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Abstract: To improve the heating efficiency of the downhole electric heaters used in
oil shale exploitation, double-shell downhole electric heaters with continuous helical
baffles (DS-DEHs) were developed in this study. These heaters reduce heat loss
generated by the shell of single-shell downhole electric heaters with continuous helical
baftles (SS-DEHSs) and reuse the heat loss by driving air flows through outer and inner
shell-passes in sequence. Two types of DS-DEHs with three different helical pitches
were experimentally studied, and SS-DEHs were set as the control. The results
indicated that the effect of mass flow rate on the heating rate is greater than that of
heating power. Forced convection heat transfer is the major heat transfer mode in heater
shell-side, and the contribution of shell-side radiant heat transfer mainly depends on the
helical pitch, then on the heating power and mass flow rate. Additionally, the heat loss
generated by heater shell is mainly dissipated in the form of radiation. The total heat
loss of the DS-DEH is 87.16%-96.41% lower than that of the SS-DEH, and its heating
efficiency is 1.06-1.17 times than that of SS-DEH, indicating that the double-shell
structure can effectively improve the heating efficiency of downhole electric heaters.
These findings are beneficial for designing energy-efficient downhole electric heaters
used in oil shale exploitation.

Keywords: In situ pyrolysis; Downhole electric heater; Double-shell structure; Outlet
temperature response; Heating efficiency

1. Introduction

Unconventional reservoirs, such as high-viscosity oil deposits and oil shale, will be the
main fossil energy consumed in the future [1,2]. Compared with highly mature
reservoirs, organic matters (kerogen) in unconventional reservoirs have a low degree of



thermal evolution and require heat treatment before they can be utilised [3,4]. The
traditional heat treatment methods of unconventional reservoirs include steam flooding,
steam huff and puff, and superheated steam exploitation [5,6]. Generating high-
temperature fluids with downhole electric heaters can reduce heat losses along heat
insulation pipelines [7].

Previous studies on downhole electric heaters in heavy oil and oil shale have focused
on heating reservoirs through heat conduction using electrodes. However, heating
unconventional reservoirs with electrodes is time consuming owing to the lower heat
transfer efficiency of heat conduction, which is caused by the small heat transfer area
of bare electrodes. Additionally, bare electrodes without an enhanced heat transfer
structure are prone to thermal damage owing to local hot spot under high heat flux;
therefore, previously investigated electric heaters [8-10] are not suitable for quickly
generating large amounts of high-temperature fluids. The downhole electric heaters
with continuous helical baffles proposed by Guo [7] are a good option for efficiently
heating oil shale using high-temperature fluids, which heat oil shale through thermal
convection. Oil shale is a type of rock with low thermal conductivity. For heating oil
shale, convective heating is more effective than heat conduction.

The heating efficiency of downhole electric heaters directly determines whether oil
shale can be heated underground, and the heating time required for the generation of oil
and gas [11]. The heat source of downhole electric heaters is electric heating rods.
Therefore, the first step toward improving the heating efficiency of a heater is to
increase the amount of heat absorbed by the shell-side air, i.e. designing a downhole
heater that has an efficient heat transfer enhancement structure, which has been studied
in previous studies; the second step is to weaken the heat dissipated by the heater shell,
1.e. designing a downhole heater with a novel thermal insulation structure to reduce the
heat loss generated by heater shell, which is the focus of this study.

Many scholars have focused on improving the thermal performance of heat exchangers
by changing the geometric parameters of enhanced heat transfer structures (baffle and
heat transfer tube type); however, few have considered reducing the heat dissipated by
heat exchanger shells. Yang [12] simulated a heat transfer structure with different
combined parameters of folded and segmental baffles. According to the study, the
comprehensive performance of a heat transfer structure with a smaller helical pitch or
shorter projection length of an inclined section of folded baffles is better than other
schemes. Furthermore, the thermal performance of the helical heat transfer structure is
better than that of the segmental one in the same test conditions. Wang [ 13] investigated
the flow and heat transfer performances of double-shell rod baffle heat exchangers. The
simulation results indicated that the thermal performance of the outlet zone can be
improved effectively 13%-29% by setting the guide shell in the shell-side outlet zone.
From the experiments, they found that the comprehensive performance of double-shell
baffle heat exchanger was 14.4-24.3% higher than that of single-shell baffle rod heat
exchangers. Wang [14] simulated a double-pipe heat exchanger with an outward
helically corrugated tube and discovered that the heat transfer performance of the heat
exchanger varied linearly with the diameter of the heat exchanger shell. When shell
inner diameter was 38 mm, the heat exchanger achieved the best comprehensive



performance. Ji [15] simulated the heat transfer performance of a double-shell helical
baffle heat exchanger and indicated that the shell-side heat transfer coefficient of the
double-shell heat exchanger was 14%-25% higher than that of segmental heat
exchanger. Yang [16] studied multiple shell heat exchangers with continuous helical
baffles, and discovered that the thermal performance of the novel heat exchanger was
higher than that of multiple shell heat exchangers with segmental baffles under the same
pressure drop.

