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Abstract: Compared with a conventional single section two-phase closed thermosyphon (TPCT)
wellbore, a two-section TPCT wellbore has better heat transfer performance, which may improve the
temperature distribution of fluid in wellbores, increase the temperature of fluid in wellheads and even
more effectively reduce the failure rate of conventional TPCT wellbores. Heat transfer performance
of two-section TPCT wellbores is affected by working medium, combination mode and oil flow rate.
Different working media are introduced into the upper and lower TPCTs, which may achieve a better
match between the working medium and the temperature field in the wellbores. Interdependence exists
between the combination mode and the flow rate of the oil, which affects the heat transfer performance
of a two-section TPCT wellbore. The experimental results show that a two-section TPCT wellbore, with
equal upper and lower TPCTs respectively filled with Freon and methanol, has the best heat transfer
performance when the oil flow rate is 200 L/h.
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1 Introduction

The two-phase closed thermosyphon (TPCT, also known
as a gravity-assisted heat pipe) is an effective heat transfer
device with a simple structure (Sobhan et al, 2007; Khandekar
et al, 2008; Paramatthanuwat et al, 2010; Rahimi et al, 2010).
High heat transfer performance is achieved by phase transition
of the working medium. After evacuating, a predetermined
amount of the working medium is introduced into the vacuum
cavity in the TPCT. The TPCT transfers heat by the working
medium absorbing the heat from the oil in the lower part
(absorbing section), and releasing the heat to the oil in the
upper part (releasing section) (Jouhara and Meskimmon,
2010; Khamis et al, 2010; Huminic et al, 2011; Shanbedi et
al, 2012). Because of its low cost, stable operation and high
heat transfer performance, this technology is widely used
(Misheck et al, 2006; Fan et al, 2007; Jouhara et al, 2009),
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in applications such as spacecraft thermal control, cooling of
electronic components, energy and chemical industry, heat
recovery, air-conditioning cooling, solar energy conversion
systems, civil heating, geothermal utilization, construction
industry, etc (Jachnig and Isaksson, 2006; Yau, 2006;
Pridasawas and Lundqvist, 2008; Jouhara, 2009; Jouhara and
Robinson, 2009; Singh et al, 2011). Research on the TPCT to
improve the temperature distribution in wellbores has been
conducted in China. The requirements for technological and
working parameters for TPCTs used in wellbores are not as
high as those used in spacecraft thermal control, cooling of
electronic components, etc. In practical oilfield applications,
thermal and chemical methods are commonly used to reduce
the viscosity of crude oil in wellbores, these methods are
usually accompanied by tremendous wastage of energy and
postprocessing of produced fluids. The TPCT technology
may overcome these above disadvantages and improve the
temperature distribution of fluids in wellbores (Tian and
Finger, 2000; Shi and Homes, 2003; Cazarez-Candia and
Vasquez-Cruz, 2005; Wang and Zhao, 2011), reduce heat
loss of the wellbore fluid (Aljundi, 2009; Behrooz and Ahad,
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2010), increase the fluid temperature and thus reduce the
viscosity of fluids in the wellhead.

The available research shows that best match relationship
exists between the working medium and the inlet temperature
of the oil (Wu et al, 2008; Zhang et al, 2010; 2011). However,
the conventional TPCT used in wellbores is a single extra-
long heat pipe with a long cavity filled with the same type of
working medium. The same working medium cannot suitable
for a wide range of temperatures. So, the conventional TPCT
in wellbores cannot achieve optimal results. At the same time,
the conventional TPCT failure in wellbores is likely to happen
because of the seal failure of the long cavity. Therefore, it is
necessary to improve the conventional TPCT and overcome
the existing disadvantages.

Based on the above analysis, the authors propose the
conception of combined two-phase closed thermosyphons.
What’s more, taking two-section TPCT (including two
independent TPCT units) as an example, the temperature
distribution and sensitive factors are analyzed based on
experiments and theoretical calculation.

