w/c = 0.5) under SEM. (D)Microstructure of pure cement (w/c = 0.7) under SEM. (E) Dry
density and median pore throat radius of pure cement.

FIGURE 3 | XRD test results of pure cement with w/c ratio of 0.5 and 0.7. (A) XRD results of pure cement with w/c ratio of 0.5 and 0.7. The curing temperature is
60°C. (B) Mineral content statistics of Panel (A) results. (C) XRD results of pure cement (w/c = 0.7) under different curing temperatures. (D)Mineral content statistics of
Panel (C) results.
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According to Figure 4A, thermal conductivity significantly
reduces as the curing temperature increases. Under the condition
of w/c = 0.5 and three different curing temperatures (i.e., 60°C,
90°C, 120°C), the thermal conductivity is 0.909W/(mK),
0.880W/(mK), and 0.863W/(mK) respectively. However, as
the w/c ratio changes to 0.7, the thermal conductivity
decreases to 0.716W/(mK), 0.660 W/(mK), and 0.642W/(mK)
respectively. Therefore, when the curing temperature increases
from 60 to 120°C, the decrease of thermal conductivity is 5% (w/c
= 0.5) and 10.3% (w/c = 0.7) respectively. In summary, it can be
determined that the increase in the hydration degree of cement
particles and the content of substances with low thermal
conductivity, caused by the increase of curing temperature, are
the main reasons for the decrease in thermal conductivity.

As shown in Figure 4B, as the hot plate temperatures elevate,
the thermal conductivity increases obviously. When the hot plate
temperature is increased to 90°C, the thermal conductivity is

0.948W/(mK), 0.816W/(mK), and 0.757W/(mK), which
correspond with a w/c ratio is 0.5, 0.6 and 0.7, respectively.
These values are 8.6% higher than that of the hot plate
temperature set at 50°C. The results are mainly attributed to
the fact that the improvement of hot plate temperature can
enhance the vibration intensity of the heated skeleton.
Meanwhile, the convective heat transfer of gas in connecting
pores of cement has also been strengthened.

3.1.3 Compressive Strength
Compressive strength test results are shown in Table 3 and
plotted in Figure 4C. With the increase of w/c ratio, the
cement compressive strength decreases apparently. However, it
shows an opposite trend to the ascending curing temperature
(Figure 4C). As the curing temperature increases gradually, the
compressive strength of cement (w/c = 0.7) is 39.2, 45.0, and
63.9 MPa respectively, which is 38.6%, 46.6%, and 41.3% lower

TABLE 4 | Thermal conductivity and compressive strength of cement.

Insulation
material
content (%)

Thermal conductivity (W·(m·K)−1) Compressive strength (MPa)

Curing temperature (°C) Hot plate temperature (°C) Curing temperature (°C)

60 90 120 50 70 90 60 90 120

w/c = 0.5 0.909 0.880 0.863 0.872 0.909 0.948 63.9 84.3 108.8
w/c = 0.55 0.847 0.816 0.783 0.825 0.847 0.866 58.8 66.1 95.4
w/c = 0.6 0.777 0.734 0.698 0.752 0.777 0.816 45.3 60.8 87.8
w/c = 0.7 0.716 0.66 0.6423 0.696 0.716 0.757 39.2 45.0 63.9
5% floating beads 0.689 0.646 0.626 0.653 0.689 0.724 29.5 45.6 45.5
10% floating beads 0.652 0.622 0.612 0.597 0.652 0.673 27.4 48.6 42.6
15% floating beads 0.611 0.585 0.571 0.557 0.611 0.636 24.7 41.2 43.6
20% floating beads 0.592 0.571 0.559 0.533 0.592 0.610 22.5 38.4 45.4
5% expanded perlite 0.693 0.625 0.611 0.642 0.693 0.712 40.5 43.8 50.8
10% expanded perlite 0.622 0.576 0.563 0.569 0.622 0.636 39.1 42.4 48.4
15% expanded perlite 0.578 0.548 0.542 0.523 0.578 0.598 36.7 42.3 46.2
20% expanded perlite 0.565 0.534 0.532 0.503 0.565 0.575 32.9 40.0 45.5

FIGURE 4 | Thermal conductivity and compressive strength test results of pure cement under different conditions. (A) Test results of thermal conductivity at
different curing temperatures. The test temperature combination is 70–30°C. (B) Test results of thermal conductivity at different hot plate temperatures. The curing
temperature is 60°C. (C) Test results of compressive strength at different curing temperatures.
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than that of cement (w/c = 0.5). Similarly, the compressive
strength is 108.8, 87.8, and 63.9 MPa, which correspond with
w/c ratio is 0.5, 0.6, and 0.7 respectively under curing temperature
set at 120°C. These results show that the compressive strength
increased 70.3%, 93.8%, and 63.0% compared with the curing
temperature set at 60°C. Analysis shows that the increase in the
number and size of primary macropores and micropores is the
main reason for the reduction of compressive strength (Figure 2).
The increase of curing temperature contributes to the ascending
CSH content. The enhancement of CSH content is the primary
factor leading to the improvement of compressive strength.