Previous studies [12-16] were primarily focused on improving the heat utilisation
efficiency of heat exchangers through combined baffles, double pipes, double shells
and combined multiple heat transfer structures, with little consideration of the outlet
temperature response and shell-side radiative heat transfer characteristics, and the heat
loss generated by the heater shell. Furthermore, the temperature response characteristic
of the downhole heater is related to the pyrolysis temperature and decomposition-
activation energy of oil shale around heating well [ 17-19]. In addition, during operation,
the shell of the downhole heater always reaches high temperatures, which cannot be
effectively reduced by using thermal insulation materials. Regarding the heat
exchangers used to cool hot fluids in oil refineries, researchers have primarily focused
on the heat transfer capacity of enhanced heat transfer structures, that is, the amount of
heat absorbed by the coolant from hot fluids [12-16], whereas little attention has been
paid to improving the utilisation ratio of heat absorbed by the shell-side coolant [20-
22], which can be achieved by reducing the heat exchanger shell temperature.
However, in the in situ exploitation of unconventional reservoirs, when a downhole
electric heater is placed in a heating well together with a packer at its outlet, a large
amount of heat lost by heater shell cannot be effectively utilised. A double-shell
downhole electric heater with continuous helical baftles (DS-DEH) drives the air flows
through the outer and inner shell-passes in sequence, which not only reduces the
thermal radiant energy and natural convection heat transfer of a single-shell downhole
electric heater with continuous helical baffles (SS-DEH), but also reuses heat dissipated
by the shell of the SS-DEH to preheat the outer shell-pass air.

In this study, a novel double-shell structure was designed to improve the heating
efficiency of the downhole electric heater. In addition, the feasibility of the double-shell
structure in improving the heating efficiency of the downhole heater was verified by
comparing the thermal performance with the outlet temperature response characteristics
and analysing the heating efficiency of the SS-DEH and DS-DEH.

2. Experimental investigation

2.1. Experimental apparatus

Three types of downhole heaters were tested in the experiment: 1. SS-DEH; 2. Parallel
double-shell downhole electric heater with continuous helical baffles (PDS-DEH), in
which the inlet of the heater is on the side of the SS-DEH inlet; and 3. Countercurrent
double-shell downhole electric heater with continuous helical baffles (CDS-DEH), in
which the inlet of the heater is on the side of the SS-DEH outlet. Fig. 1 shows the



schematics of the air flow path and heat loss of the heater shell.
In this study, experiments were conducted on two types of DS-DEHs, each with three
different pitches from 50 to 210 mm, and the SS-DEH with pitches of 50, 110, 210 mm
as the contrast. Except for the different pitches of the continuous helical baffle, the
remaining parameters of the same heater type were identical. The details of the tested
downhole electric heater are presented in Table 1. In all tests, the heaters were placed
vertically because the downhole heater was installed vertically in the heating well
during oil shale in situ pyrolysis.
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Fig. 1. The schematics of the air flow path and heat loss of the heater shell

Table 1 Details of heater

Item Dimensions and description
SS-DEH DS-DEH

(Inner) Shell inside / outside diameter (mm) 131/139 131/139
Outer Shell inside / outside diameter (mm) - 188/208
(Inner & outer) Shell length (mm) 1100 1100
Inlet & outlet nozzle inside diameter (mm) 25.4 25.4
Inlet & outlet tube length (mm) 350 350
Helical pitch (mm) 50, 110, 210 50, 110, 210
Helical baffle thickness (mm) 2 2
Helical baffle length (mm) 1000 1000
Central tube outside diameter (mm) 32 32
Central tube length (mm) 1000 1000
Heating rode outside diameter (mm) 16 16
Effective length of heating rod (mm) 1000 1000
Heating rod length (mm) 1050 1050
Number of heating rods 6 6

Distribution form of heating rods

Distance D), (mm)