2 Experimental

2.1 Experimental apparatus and test procedure

Fig. 1 shows a schematic of a two-section TPCT wellbore
for simulating temperature distribution of fluid flow, which

was improved with respect to the one reported by Zhang et al
(2010) in the following way. First, the most interior vacuum
cavity was divided into two TPCTs, the upper and lower
TPCTs, equal in length. Second, an evacuation valve was
installed at the bottom of the apparatus, then the lower TPCT
would be evacuated and the working medium would be added
to the lower TPCT.

The experimental procedure is as follows:

1) The oil was heated to the desired temperature.

2) Operating conditions of the thermocouples and pressure
sensors were examined.

3) Cooling water circulation system was operated and the
water flow rate was adjusted to 300 L/h.

4) The upper and lower TPCT cavities were evacuated to
80 kPa.

5) The designed working media were charged into the
evacuated cavities.

6) The oil circulation system was operated and the oil flow
rate was adjusted to the desired value.

7) The temperature and pressure values of all test points
were recorded after the system was running smoothly.

2.2 Experimental materials

The oil was intermediate base oil, which was a mixture of
paraffinic base oil and naphthenic base oil.
The working media, determined from the previous
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Fig. 1 Schematic of the experimental setup
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research (Zhang et al, 2007; 2010), were respectively Freon
and methanol when the inlet temperature of the oil were 50
and 70 °C.

The cooling liquid used in experiments was tap water,
with a flow rate of 300 L/h at room temperature.

3 Experimental results and discussion

In the paper, the experimental data on the conventional
wellbores and conventional TPCT wellbores were adapted
from previous research (Zhang et al, 2007; 2010).

In order to investigate the performance of two-section
TPCT wellbores, a series of tests were carried out and the

experimental conditions are listed in Table 1. Figs. 2 and
3 show temperature distributions in different wellbores. In
conventional TPCT experiments, the working media were
respectively Freon and methanol when the inlet temperature
of the oil was 50 and 70 °C. The experimental results show
that in the two-section TPCT-F (two-section TPCT filled with
Freon) and two-section TPCT-M (two-section TPCT filled
with methanol) wellbores the outlet temperatures of the oil
increased by 6.5 and 9.2 °C, respectively, compared with the
conventional TPCT wellbores. Therefore, the two-section
TPCT, whether two-section TPCT-F or two-section TPCT-M
wellbores, had better heat transfer performance than the
conventional TPCT wellbores.

Table 1 Experimental conditions of heat transfer performance

Working medium Cooling water Oil
— - Vacuum degree
Wellbore Type Filling ratio Temperature Flow rate Temperature  Flow rate kPa
. % °C L/h °C L/

Conventional - - - - - - -
Conventional TPCT-F Freon 15 Room temperature 300 50 200 80
Conventional TPCT-M Methanol 15 Room temperature 300 70 200 80

Two-section TPCT-F Freon (upper and 15 Room temperature 300 50 200 80
low TPCTs) P
Methanol d
Two-section TPCT-M ethanol (upper an 15 Room temperature 300 70 200 80
low TPCTs)
Temperature, °C Temperature, °C
0 10 20 30 40 50 0 10 20 30 40 50 60 70

=== Conventional wellbore

SN
88 8 s g g o
e & 5 © & Oo

=+ Conventional TPCT-F wellbore
2100

Vertical depth, mm

=+ Two-section TPCT-F wellbore
2400

2700

3000

Fig. 2 Temperature distribution in the two-section TPCT-F wellbore

The heat transfer performance of the two-section
TPCT in the wellbore is affected by several factors, which
are dependent on each other and affect the heat transfer
performance together. In the paper, the effects of the working
medium, combination mode (4, the length ratio of the upper
TPCT to the lower TPCT) and the oil flow rate on the
temperature distribution in the two-section TPCT wellbore
were discussed.

