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Abstract. Sealing is an important prerequisite for downhole heater work. This paper proposes a combination of soft and hard
and welding sealing programs, which were analyzed using theoretical calculations, numerical simulation, and in-situ testing. The
results show that 316 stainless steel can meet the stuffing seal requirements; The first stuffing compresses and gradually reduces,
while the second stuffing essentially does not deform. Stuffing deformation to fill the gap in the sealing hole, resulting in a
sealing layer. The compression rate is 0.43%, 8.45%, and 12.64%, indicating that the locking stress should be more than 2000
N; The temperature at the weld is heated by heat conduction and distributed in a concentric circle. Thermal stress will influence
the 50mm barrier, but the 200mm boundary will be mostly unaffected. Actually, the thermal stress that destroys the weld seal
may be reduced by adjusting the heater's output or raising the gas injection rate. During the beginning of the in-situ heat injection,
the temperature of the heating rods rises simultaneously with the outlet temperature. As consequently, the two show opposite

tendencies. The heat generated by the heating rods will cause the injected gas to be preheated in advance.
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1. INTRODUCTION

China energy structure is defined as "rich in coal, poor in oil,
and low in gas" [1, 2]. As an unconventional energy source,
the effective development of oil shale can significantly reduce
China reliance on oil and gas, as well as increase China
autonomy in the global energy market [3]. In-situ conversion
is a sophisticated technology for cracking oil shale subsurface
[4, 5], however, the traditional surface heat injection method
results in significant heat loss along the heat injection pipeline.
Downhole heaters have become the subject of research efforts
to increase energy conversion efficiency [6].

Downhole heaters are classified as combustion heaters or
electric heaters based on how they generate heat [7-9].
Combustion heaters have substantially lower downhole
control stability than electric heaters, hence, electric heaters
are more commonly utilized in the in-situ conversion process
[10]. However, using bare electrodes for downhole heating
still has disadvantages, such as a small heat transfer surface, a
poorer thermal conductivity efficiency of the reservoirs, and a
longer heating period. As a result, employing electric heating
rods as a heating source and improving the heat transfer
process of the fluid in the shell process via the folding plate
structure to heat the fluid to the ideal condition has become
the primary development direction of the heater design [11,
12].

Elastic vibrations during operation, harsh well conditions,
high-temperature water vapor, oil and gas, and chemically

corrosive gases generated during in-situ mining can all have a
negative effect on heaters, regardless of the type of baffle plate
construction.

According to previous studies [13-15], the primary cause
affecting heater operation is frequently not the destruction of
the heater body due to high temperatures, but rather the
destruction of the electric heater power supply line, resulting
in short circuiting of the electric heater [16]. Furthermore,
because the electric heater is located inside the well, in the
event of a failure, it can only be maintained at the surface, and
the frequent up and down work will have a significant impact
on in-situ oil shale extraction. As a result, it is critical that the
heater is well sealed [17, 18].

Many conventional sealing materials have failed in high-
temperature and high-pressure working environments, leaving
only metal and special high-temperature-resistant materials to
maintain stable performance [19, 20], with hard metal serving
as the main body of the sealing structure [21], which includes
screw locking ring seal [22], metal flat cushion seal [23], and
diaphragm seal [24]. Screw locking rings are a type of hard
connection sealing structure that consists of internal and
external sealing. The inner bolt and split ring are tightened,
and the preload is transmitted through the tube plate to the
inner sealing gasket, resulting in an isolated sealing space;
Metal flat cushion seals are forced sealing, the washer and
copper gasket are fitted in the sealing groove, tighten the lock
nut, and under the preload force given by it, touch and fit with
the steel seat; Diaphragm seal, tighten the main bolt to push
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the gland, which will withstand the pressure of the tube bundle
and serve its job. When pressure fluctuations and thermal
expansion cause a tiny amount of distortion, the seal structure
has enough elasticity to absorb such fluctuations or
deformation, guaranteeing that the seal is unaffected [25].
Although the above sealing method is somewhat stable under
vibration, when there is a high gas pressure inside the seal, the
metal produces a thermal expansion phenomenon, and the
heater sealing is still not assured [26, 27]. compared to the
hard seal, the sealing method can also be utilized for flexible
sealing [28]; the most common sealing methods are the
stuffing seal and the soft metal seal [29, 30]. Stuffing, also
known as packing, to fill the packing box filled with stuffing,
gland on the packing for axial pressure, through the
deformation of the stuffing and the radial force of the spinning
shaft surface to achieve the plane seal; Soft metal seal is in the
two rigid bodies before sandwiched into the elasticity and
rigidity of non-metallic materials, and in the sealing groove
face open V-shaped sealing groove, in the V-type groove
filled with compression properties of the soft metal, when the
nut to apply the preload, the stuffing to produce radial
expansion, and the wall surface close fit. Both can maintain
good sealing under certain conditions, but the former offers
greater thermal stability and broader application possibilities
[31].