The increase of the w/c ratio can effectively improve the size
and number of primary macropores and micropores, as well as
the hydration degree of cement particles. This can result in the
reduction of the heat transfer capacity of the cement skeleton and
heat transfer area. However, the heat transfer path appears to
have an opposite trend. Similarly, the increase of curing and hot
plate temperature can also change the thermal conductivity.
Furthermore, the increase in the number and size of primary
macropores and micropores is the main reason for the significant
decrease in compressive strength.

3.2 Thermal Insulation CementWith Floating
Beads
3.2.1 Microstructure and Related Parameters
The macropores and micropores of the thermal insulation
cement are shown in Figures 5A,B,E,F. The microstructure of
the floating beads in the cement is shown in Figures 5C,D. Dry
density and median pore throat radius are shown in Table 5 and
plotted in Figure 5G.

Floating beads distribute evenly in the cement (Figures 5A,B).
The surface can be closely combined with the cement skeleton,
and its hollow structure can effectively replace the skeleton
(Figures 5C,D). Increasing the content of floating beads can
not only significantly increase the number and size of
macropores, but also effectively reduce the number of
micropores and increase the density of skeleton (Tylor, 1997;
Figures 5A,B,E,F).

The dry density and median pore throat radius decrease as the
increase of floating beads. Besides, the reduction rate gradually
slows down (Figure 5G). At the same time, most floating beads
can stay closed, so there is no effect on the distribution of internal
communicating pore in cement. Therefore, the reduction of dry
density is mainly attributed to the increase of floating beads.
However, the decrease in the size of primary macropores and
micropores in the cement leads to a decrease in the median pore
throat radius. In addition, the analysis shows that when the
content of floating beads is 0–5%, its main function is to
replace the primary macropores and compress the micropores.
Therefore, the dry density changes are relatively small, whereas
the median pore throat radius varies greatly. When the dosage of
floating beads changes to 5%, the decreased value of dry density
and median pore throat radius accounts for 18.2 and 52.6% of the
total decrease, respectively. As the dosage varies from 5 to 15%,
the main function of floating beads further replaces the cement
skeleton and compresses the original pores. This will make the
reduction rate of dry density changed larger than the median pore
throat radius. When the dosage of floating beads reaches 15%, a
decrease in dry density and median pore throat particle size
account for 81.8 and 89.5% of the total decrease, respectively. In
addition, as the dosage is 15–20%, the ratio of the floating beads to

FIGURE 5 | Microstructure and related parameters of thermal insulation cement with floating beads. (A) Microstructure of thermal insulation cement with 10%
floating beads under the microscope. (B) Microstructure of thermal insulation cement with 20% floating beads under the microscope. (C, D) Microstructure of floating
beads under SEM. (E)Microstructure of thermal insulation cement with 10% floating beads under SEM. (F)Microstructure of thermal insulation cement with 20% floating
beads under SEM. (G) Dry density and median pore throat radius of thermal insulation cement with floating beads.
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the total volume of cement slurry is greatly reduced, so the
decrease in dry density is also significantly reduced.

The SEM results of floating beads and skeleton in thermal
insulation cement are shown in Figures 6A,B. Among them,
points of spectrogram 1 and spectrogram 2 are selected from the
surface of floating beads, and spectrogram 3 is from the cement
skeleton. The XRD results of pure cement (w/c = 0.7) and thermal
insulation cement with 20% floating beads are shown in
Figures 6C,D.

The result of spectrogram 1 can further confirm that mainly
two types of oxides i.e., SiO2 and Al2O3, exist on the surface of
float beads. Comparing spectrogram 2 with 3, it can be found that
the calcium content has increased in some areas of the surface of
the floating bead. It may be generated by the reaction between
oxides and calcium-containing substances in cement slurry
(Figures 6A,B). In addition, the research of XRD shows that
the addition of floating beads will reduce the content of Ca(OH)2
and increase the content of CSH in cement (Figures 6C,D). This
can further support the opinion that the oxides that existed on the

surface of the floating beads can react with Ca(OH)2 and form
CSH at the end (Equation 1, 2).

xCa(OH)2 + SiO2 +mH2O → xCaO · SiO2 ·mH2O (1)
yCa(OH)2 + Al2O3 +mH2O → yCaO · SiO2 ·mH2O (2)

3.2.2 Thermal Conductivity
The test results of thermal conductivity for thermal insulation cement
withfloating beads are shown inTable 4 and plotted inFigures 7A,B.
The thermal conductivity gradually decreases with the increase of
floating beads. Specifically, the reduction rate of thermal conductivity
gradually increases at first, and then gradually decreases (Figures
7A,B). This is similar to the change rule of dry density, as the effect of
the floating beads varies under different dosages.