3.1 Effect of the working medium on temperature
distribution in the two-section TPCT wellbore

Taking the two-section TPCT-M and combined-two-
section TPCT-F-M wellbores as examples, the effect
of working medium on heat transfer performance was
discussed, and the experimental conditions are listed in
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Fig. 3 Temperature distribution in the two-section TPCT-M wellbore

Table 2 and the experimental results are shown in Fig. 4.
The heat transfer performance of the combined-two-section
TPCT-F-M wellbore was better than that of the two-section
TPCT-M wellbore, the outlet temperature of the oil in the the
combined-two-section TPCT-F-M wellbore was 2.4 °C higher
than that in the two-section TPCT-M wellbore. The main
reason is that best match relationship exists between working
medium in TPCT and temperature field of fluid. When the oil
flowed up, the oil temperature decreased. The oil temperature
was 51 °C at the connection point of the upper and the lower
TPCT. Freon was the best working medium in the upper
TPCT, not methanol. Therefore, the heat transfer performance
of the combined-two-section TPCT-F-M wellbore was better
than that of the two-section TPCT-M wellbore.
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Table 2 Experimental conditions of the effect of working medium on temperature distribution

Working medium Cooling water 0Oil Vacuum
Wellbore Type Filling ratio Temperature Flow rate Temperature Flow rate degree

P % °C L/ °C L/h kPa

Methanol
Two-section TPCT-M 15 R t tu 300 0 200 80
wo-section TPC (upper and lower TPCTS) oom temperature 7
Combined-two- Freon (upper TPCT)
15 R t 20
section TPCT-F-M Methanol (lower TPCT) oom temperature 300 70 0 80
Temperature, °C where ¢, is the liquid temperature in the wellbore, °C; K}, is
0 10 20 30 40 50 60 70
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Fig. 4 The effect of the working medium on temperature distribution
in the two-section TPCT wellbore

3.2 Effect of combination mode on temperature
distribution in the two-section TPCT wellbore

Because the upper and lower TPCTs were equal in length,
that is A=1, it was impossible to experimentally analyze the
effect of combination mode on temperature distribution in
the two-section TPCT wellbore. Therefore, the temperature
distribution in the heat absorbing section and the heat
releasing section of the TPCT wellbore were calculated by
Egs. (1) and (2) (Ma et al, 2006; Wu et al, 2006). Based on
the calculation result of TPCT, the effect of combination
mode on temperature distribution in the two-section TPCT
wellbore was analyzed.

W Kllze() +Kl2te KllG
tp=t,— + x
Kll +K12 W Kll +K12

Kn +K12
exp| ———=1 |+
P( W ()
w {K“teJrK“ [ -Gu+m] _K,G ]
K11 +K12 w Ku +K12
l, =|:th + w (Klltfw _Kfztc + KnGv j:lx
Kll +K12 w Kn _Kl2
K, -K,
exp(—Mlj+ )
w
w {K11(11+G1)—K{ztc ,_KG }
Ku +K12 w Ku +K12

the heat transfer coefficient of the releasing section of TPCT,
W/m®; K, is the heat transfer coefficient of the absorbing
section of TPCT, W/m’; t,, is the liquid temperature at the
bottom of TPCT, °C; ¢, is the liquid temperature at the top of
TPCT, °C; W is the specific heat of the liquid in the wellbore,
W/m-°C; K|, is the wellbore heat transfer coefficient per unit
length, W/m’; ¢, is the temperature of the TPCT wall in the
absorbing section, °C; ¢, is the temperature of the TPCT wall
in the releasing section, °C; / is the wellbore depth, m; G is
the geothermal gradient, °C/m; ¢, is the outlet temperature in
TPCT, °C; 4 is the length from bottom hole to the bottom of
two-section combination TPCT; ¢, is the reservoir temperature,
°C.

Under the conditions of test No. 2 in Table 2, the outlet
temperatures of the oil were calculated when 4 are equal to
0.5, 1, 2, 3, 4, respectively, and the results are shown in Fig. 5.
The results show that, the best 4 exists under the calculation
conditions, that is the heat transfer performance of the
combined-two-section TPCT-F-M wellbore is the best when A
is equal to 1, and the outlet temperature of oil is 44.9 °C. The
main reason of the phenomenon is that the oil temperature in
the connection point of the upper and lower TPCTs is 51 °C
and Freon is more suitable for the temperature field of the oil.
Therefore, the heat transfer performance of the combined-
two-section TPCT-F-M wellbore is best when 4 is equal to 1.
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Fig. 5 Effect of combination mode on temperature distribution
in the two-section TPCT wellbore
3.3 Effect of oil flow rate on temperature distribution
in the two-section TPCT wellbore