Jilin University created two pilot projects, Nong'an and Fuyu
[32], and conducted oil shale cracking tests at various depths,
all of which were successful. Combining the engineering
experience of the two in-situ locations [33-35], this group is
prepared to conduct in-situ cracking tests using the near-
critical water method [36] and a downhole heater as the core
equipment. The process employs near-critical water as a mass
transfer and extraction agent [37-39], causing a sequence of
physical and chemical effects on the organic matter in the oil
shale and producing hydrocarbons that are carried out of the
bottom of the well by the cycling critical water. The most
difficult aspect of designing and fabricating an in-situ heater
is sealing it totally. Considering the heater gas pressure
fluctuation, vibration resistance, high-temperature resistance,
and the need for easy well maintenance and replacement, this
paper proposes for the first time a combination of soft and
hard sealing between the wiring warehouse and the external
cable, as well as welded sealing between the wiring
warehouse and the heating warehouse, as the sealing scheme
for this test. To verify the rationality and applicability of the
sealing scheme, this paper takes the heater sealing structure
and its sealing method as the research object, analyzes the
sealing effect through theoretical calculations, numerical
simulations, and in-situ experiments, and explores the stress-
strain characteristics of the stuffing seals and the high-
temperature stability of the welding seals, so as to form the
highly efficient downhole sealing scheme, and provide.

2. ENGINEERING BACKGROUND PREPARE

2.1. Heater Structure Design.

The downhole electric heater described in this study is divided
into a wiring warehouse and a heating warehouse as a whole,
and the main components include a high-voltage cable, a
wiring post, an insulating cushion layer, a folding flow plate,
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and an electric heating rod. Among them, the high-voltage
cable is connected to the wiring warehouse through the wiring
post to supply power to the electric heating rod on the folding
plate. The heating rod runs through both the wiring and
heating warehouses, and all three are welded together (Fig.1).

2.2. Material.

The sealing process is heavily influenced by the materials
used. In the previous preparation, sealing solutions containing
high temperature rubber (F,0, CgF16), asbestos, and graphite
packing were tried, but none of them met the test requirements.
As a result, flexible graphite [40] was chosen as the sealing
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Fig.1. Downhole heater system diagram

Where A is wiring warehouse; B is heating warehouse; 1 is external cable;

2 is sensor lines; 3 is heating rod; 4 is baffle plate; 5 is gas injection

pipeline; 5.1 is inlet temperature sensor; 5.2 is outlet temperature sensor

stuffing (as indicated in Table 1), with the following key
factors:

e  Despite the heat loss of graphite at high temperatures, it
can tolerate a maximum temperature of 3650°C;

e  Flexible graphite is chemically inert, has a high reaction
activation energy, and is almost immune to radiation from
chemical media;

e  Flexible graphite will adsorb on the surface, forming a
thin coating of gas or liquid and providing good sealing
performance.

TABLE 1. Flexible graphite parameter

Temperature . Elastic
Density  Rebound o
Name range 5 . Compressibility ~ modulus
. (g/lem?®) ratio
(©) (Gpa)
Flexible —200~
. . 0.8~1.8 >15% >40% 6~15
graphite 3650°C
2
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3. MODEL PARAMETER AND BOUNDARY CONDITION

This study simulates the connection between the wiring

warehouse and the external cable, as well as the weld between

the heating rod and the heating warehouse, in order to test the

sealing efficacy of this sort of sealing solution under downhole

operating conditions. The geometric model and dimensions of

the stuffing seal structure are presented in Fig.2, while the

geometric model and dimensions of the welded seal structure

are shown in Fig.3.