The increased curing temperature can effectively reduce
thermal conductivity (Figure 7A). When the curing
temperature is 60°C, 90°C, and 120°C, the thermal conductivity
of thermal insulation cement with 20% float beads is 0.5922W/
(mK), 0.5713W/(mK), and 0.5591W/(mK) respectively.

TABLE 5 | Dry density and median pore throat radius of cement.

Dry density (g/cm3) Median
pore throat radius (μm)

w/c = 0.5 1.56 34
w/c = 0.55 1.45 45
w/c = 0.6 1.37 53
w/c = 0.7 1.28 65
5% floating beads 1.26 55
10% floating beads 1.23 50
15% floating beads 1.19 48
20% floating beads 1.17 46
5% expanded perlite 1.25 57
10% expanded perlite 1.19 48
15% expanded perlite 1.14 45
20% expanded perlite 1.11 43

FIGURE 6 | Energy spectrum analysis and XRD results of thermal insulation cement with floating beads. (A) The selected points of spectrograms. (B) Atomic
number statistics from energy spectrum analysis results. (C) XRD test results of pure cement (w/c = 0.7) and thermal insulation cement with 20% floating beads. (D)
Mineral content statistics of XRD test results.
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Compared with pure cement (w/c = 0.7), the thermal
conductivity decreases by 17.3%, 13.4%, and 12.9%. In
addition, for heat insulation cement with 20% floating beads,
the thermal conductivity reduction rate is 4.5 and 6.1%,
respectively, which corresponds with the curing temperatures
of 60–90 and 120°C. For the thermal insulation cement with 10%
floating beads, as the curing temperature is increased, the thermal
conductivity reduction rate is 3.5 and 5.6%. The test results clearly
show that the reduction rate of thermal conductivity gradually
decreases, which is caused by the increase of curing temperature.
The increase of porosity and hydration degree of cement particles
are the main factors for the decrease in thermal conductivity.

The thermal conductivity increases with the improvement of
the hot plate temperature (Figure 7B). Moreover, the change
rules of thermal conductivity at three different hot plate
temperatures are the same. The thermal conductivity of
thermal insulation cement with 10 and 20% floating beads is
0.5966W/(mK) and 0.5335W/(mK) respectively, with the hot
plate temperature is set at 50°C. When the hot plate temperature
is increased to 70°C, the thermal conductivity increase rate is 9.3
and 11.0%, respectively. The increased rate of thermal
conductivity is 12.9 and 14.4% respectively, with the hot plate
temperature is set at 90°C. As the hot plate temperature increases,
the increase rate of the thermal conductivity decreases. Based on
these results, we can conclude that the increase of hot plate
temperature can enhance the convective strength of gas inside the
floating beads. This is different from the enhancement of gas flow
in the connected pores of pure cement.

3.2.3 Compressive Strength
The compressive strength of thermal insulation cement with
floating beads is shown in Table 4 and plotted in Figure 7C.
An increase in the content of floating beads will reduce thermal
conductivity, but the effect of increasing curing temperature is the
opposite (Figure 7C). The compressive strength of thermal
insulation cement with 20% floating beads at different curing

temperatures (i.e., 60°C, 90°C, and 120°C) are 22.5, 38.4, and
45.4 MPa, respectively, which are 42.6%, 14.7%, and 28.9% lower
than pure cement under the same w/c ratio. Furthermore, when
the curing temperature is increased to 90 and 120°C, the increased
rate of compressive strength for thermal insulation cement with
20% float beads is 70.7 and 101.8%. Generally, the compressive
strength of thermal insulation cement can be maintained at a
relatively high level. Research on the microstructure of cement
shows that although the addition of floating beads can effectively
reduce the number and size of primary pores, the hollow
structure of the floating beads can significantly increase the
porosity of the cement. This is the main reason for the
decrease in compressive strength. In addition, the strength of
floating beads derived from the thicker shell (Figure 5C), and
hydration of active substances can effectively enhance the
strength of the surrounding cement skeleton. This is an
important factor for maintaining high compressive strength.