To find out the effect of oil flow rate on temperature
distribution in the two-section TPCT wellbore, two
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experiments were conducted at oil flow rate of 200 and 300
L/h, respectively. The experimental conditions are listed in
Table 3 and the experimental results are shown in Fig. 6.
When the flow rate of the oil in the combined-two-section
TPCT-F-M wellbore increased from 100 L/h to 200 L/h, the
outlet temperature of the oil increased by 4 °C, from 40.9
°C to 44.9 °C. However, when the flow rate of the oil in the
conventional wellbore increased from 100 L/h to 200 L/h, the
outlet temperature of the oil increased only 1.7 °C, from 16.0

°Cto 17.7 °C, so the use of combined-two-section TPCT-F-M
wellbore made the outlet temperature of the oil rise 2.3 °C.
Similarly, when the flow rate of the oil in the combined-two-
section TPCT-F-M wellbore increased from 200 L/h to 300
L/h, the outlet temperature of the oil increased by 3 °C, from
44.9 °C to 47.9 °C. Therefore, considering the effect of the
increase in the oil flow rate on the outlet temperature of the
oil, the performance of the combined-two-section TPCT-F-M
wellbore is gradually weaken with increasing oil flow rate.

Table 3 Experimental conditions of effect of oil flow rate on temperature distribution

Working medium Cooling water oil Vacuum degree
Wellbore A Type Filling ratio Temperature Flow rate  Temperature  Flow rate kPa
P % g L/h i L/
Combined-two-section Freon (upper TPCT)
1 15 R ¢ t 300 70 100 80
TPCT-F-M Methanol (lower TPCT) oom femperature
Combined-two-section Freon (upper TPCT)
1 15 R ¢ t 300 70 200 80
TPCT-F-M Methanol (lower TPCT) oom femperature
Combined-two-section Freon (upper TPCT)
1 15 R ¢ t 300 70 300 80
TPCT-F-M Methanol (lower TPCT) oom femperature
Temperature, °C 50 786
474 = 47.9

o
1=
o
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2700 —+— Combined-two-section TPCT-F-M wellbore, oil flow rate 200 L/h
3000 == Combined-two-section TPCT-F-M wellbore, oil flow rate 300 L/h

Fig. 6 Effect of oil flow rate on temperature distribution
in the two-section TPCT wellbore

For the combined-two-section TPCT-F-M wellbore (Freon
filled in the upper TPCT and methanol filled in the lower
TPCT), when the oil temperature at the connection point of
the upper and lower TPCTs is about 50 °C, this combination
mode is optimal. The optimal combination mode was
calculated to be when the oil flow rate was 100 and 300 L/
h, respectively, and the results are shown in Fig. 7. The best
combination mode 4 is equal to 1.5 when the oil flow rate is
100 L/h, however 4 is equal to 0.5 when the oil flow rate is
300 L/h. This shows that the oil flow rate has an effect on the
combination mode, that is, with an increase in the oil flow
rate, the point at which the oil temperature is 50 °C moves
upward gradually, so reducing the length of the upper TPCT
may achieve the best combination mode.

4 Conclusions

The two-section TPCT wellbore overcomes shortcomings
of the conventional TPCT wellbore and its heat transfer
performance is better than that of the conventional TPCT
wellbore. The heat transfer performance of the two-
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Fig. 7 Effect of the oil flow rate on combination mode

section TPCT wellbore is affected by the working medium,
combination mode, oil flow rate, etc. The heat transfer
performance of the combined-two-section TPCT-F-M
wellbore (the working media that match with the temperature
fields of oil in the upper and lower TPCTs) is better than
that of the two-section TPCT wellbore filled with the same
working medium in the upper and lower TPCTs. This reflects
the characteristic of the match between the working medium
and the temperature field. Interdependence exists between
combination mode and flow rate of the oil, that is, the best
combination mode is different when the oil flow rate changes,
which affects the heat transfer performance of the two-section
TPCT wellbore together. Under the experimental conditions,
the two-section combined TPCT wellbore with the same
length of upper and lower TPCTs, which are filled with
Freon and methanol, respectively, have the best heat transfer
performance when the oil flow rate is 200 L/h.
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