The assumptions of the numerical simulation are implemented

in this paper:

e  The extrusions locking stresses F are, in turn, 1000 N,
2000 N, and 3000 N;

e  Thefixed restraint is applied at the bottom of the cable and
a full constraint is applied at the bottom of the stuffing seal;

15Smm Cable
10mm

+<— Locking nut
15mm

15mm +«— First stuffing

15mm +— Second stuffing

30mm

Fig.2. Stuffing seal geometry

20

’ A
Welding plane — g0y ¥ | 10mm

Heating rod—

Fig.3. Welded seal geometry
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e  The welded seals are exposed to temperature loads of
400<C, 500<C, and 600<C; the convective heat transfer
coefficient is 35.6 W/(m + <C), and a thermal radiation
coefficient is 0.3;

e  The welding plane is circumferentially constrained and
the boundaries of the heating rod are unconstrained.

The Ansys software Mesh is used for meshing, and the model

structure is governed by mapping mesh. The three-dimensional

model is created using mapping mesh division, and the stuffing
sealing structure makes use of a hybrid mesh that consists of
tetrahedral and hexahedral meshes. Tetrahedral mesh is used for
the lock nut mesh and hexahedral mesh is used for the flexible
graphite stuffing portion of the mesh to better replicate the
sealing structure. The grid size is 1.5 mm, the number of grid
cells is 2>10%, and the grid nodes are 8.9%10% The same grid

delineation is used for the welded seal, with the grid size of 2

mm, the number of grid cells is 2.6>10% and the grid nodes are

1.21x10° (Fig.4 and Fig.5).

i <«—Fixed support

«— Fixed support 2

Fig.4. Stuffing seal structural boundary condition

Displacement component

Fig.5. Stuffing seal structural boundary condition
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4. RESULTS AND ANALYSIS

4.1. Mechanical Performance Analysis of Sealing
Structure.

The stuffing seal structure greatly depends on the lock nut
ability to meet locking criteria because it serves as the primary
structure for applying locking stress. The locking nut transfers
the axial tension F, to the sealing stuffing, which in turn
causes radial strain. As a result, the side wall of the sealing
stuffing experiences the following radial stress:

0, (%) = Koy (). (1)

For the stuffing axial direction, the balance equation is:

E(DO2 — Diz)aa(x) — %(DO2 — DL-Z) X (cra(x) +

do,(x)) = dfy + df;. )
dfo = mDopo0,(x)dx. (3)

df; = mDip;0r (x)dx. (4)

DD s, 5)

4

Where K is pressure parameter; o, (x) is radial stress of
stuffing box sidewall; g, (x) is axial stress of stuffing; D is
diameter of stuffing box outer wall; D; is diameter of stuffing
box inner wall; df, is friction force between stuffing and
stuffing box outer wall; df; is friction force between stuffing
and stuffing box inner wall; p, is friction coefficient between
stuffing and stuffing box outer wall; p, is friction coefficient
between stuffing and stuffing box inner wall. For flexible
graphite stuffing uy = u; = u; S is stuffing cross-sectional
area.

Equation (3) can be substituted with the preceding equation
to obtain:

4uK

dog(x) _
T Do-D;

0q(x)

dx. (6)
Equation (6) and the integral for x = H:

Ps
K dog(x) _ 2uK H
0a(x) 0,(x) S fx dx. %

28K

o,(x) = %Pse s =),

(®)

The compression section axial compression stress at x = 0
is:

0, = EPSe s )
To finish the seal, the locking force needed is:
- 2uKH
Fo =5 (D§ = D})Pse s . (10)
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When the condition is preloaded, the necessary locking force
is:
F, = 2(D§ = D})y. (11)

The maximum value is considered to be the locking force:

F = max (F,, F,). (12)
_ [ar

d= |- (13)

- (14)

0=———"—-.
0.25m(d2-d?)

Where: P, is shell internal pressure; y is sealing stuffing
minimum compression ratio pressure; d is minimum thread
diameter which y =0.18, K =0.28, y =3.5MPa. Taking into
account the stuffing radial expansion, D, is 8mm, D; is 20mm,
H is 80mm, P is 10MPa.

According to equations (1-14), the calculation is F,=2767 N,
F;=923.16 N, and F =2767 N, d=5.21 mm is the minimum
thread diameter required to meet design specifications.
Tensile stress at the bottom of the thread is 6=553.4 MPa<<
[o]* and the nominal diameter is 6mm, pitch p is 1mm, d is
5.530mm, and d; is 4.917, as per the GB/T196-2003 standard.
Based on theoretical calculations, it is possible to meet the
stuffing sealing method strength requirements by employing
316 stainless steel as the production material for the lock nut.
In addition, 316 stainless steel is easier to purchase, easier to
operate, and more readily replace than other materials. It can
withstand greater temperatures, which is necessary to fully
fulfill the high temperature working requirements of the
heater.