Evenly distributed on 80 mm diameter circle

25

25




2.2. Experimental system

The test system comprises three separate parts: the compressed air supply system,
electronic control system, and data collection system. Fig. 2 shows the schematics of
test system. The compressor provided compressed air; subsequently, the oil and water
in the compressed air were filtered through a tertiary filter before being injected into
downhole heater. The electronic control system controlled the on and off of the heater
and the heating power. The on/off of the downhole heater was controlled by the
temperature control meter. In addition, heating power was controlled using the power
regulator. Temperature and pressure data were collected using a paperless recorder. Fig.
3 provides the photograph of the test system, in which a single-shell heater was tested.
In this test, platinum-resistant thermometers (PT100) were used in the inlet, outlet, and
heater shell, whereas K-type thermocouples were attached to the electric-heating-rod
surface. The shell-side resistance was measured using capacitive differential pressure
sensors. For heaters with the same helical pitch, the layout parameters of heating rod
temperature sensors were the same. All the tested heaters have the same temperature
measurement locations on the heater shell. Table 2 shows the layout parameters of the
heating rod and heater shell temperature sensors.

Table 2 Layout parameters of heating rod and heater shell temperature sensors

Item Temperature sensor positions on heating rod and heater shell (mm)
Heaters-50 50, 190, 390, 590, 790, 990

Heaters-110 100, 210, 320, 430, 540, 650, 760, 870, 980

Heaters-210 120, 330, 540, 750, 960

Heater shell 80, 180, 280, 380, 480, 580, 680, 780, 880, 980, 1080

Here, Heaters-50 represents all the tested heaters, which include PDS-DEH, CDS-DEH and SS-DEH,
with the helical pitch of 50 mm, and the numbers 50, 110, and 210 represent the helical pitch of the heater.
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feMlazs lowmeter. 7-Heater. 8-%pmal bres. 9 PFower limes., 110-Electric hesting rod
Fig. 2. Schematics of the test system Fig. 3. Photograph of the test system

2.3. Experimental scheme

In the experiments, the outlets of SS-DEH, PDS-DEH, and CDS-DEH were set as free
flowing. In addition, two schemes were applied in the test. The constant heating power



scheme was used for analysing the outlet temperature response characteristics, thermal
performance, and heating efficiency. In addition, a series of tests involving three heating
power values and five mass flow rates was conducted on each heater. A constant outlet
temperature scheme was applied to measure the temperatures of the heating rod and
heater shell when M=0.016 kg/s and T,,,;=250 °C.

2.4. Data processing
2.4.1. Natural convection and thermal radiation of heater shell

To investigate and validate the calculation of the characteristics of combined heat
transfer of radiation and convection in the heater shell, temperature sensors are placed
in the surface of the heater shell. Because the temperature values of heater shell varied
significantly along X-axis, heater shell was divided into 11 sections by 11 temperature
measuring points to calculate the heat transfer of radiation and natural convection
generated by heater shell. The total heat loss generated by heater shell is the sum of heat
loss of the 11-section heater shell.

The total heat loss of heater shell can be expressed as:

Qtni = Qcony + Qrns (1)
The formula to calculate the natural convective heat transfer is:
Qconv = 11=11 Qci (2)

where Q.; is the heat loss by each section of heater shell, which can be calculated using
Eq. (3) [16,24]:

Qci = hnsAnsBteony 3)
where hj is the heat transfer coefficient of heater shell, A, is the outer surface area
of heater shell. Table 3 shows the calculation area of natural convection and thermal
radiation.

Table 3 The calculation area of natural convection and thermal radiation

i 1 2-10 11

Ahs/m2 0.05225 0.06531 0.04572
The natural convective heat transfer difference is defined as:
Atcony = Ths — Tame 4)

where Ty, and Tg,,; arethetemperatures of heater shell and ambient air, respectively,
and Tgm,e kept 17.0 (£0.5) C.

The natural convective heat transfer coefficient of heater shell is defined as follows
[25,26]:

hys = e 5)
where Ly, is the length of heater shell, A,,,; is the thermal conductivity of ambient
air.

The Nusselt number of heater shell boundary layer is expressed as [27]:

N, = CR} (6)
where C =0.59, and n=0.25.

The Rayleigh number is calculated as [27]:



_ _ QBAtconvLiSPr
Ra - GTPT - v2 (7)
amt

where g is the acceleration of gravity, P. and Vg, are the Prandtl number and
kinematic viscosity of ambient air, respectively.