In summary, the addition of floating beads can effectively
reduce the thermal conductivity of cement and maintain its
compressive strength. Specifically, the increase in porosity is
the main reason for the decrease in thermal conductivity.
However, the extension of the heat conduction path and
hydration of active substances on the surface of the floating
beads are other reasons. Moreover, the increase in hydration
degree of cement particles, the thicker shell of floating beads, as
well as the increase in strength of the surrounding cement
skeleton, are important factors for maintaining the cement
compressive strength.

3.3 Thermal Insulation Cement With
Expanded Perlite
3.3.1 Microstructure and Related Parameters
The analyzed results of macropores and micropores for thermal
insulation cement with expanded perlite are shown in Figures
8A,B,E,F. The microstructure of the expanded perlite in the

FIGURE 7 | Thermal conductivity and compressive strength test results of thermal insulation cement with floating beads under different conditions. (A) Test results
of thermal conductivity at different curing temperatures. The test temperature combination is 70–30°C. (B) Test results of thermal conductivity at different hot plate
temperatures. The curing temperature is 60°C. (C) Test results of compressive strength at different curing temperatures.
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FIGURE 8 | Microstructure and related parameters of thermal insulation cement with expanded perlite. (A) Microstructure of thermal insulation cement with 10%
expanded perlite under the microscope. (B) Microstructure of thermal insulation cement with 20% expanded perlite under the microscope. (C,D) Microstructure of
expanded perlite under SEM. (E)Microstructure of thermal insulation cement with 10% expanded perlite under SEM. (F)Microstructure of thermal insulation cement with
20% expanded perlite under SEM. (G) Dry density and median pore throat radius of thermal insulation cement with expanded perlite.

FIGURE 9 | Energy spectrum analysis and XRD test results of thermal insulation cement with expanded perlite. (A) The selected points of spectrograms. (B) Atomic
number statistics from energy spectrum analysis results. (C) XRD test results of pure cement (w/c = 0.7) and thermal insulation cement with 20% expanded perlite. (D)
Mineral content statistics of XRD test results.
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cement under the SEM is shown in Figures 8C,D. Dry density
and median pore throat radius are shown in Table 5 and plotted
in Figure 8G.

The addition of expanded perlite can notably replace the
primary macropores and compress micropores. As a result,
with the addition of expanded perlite, the number and size of
primary macropores and micropores are gradually reduced
(Figures 8A,B,E,F). This ultimately leads to the continuous
decrease of the median pore throat radius (Figure 8G).
Simultaneously, an increase in the expanded perlite content
will also significantly reduce the dry density because of its
internal honeycomb-like structure (Figures 8C,D,G). When
the content of expanded perlite is 10%, the dry density and
median pore throat radius is 1.23 g/cm3 and 50 μm, and the
decreased value under this amount accounts for 45.4 and 78.9% of
the total decrease value. Compared with the thermal insulation
cement with floating beads, the cement with expanded perlite has
significant advantages for reducing the dry density, and the effect
on reducing the median pore throat radius is equivalent.

The SEM results of expanded perlite and skeleton in thermal
insulation cement are shown in Figures 9A,B. Among them,
points of spectrogram 1 and spectrogram 2 are selected from the
surface of expanded perlite, and spectrogram 3 is from the cement
skeleton. The XRD results of pure cement (w/c = 0.7) and thermal
insulation cement with 20% expanded perlite are shown in
Figures 9C,D.

Comparing the results of spectrogram 1, spectrogram 2,
and spectrogram 3, it can be deduced that the main substances
that existed on the surface of expanded perlite are SiO2 and
Al2O3, which are similar to floating beads. These oxides can
react with Ca(OH)2 in the slurry to form CSH (Figures 9A,B).
Eventually, the content of Ca(OH)2 is reduced, and the
content of CSH is increased (Figures 9C,D).

3.3.2 Thermal Conductivity
The test results of thermal conductivity for thermal insulation
cement with expanded perlite at different curing and hot

plate temperatures are shown in Table 4 and plotted in
Figures 10A,B.

In addition to expanded perlite, the thermal conductivity
gradually decreases, and the reduction rate increased first and
then decreased (Figures 10A,B). This change rule and reasons are
identical to that of cement with floating beads. The thermal
conductivity of thermal insulation cement with 20% expanded
perlite at a curing temperature of 60°C, 90°C, and 120°C are
0.5656W/(mK), 0.5343W/(mK) and 0.5436W/(mK),
respectively, which are 21.0%, 19.0%, and 17.1% lower than
that of pure cement with a w/c ratio of 0.7 (Figure 10A).
Similarly, under three different hot plate temperatures, the
thermal conductivity of thermal insulation cement with 20%
expanded perlite has a reduced rate of larger than 21%.
Combined with the analyzed data, the thermal conductivity of
thermal insulation cement with expanded perlite is generally
lower than that of cement with floating beads. This may be
caused by the relatively small density of expanded perlite.
Therefore, with the same mass fraction addition, the amount
of expanded perlite that can be added to the cement slurry is
much more. Furthermore, the honeycomb-like structure in the
expanded perlite is another factor. This structure is more effective
in reducing fluid convection in the insulation material (Table 3
and Figure 8C).