4.2. Stuffing Seal Effect Analysis.

In practical applications, the locking stress is higher than the
stress needed for completed sealing, so in this study, locking
pressures of 1000, 2000, and 3000 N were applied to the
locking nut in order to more accurately assess the stability of
the stuffing seal. This is because the locking stress is greater
than the stress needed to complete the sealing.

4
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Unit: MPa
11.1 Max

9.867

8.6337

7.4003

6.1669

4.9335

3.7001

2.4668

1.2334

Unit: MPa Unit: MPa

22.687 Max 34.811 Max
20.166 30.943

17.645 27.075

15.124 » 23.207 ‘:
12.604 19.339

10.083 15.472

7.5622 11.604

5.0415 7.7358

25207 3.8679

1.6795¢-6 Min SRl 2:9691e-6 Min
@) (b)

Fig.6. Stuffing seal overall stress diagram, (a) 1000 N; (b) 2000 N; (c) 3000 N

Unit: mm

Unit: mm
0.012674 Max 0.018957 Max
0.011266 0.016851
0.0098576 0.014745
0.0084494 0.012628
0.0070411 0.010532
=1 0.0056329 0.0084255
10.0042247 0.0063192
0.0028165 0.0042128
0.0014082 0.0021064

0 Min

Unit: mm
0.0063597 Max

0.005653

0.0049464

0.0042398

0.0035331

0.0028265

0.0021199

0.0014133

0.00070663

0 Min
(@ (b) (©)
Fig.7. Stuffing overall deformation diagram, (a) 1000 N; (b) 2000 N; (c) 3000 N
Unit: MPa Unit: MPa Unit: MPa

9.7228 Max 19.055 Max 28.084 Max
8.7902 17.234 25.407
7.8576 15.412 22,729
6.9251 13.59 20.052
5.9925 11.768 17.375
~15.0599 9.9461 14.697
4.1273 ¥ 8.1243 - 12.02
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@ (b) ©
Fig.8. Stuffing force diagram, (a) 1000 N; (b) 2000 N; (c) 3000 N

0 Min
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Fig. 6 illustrates how the locking nut can evenly apply locking
stress to the sealing stuffing. This guarantees that, during
compression, the sealing stuffing experiences uniform and
consistent stress and deformation, a crucial requirement for
the stuffing seal to be completed. Due in large part to the lower
nut smaller stress area than its upper end, the locking nut stress
maximum is mostly focused at its bottom. Using Fig. 7(a) as
an example, the locking stress causes a significant amount of
compressive deformation in the stuffing. This deformation
progressively decreases along the Z-axis, primarily as a result
of the stuffing deformation, which attenuates the locking
stress. Furthermore, it is evident by comparing the locking
stress of the two stuffing that the second stuffing is essentially
unaffected. The fundamental cause of this trend of change is
the approximate division of the stuffing deformation process
into two stages. First, as can be seen in the axial compression
deformation of the flexible graphite stuffing, the gas within
the internal pores of the stuffing is released, further
compressing the distance between the carbon molecules;
Second, the stuffing axial compression will cause a radial
expansion deformation to fill the gaps between the stuffing
and the sealing holes, cables, and locking nuts because of the
numerous limitations imposed by the internal cables, sealing
holes, and locking nuts. Furthermore, as illustrated in Fig. 8,
flexible graphite exhibits some degree of self-lubricating
qualities and is better filled with stuffing to form a sealing
layer between the lock nut and flexible graphite stuffing
contact plane, as well as in the sealing hole wall and the space
between the internal cable.