The coefficient of thermal expansion can be expressed as [27]:

2

ﬁ - Ths+Tamt (8)
The thermal radiant energy of the heater shell is defined as [28,29]
Qrhs = 21'1=11{8Ah50_(T;LL5 - T;mt)} )

where € is the thermal radiation emissivity of the heater shell, which can be found in
Table 4; o is the Stefan-Boltzmann constant, i.e. ¢ = 5.67 *x 1078 (W/(m?-K*)).
Table 4 The thermal radiation emissivity of heating rod and heater shell

€ 0.4 0.6 0.8 0.85 0.9
Temperature/°C  23.22-63.16 64.01-91.86  92.49-160.66 161.37-329.75 330.5-469.61

The heat loss relative error of heater shell a¢ between theoretical calculation and
experimental result is defined as:

q = SRZhbn 5 1000, (10)
Qhnbhi
Qnpnt = P — M(Foyr — Fin) (11)

where Qppn; 1s the heat loss of heater shell based on the principle of heat balance.
The theoretical calculation of heat loss by heater shell appears to agree reasonably well
with the experimental data with a deviation of +3.87%.

2.4.2. Heat transfer enhancement analysis of heater

The heater with double-shell structure improves its heating efficiency by changing the
flow path of the shell-side air. The inner shell-pass of DS-DEH is provided with an
enhanced heat transfer structure, while the outer shell-pass has no enhanced heat
transfer structure. The enhanced heat transfer performance of DS-DEH is mainly
related to the inner shell-pass. To effectively compare the enhanced heat transfer
performances of DS-DEH and SS-DEH, heaters adopt the same calculation formula of
enhanced heat transfer.

To reflect the influence of the variation of shell-side air thermophysical parameters, the
average temperature at the inlet and outlet of heater is taken as the characteristic
temperature of shell-side air.

According to Eq. (12), the Nusselt number of heating rod boundary layer under
experimental condition can be calculated [31-33].

Mhrdnr
N, = e (12)

where A, is the thermal conductivity of shell-side air, dj, is the outer diameter of
heating rod.

Based on experimental data, the convection heat transfer coefficient (hy,) of heating
rod surface is calculated by the following formula:



(Fout _Fin)M_ Qrhr
hy, = 13
hr AehrAte ( )

Aehr = 67TdhrLehT (14)
Based on the layout parameters of heating rod temperature sensors in Table 2, the
thermal radiant energy of heating rod Q,.,,- is calculated in sections, Table 5 shows the
calculation area of thermal radiation on heating rod.

thr = Z?iio{sAehro_(T;L}r - thir)} (15)

where F,,; and F;, are the specific enthalpy of air at the outlet and inlet of heater,
respectively; A,y is the heat transfer area based on effective length of heating rod,
Leny 1s the effective length of heating rod.

Table 5 The calculation area of thermal radiation on heating rod

i 1 2 3-5 6 7-9 10

Heaters-50/m? 0.01206 0.06032 0.06032 0.04825 - -
Heaters-110/m? 0.00905 0.02413 0.03318 0.03318 0.03318 0.03619
Heaters-210/m? 0.00905 0.04373 0.06333 0.05881 - -

The logarithmic heat transfer temperature difference is defined as [30]:

At, = e (16)
Atmin

where At,,,, is the difference between the heating rod temperature at 1050 mm and
the outlet air temperature; At,,;, is the difference between the heating rod surface
temperature at 50 mm and the inlet air temperature.

When the downhole electric heater operates in heating well, the maximal temperatures
of heating rod under the corresponding operating conditions can be calculated by the
regression parameters in Table 7.

The Nusselt number of heating rod boundary layer used to calculate the regression

parameters is defined as [31-33]:
1

N, = CR*P? (17)
The Reynolds number is expressed as:
LC US S
Re === (18)
M
US N PsAmin (19)

where L.; is the characteristic length of shell-side, and is taken as the outer diameter
of heating rod dj,, U is the shell-side specific velocity, P., ps and pg are the
Prandtl number, density and dynamic viscosity of shell-side air, respectively.

The minimal free-flow area can be expressed as [22]:

Apin = 0.5Bcos 0 (dps — doe — 2dy,) (20)
where B is the helical pitch, 6 is the helix angle, dj; is the inner diameter of SS-
DEH shell; d; is the outer diameter of central tube.

The friction factor is defined in Eq. (21).