The thermal conductivity decreases with the increase of curing
temperature (Figure 10A). This can be attributed to an increase
in the hydration degree of cement particles and surface oxides of
expanded perlite. The thermal conductivity of thermal insulation
cement with 10% expanded perlite can be reduced by 7.3 and
9.5% when the curing temperature is 60–90°C and 120°C,
respectively. Under the situation with the expanded perlite
content is 20%, the reduction rate is 5.5 and 5.9%.

Similarly, the thermal conductivity increases with the increase of
the hot plate temperature. The higher the temperature, the lower the
growth rate. The thermal conductivity of thermal insulation cement
with 20% expanded perlite can be increased by 12.5 and 14.4% when
the hot plate temperature is 50–70°C and 90°C, respectively.

FIGURE 10 | Test results of thermal conductivity and compressive strength of thermal insulation cement with expanded perlite under different conditions. (A) Test
results of thermal conductivity at different curing temperatures. The test temperature combination is 70–30°C. (B) Test results of thermal conductivity at different hot plate
temperatures. The curing temperature is 60°C. (C) Test results of compressive strength at different curing temperatures.
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3.3.3 Compressive Strength
The test results of compressive strength for thermal insulation
cement with expanded perlite are shown in Table 4 and plotted in
Figure 10C. With the addition of expanded perlite, the
compressive strength gradually decreases. The results indicate
that the increase of curing temperature can significantly enhance
the cement compressive strength (Figure 10C). When the
content of expanded perlite is 20%, the compressive strength
at different curing temperatures (i.e., 60°C, 90°C, and 120°C) are
32.9, 40.0, and 45.5 MPa, respectively. In general, the compressive
strength of thermal insulation cement with expanded perlite can
maintain a high value under the above test conditions, especially
higher than that of cement with floating beads. This may be
caused by the relatively higher SiO2 content on the surface of the
expanded perlite. It can effectively increase the skeleton strength
around the expanded perlite and reduce the possibility of stress
concentration. Moreover, the existence of the honeycomb-like
structure can greatly improve the plasticity of the cement
skeleton, and finally improve the compressive capacity
(Figures 8C,D).

In a word, with the addition of expanded perlite and floating
beads, thermal conductivity and compressive strength have
similar varied trends and mechanisms. However, the
honeycomb-like structure inside the expanded perlite is
favorable to obtain lower thermal conductivity and maintain
the higher compressive strength of cement.

4 CONCLUSION

This paper has introduced a steady-state test method. The thermal
conductivity and compressive strength of cement under different
conditions were tested. The microscopic mechanism of the thermal
conductivity and compressive strength change were also explained.
The conclusions are as follows:

1) The use of thermal insulation materials can effectively reduce the
thermal conductivity of cement and maintain its compressive
strength. Specifically, the increase of w/c ratio, thermal insulation
material, and curing temperature can significantly reduce cement
thermal conductivity. However, the first two factors and the last
factor have opposite effects on the compressive strength.
Furthermore, the increase in hot plate temperature will
increase thermal conductivity. In comparison, the effect of
expanded perlite is better than that of floating beads.

2) The increase of porosity and hydration degree of cement
particles can effectively reduce the heat transfer area and
heat transfer capacity of the skeleton. They are the main
reasons for the decrease in thermal conductivity. The

extension of the heat transfer path and hydration of
active substances on the insulation material surface can
effectively reduce the thermal transfer efficiency of the
skeleton, which are other reasons for the decrease of
thermal conductivity. In addition, the hydration of
cement particles is the basis for cement to maintain the
necessary compressive strength. The strength of the
insulation material, the hydration of the surface-active
substance, and the internal honeycomb-like structure
are important factors to maintain the compressive
strength at a high level.

3) Combined with the actual conditions of the formations and
engineering, the lower formation temperature of the upper
well section will result in a relatively low curing temperature
and a relatively large temperature difference (between the hot
water and formations) during the pumping process. This will
result in a relatively high thermal transfer capacity of cement
in the upper well section, and thus this area is the main
thermal loss area.
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