As can be seen in Figs. 7(a), Figs. 7(b) and Figs. 7(c), the first
stuffing and the locking nut were where stuffing deformed the
most. As the locking stress increased, the compression
increased linearly, increasing by 6.3597x107%, 1.2674x107,
and 1.8957x<102 mm, respectively. It is clear from the
compression rates of the stuffing under various stresses of
0.43 %, 8.45 %, and 12.64 % that a locking stress of 1000 N
is insufficient to effectively compact the stuffing and may
even cause seal failure; as a result, a locking stress of 2000 N
or more is recommended in practical applications. The second
stuffing is not able to effectively seal the gap in the sealing
hole through deformation, as compared with the first stuffing,
which essentially does not deform. The maximum
deformation is 6.3192>10-3 mm, with a compression rate of
0.42 %, which is comparable to the deformation when the
locking stress is 1000 N. in order to take into account the
practical applicability. In response to the authors, the primary
function of the second stuffing is to act as an insurance layer,
keeping the stuffing from being squeezed out of the sealing
holes from the bottom of the holes during the compaction
sealing process of the first stuffing.

The inner side of the stuffing and the internal cable experience
an annular, localized high-pressure stress due to the radial
expansion of the stuffing, as depicted in Fig. 8. The operation
of downhole heat injection may result in elastic fluctuations
of the downhole heater. Which can wear down the cable at
that place by rubbing the outer sheath against the inner wall
of the locking nut. To increase the sealing structure service
life, the inner wall of the locking nut should be polished or
chamfered when choosing it.
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4.3. Welding Seal Effect Analysis.

The high-temperature load produced by the heating rods is the
primary factor impacting the sealing, and it is less susceptible
to elastic vibration since the connection between the wire
warehouse and the heating warehouse is housed inside the
heater. Consequently, 400 <C, 500 <C, and 600 <C are chosen
as the temperature conditions, and the thermal stress at the
welding location is examined. Furthermore, the heater
primary heating elements consist of multiple sets of vertical
heating rods, and an analysis is conducted on the boundary
ranges measuring 50 and 100 mm from the welding location
at 600 °C temperature settings.

28
—®— Thermal expansion coefficient

26 —A— Thermal conductivity coefficient
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Fig.9. Thermal parameters of the wall surface of the heating rod with
temperature curve
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Fig.10. Elastic modulus with temperature cruve

As illustrated in Fig. 9, the heating rod thermal expansion
coefficient increases linearly with temperature. This is
primarily because the thermal motion of microscopic atoms or
molecules is enhanced, increasing the distance between
molecules. This, in turn, causes the volume of the heating rod
to expand, increasing the coefficient of thermal expansion and
potentially causing localized damage at the welding site. As
the primary heat carrier, phonons propagation speed increases
due to the motion of molecules or microscopic atoms, which
also exhibits a similar trend of change in the coefficient of
thermal conductivity. This immediately accelerates the rate of
heat transfer in the heating rod. The increase in thermal
movement of small atoms or molecules brought on by
temperature increases is the primary reason of the linear
change in both thermal conductivity and coefficient of thermal
expansion. As a result, both increase as temperature rises.

In contrast to the other two, the elastic modulus exhibits the
opposite trend, as seen in Fig. 10. This is primarily because
the thermal motion of microscopic atoms or molecules

6
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intensifies, reducing the interaction force between atoms or
molecules. The tendency to produce a greater strain when
subjected to the same stress is the macroscopic manifestation
of this reduction.

Unit: °C

Unit: °C Unit: °C

I 400 Max I 500 Max 600 Max
393.67 491.95 I 590.18

I~ 387.35 I 483.91 1 580.35

— 381.02 — 475.86 — 570.53

= 374.7 = 467.82 =t 560.7

1 368.37 1 459.77 1 550.88

1362.05 ]451.72 ] 541.06
355.72 443.68 531.23
3494 435.63 521.41
343.07 Min 427.59 Min 511.58 Min

(@) (b) ©

Fig.11. Welding seal temperature field distribution, (a) 400 ‘C; (b) 500 °C; (c) 600 ‘C

Unit: MPa Unit: MPa it: MPa
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1 49.881 1 67.346 1 86.567

— 42.755 L|57.725 — 74.2

= 35.629 L 48.104 = 61.834

128.503 1 38.483 1 49.467

—121.378 128.863 137.1
14.252 19.242 24.733
7.1259 9.6209 12.367
4.8969¢-6 Min 4.0709¢-6 Min 6.0614e-6 Min

@ (b) ©

Fig.12. Thermal stress distribution at different temperature conditions, (a) 400 ‘C; (b) 500 °C; (c) 600 ‘C