AP dpy

f - 2psUs2 Leny (21)
where L.y, is the effective length of heating rod.
The comprehensive performance index is expressed as:
9 ="t (22)
f3
The heating efficiency is expressed as:
— (Fout_Fin)M X 100% (23)

B (Fout=Fin)M+Q¢tn
2.5 Experimental uncertainty

The experimental uncertainty of this study was obtained using the following equation
[34,35]:

Wy =\[(;7";le)2 F G Wie)? e +(E;"7";1Wxn)2 (24)
where Wy = f(xq, x5, ...,X,), and x,, is a variable affecting R.

In this study, the relative uncertainties of the directly measured parameters and the
thermal radiant energy Q,,q, total heat loss Q,; and heating efficiency n are

provided in Table 6.

Table 6 Experimental uncertainties

Uncertainty item Symbol Unit Value

Heating power Wp % +(1.00-1.25)
Mass flow rate Wy % +(0.13-0.25)
Heating rod temperature Wr % +(0.20-0.24)
Inlet temperature Wr,. % +(0.18-0.23)
Outlet temperature Tout % +(0.14-0.20)
Thermal radiant energy Wo,0a % +(3.76-6.13)
Total heat loss Woun % +(1.46-2.35)
Heating efficiency W, % +(0.11-0.18)

3. Results and discussion

Heaters with the same shell structure have the same size but different helical pitch
values. Therefore, the heater shell structure, mass flow rate M, heating power P, and
helical pitch values are independent variables used to study the performance of the
double-shell and single-shell heaters. Additionally, the average value of each physical
quantity is used to explore its variation characteristics.

3.1 Outlet temperature response characteristics

The downhole heater is used to heat oil shale underground. The response rate of its
outlet temperature reflects its heat transfer capability, which is related to the pyrolysis



temperature and decomposition-activation energy of oil shale around heating well and
subsequently to the oil yield of the oil shale blocks [17-19]. To speed up the heating of
oil shale zone and to convert kerogen into more oil, the outlet temperature response
characteristics of the downhole heater is investigated for the research of the optimal
heating control strategy.

Fig. 4 shows the representative outlet temperature (T,,;) response curve of the
downhole heater. In stage 1, the outlet temperature rapidly, then the increase rate slowed
down in stage 2 until stabilized in stage 3. Fig. 5 shows the heating rate of the downhole
heater when the heating time is 3000 s. As shown in the figure, PDS-DEH-50 has the
largest heating rate, whereas SS-DEH-50 has the smallest one. Fig. 6 presents the outlet
temperature (T,,) variation trend of SS-DEH-210. Fig. 6 (a) shows that increasing the
mass flow rate does not proportionally increase the amount of absorbed heat; Therefore,
the heating rate, the time durations in stages 1 and 2, and the outlet temperature
decreases. By contrast, the temperature difference increases with the increase of heating
power; hence, the heating rate, time durations in stages 1 and 2, and outlet temperature
increases. Additionally, with the decrease in the heating power and the increase in the
mass flow rate, the time durations in stages 1 and 2 decreases. Furthermore, the effect
of mass flow rate on heating rate is greater than that of heating power.
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3.2. Comprehensive performance evaluation
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Fig. 7. Comprehensive performance index versus mass flow rate and heating power

Fig. 7 shows the comprehensive performance index versus mass flow rate and heating
power. Compared with the SS-DEH, the Prandtl number of air decreases and the air
viscosity increases after the air is heated in the outer shell-pass in the DS-DEH,
therefore, the Nusselt number of the heater decreases. In addition, owing to the increase
in air viscosity and the air flow path, the local differential pressure resistance and
friction resistance of downhole heater increases simultaneously in the DS-DEH. These
two mechanisms resulted in higher comprehensive performance index of the SS-DEH
compared to that of the DS-DEH. Owing to the lower air temperature at the same
location, the thermal performance of the PDS-DEH is higher than that of the CDS-DEH.
When the helical pitch is small, the thermal performances of the PDS-DEH and SS-
DEH are similar (e.g. those of SS-DEH-50 and PDS-DEH-50), however, when the
helical pitch is large, the thermal performances of the CDS-DEH and PDS-DEH are
similar. Moreover, the heater with a small helical pitch has small circulation area and a
large Nusselt number, therefore, its thermal performance increases with the decrease in
the helical pitch. As shown in Fig. 7 (a), the comprehensive performance index
increases with the increase in the mass flow rate, and the smaller is the helical pitch,
the more pronounced is the increase in the comprehensive performance index. As
shown in Fig. 7 (b), the thermal performance of the SS-DEH decreases with heating
power. When helical pitch is 50 mm, the thermal performance variation trend of the
DS-DEH is the same as that of the SS-DEH. With the increase in the helical pitch, the
heating power did not significantly affect the thermal performance of DS-DEH.