Unit: °C Unit: MPa

600 Max 3037.9 Max

I 566.84 2700.4

1 533.68 2362.8

— 500.52 — 2025.3

i 467.37 = 1687.7

1 434.21 =1 1350.2

=1401.05 —11012.6
367.89 675.09
334.73 337.54
301.57Min 7.0443e-6 Min

Fig.13. Temperature field distribution at 100mm from the weld Fig.14. Thermal stress distribution 100mm from the weld
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As illustrated in Fig. 11, the primary source of heat is the
heating rod beneath the weld. As the temperature of the heat
source rises, so does the weld temperature. Heat conduction is
the primary method of temperature transfer, which results in
the concentric circles that represent the weld temperature
distribution. At the welding site, the maximum temperatures
recorded were 362.05 <C, 451.72 <C, and 541.06 <C. The
temperature loads recorded were 35.629, 48.104, and 61.834
MPa, exhibiting increases of approximately 35.1 % and
28.5 %. The increase linearly between the temperature load
and the maximum temperature is in line with the thermal
conductivity trend.

Once Fig. 12(c) and Fig. 14 are compared, it can be observed
that the weld plane at the boundary 50 mm from the weld is
still exposed to significant thermal stresses, while the
boundary 100 mm from the weld is almost unaffected.
Fourier's law of heat conduction states that the more the
conduction distance, the more heat loss occurs along the heat.
The temperature difference between the weld and the distance
from the 200 mm boundary is approximately 60 % of the weld
temperature. Therefore, the authors believe that, given the
conditions of this investigation, the heating rod spacing
should be maintained above 100 mm in order to prevent heat
coupling from affecting the weld seal (Fig. 13). Thermal
rupture is most likely to occur there, which would result in the
failure of the seal between the wiring warehouse and the
heating warehouse. However, with an increase in heating time,
thermal stress concentration will still form at the welded seal.
Previous research indicates that there is a significant
temperature differential between the gas and the heating rod
surface when the gas enters the heater. This causes a forced
convection phenomenon between the two, meaning that the
heat produced on the heating rod surface is removed by the
gas flow. As both convective heat transfer time increases with
the increase in the flow of the heater, the gas temperature
increases, the temperature difference between the both is
gradually reduced, the convective heat transfer effect
gradually weakened, which means that the same power
conditions, the wall of the heater bar there will be a
temperature gradient. Therefore, in order to reduce the
influence of thermal stress on the weld seal, the heater should
be properly adjusted to avoid extended running of the heater
at rated power during application. In addition, when the heater
seems to run at rated power for a long period when the
experiment necessitates it, the flow rate of the injected gas
should be raised.

4.4. In-Situ Experiment.
Based on the numerical simulation results shown above, a series
of optimizations were made to the heater seal construction to
improve its actual applicability, as illustrated in Fig. 15. The
Fuyu oil shale in-situ conversion project base was selected to
conduct the heater downhole test [41], and before to the test, the
ground engineering construction was finished. Afterwards, as
illustrated in Fig. 16, the heater was connected, mounted, and
dropped into the test well. Procedure for evaluating the
downhole heater sealing structure effectiveness:
e  After the heater, packer, and tubing are sequentially
lowered into the heat injection well, the borehole is sealed.
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e  The test pressure was 15 MPa, the test temperatures were
400C, 500 <C, and 600 <C, the heating time was 3 days,
1 day, and 1 day, and the injected gas flow rate was 150
mé/h.

Fig.16. Heater downhole procedure

800
—®— OQOutlet temperature
700 - —¢— Heating rod temperature
—— Inlet temperature
600 |- fﬁi
S,i 500 [i
2
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s 400 - _E— i — i ———
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£ 300} fi/i :
200 ——i—i’_i—}—_
100
o x——aE— R
0 ‘:‘ 1 | & 1 1 1
0 1 2 3 4 5

Heating time (day)

Fig.17. Heater test working parameter
The heater starts on, as shown in Fig. 17, and both the outlet
temperature and the heating rod temperature climb quickly to
400 <TC. The heating rod temperature and the outlet temperature
show the same rising trend during the initial stages of heat
injection because the injected gas flow rate is small and cannot
completely remove the heat generated by the heating rod.
However, as the injection flow rate increases steadily, the gas
uses convective heat transfer to carry the heat generated by the
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heating rod out, causing the outlet temperature and the heating
rod temperature to show the opposite change trend [42]. The
heater continues to operate well while the outlet temperature
stabilizes at 400 C and the heating rod temperature remains
between 210 <C and 220 <C. The surface temperature of the
heating rod rises by 20-25 <C for every 100 <C increase in the
outlet temperature, indicating that as the heating rod power is
raised, the outlet temperature and the heating rod both continue
to rise. This indicates that the injected gas cannot fully carry out
the heat generated by the heating rod at the current flow rate,
which causes the outlet temperature to rise, the temperature
differential between the outlet and the heating rod to drop, and
the convective heat transfer effect to be weakened. As a result,
heat builds up on the surface of the heating rod. The increase in
the inlet temperature in the last part of the test could be
attributed to the heating of the heater overall, which is the same
as the injected gas being pre-heated before it enters the heated
bin. This is because the heat buildup on the surface of the
heating rod heats both the heater and the gas in the injection
well.

This test demonstrates that this kind of sealing can achieve a
satisfactory sealing result between the wiring warehouse and
the heating rod as well as between the wiring warehouse and
the external cable. In the well bottom environment of high
temperature and high pressure, the stability of a good sealing
effect is still preserved. This paper investigation on the
downhole heater sealing structure can yield relevant technical
guidelines for the sealing of related downhole heating
equipment.

5. CONCLUSIONS

The most important precondition to understanding the heater
downhole long-term operation is the research of the sealing
effect of the heater sealing structure. Through theoretical
calculations, numerical simulations, and field tests, the sealing
effect of the sealing structure is examined in this work. The
results yielded are as follows:

e  Theoretical calculations show that the 316 type stainless
steel nut can meet the requirements of the stuffing sealing
method, the locking stress is uniformly distributed on the
stuffing, the first stuffing experiences a large compression
deformation, the deformation is divided into two
processes, and the deformation gradually decreases along
the Z-axis of the negative direction, while the second
stuffing is largely unchanged. The distortion of the
stuffing fills the small holes in the sealing hole, forming
the sealing layer. Increasing the locking stress leads to a
linear rise in compression, with increases of 6.3597x1073,
1.2674x102, and 1.8957>10 mm, and compression rates
of 0.43 %, 8.45 %, and 12.64 %, respectively. In real
applications, the locking stress exceeds 2000 N. The
second stuffing remains unaffected by deformation, with
a maximum deformation of 6.3192x<10° mm and a
compression rate of 0.42 %. It serves as an insurance layer.
The inner wall of the nut should be chamfered or polished
to preserve the cable outer skin.
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e With rising temperature, both the coefficient of thermal
expansion and the thermal conductivity increase. The
modulus of elasticity follows the opposite trend. The
temperature at the weld was predominantly expressed by
heat conduction and had a concentric circle distribution.
The maximum temperatures at the weld are 362.05 <C,
451.72 <C, and 541.06 <C, with temperature loads of
35.629, 48.104, and 61.834 MPa, respectively,
representing an increase of approximately 35.1 % and
28.5%. According to Fourier's rule of heat conduction, the
larger the along-travel heat loss of heat, the boundary 50
mm from the weld experiences large thermal stresses,
whereas the boundary 100 mm from the weld is mostly
unaffected. With increased heating duration, the weld will
still create thermal stress concentration. Therefore, in
order to reduce the influence of thermal stress on the weld
seal, the heater should be properly adjusted to avoid
extended running of the heater at rated power during
application. In addition, when the heater seems to run at
rated power for a long period when the experiment
necessitates it, the flow rate of the injected gas should be
raised.

e  The heater seal structure was optimized based on the
numerical simulation results presented above. When the
heater turns on, the temperature of the heating rod and
outlet quickly rises to 400 °C. At the start of heat injection,
the injected gas flow rate is low, and the gas cannot
entirely remove the heat created by the heating rod;
nevertheless, as the injected flow rate gradually increases,
both of them exhibit the opposite trend of change. The exit
temperature is maintained at 400 <C, while the heating rod
is kept between 210 °C and 220 °C. Increasing the power
of the heating rod leads to a steady increase in both the
outlet temperature and the heating rod directly. For every
100 °C increase in the outlet temperature, the surface
temperature of the heating rod rises by 20-25 °C. The
heating rod heat accumulation will heat both the heater
and the gas in the injection well, preheating the injection
gas ahead of time. This test demonstrates that this type of
sealing procedure can produce good sealing results.
Maintain the stability of good sealing.
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