3.3. Heat transfer correlation

From Eq. 17, the following equation can be obtained:

In (NuPr%) = miIn(R,) + In(C) (25)

with the following linear regression form:
Y=DX+b (26)



1

where X =1In(Re), Y=1n (NuPT_5>, and b = In(C). The linear regression curves of

heat transfer correlation are shown in Fig. 8. The regression parameters listed in Table
7 are obtained from the fitting curves in Fig. 8.

When the downhole electric heater operates in heating well, the temperature sensors
cannot be arranged on the electric heating rod owing to limitations of the heater sealing
structure and the packer structure. To prevent high-temperature ablations of the electric
heating rod, the maximal temperatures of heating rod under the corresponding operating
conditions can be calculated using the regression parameters in Table 7.
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Fig. 8. Heat transfer correlation linear regression curves

Table 7 Regression parameters

[tem m C [tem m C
PDS-DEH-50 1.28 1.24-10° SS-DEH-110 1.27 2.37-10°
CDS-DEH-50 1.19 2.03-10° PDS-DEH-210 1.15 2.28:10°
SS-DEH-50 1.16 2.97-10° CDS-DEH-210  1.18 1.65-107
PDS-DEH-110 1.21 2.71-10° SS-DEH-210 1.13 2.90-107
CDS-DEH-110 1.04 9.38-10°

3.4. Temperature distribution and heat transfer characteristics of heating rod

An electric heating rod is the key apparatus of a downhole electric heater. The
temperature of the electric heating rod is related to the level of thermal damage on its
surface, which determines the long-term operating stability of the downhole heater [36-
38]. The temperature distribution characteristics of electric heating rods is explored in
this section.
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Fig. 9 shows the heating rod temperatures along the X-axis. The heating rod
temperature (T, ) of the inlet section is the lowest, owing to the disordered air flow and
low-temperature air. In fully developed section of the shell-side helical flow, the heat
transfer temperature difference decreases gradually, therefore, T}, increases gradually
along the X-axis. In addition, the relative rank of Tj, is: CDS-DEH >PDS-DEH >SS-
DEH (CDS-DEH and PDS-DEH are 3.45%-10.36% and 1.26%-6.55% higher than that
of the SS-DEH, respectively). These results can be attributed to the following reasons.
In the DS-DEH, air is preheated in outer shell-pass, therefore, the temperature
difference of DS-DEH is lower than that of SS-DEH, leading to higher T}, in DS-
DEH. Compared with the PDS-DEH, the air absorbs more heat in outer shell-pass of
CDS-DEH, and the heat transfer temperature difference in the same position is lower
because the air temperature increases significantly; therefore, the outer shell
temperature of CDS-DEH is higher than that of PDS-DEH. Additionally, it is
discovered that in the same heater type, T, increases with the helical pitch values,
which agree with results of previous studies regarding continuous helical baffle heaters.

The shell material of the electric heating rod is 304 stainless steel, and a high heating
rod temperature will cause thermal damage [37,38]. It should be noted that based on
the heating rod temperature distribution shown in Fig. 9 and the regression parameters
presented in Table 7, the maximal heating rod temperature can be obtained. Therefore,
the heating parameters of downhole heater can be adjusted to maintain the heating rod
within a safe temperature range.
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Fig. 10. Thermal radiant energy of heating rod versus mass flow rate and heating power

Fig. 10 presents the thermal radiant energy absorbed by shell-side air versus mass flow
rate and heating power. It can be clearly seen that the thermal radiant energy absorbed
by shell-side air decreases with the increase in the mass flow rate, whereas it shows the
opposite trend for the heating power. Heaters with large helical pitch have greater
variation rates. Additionally, the relative rank of thermal radiant energy absorbed by air
is: DS-DEH> SS-DEH (DS-DEH is 1.03-1.70 times more than that of SS-DEH). The
analysis shows that the shell-side air absorbs heat from the surface of the heating rod in
two ways: forced convection and thermal radiation. Forced convection is the major heat
transfer mode of heater shell-side. Heat transfer enhancement of heater shell-side is
related to the helical pitch of continuous helical baffles. Although the heat transfer in
shell-side is mainly forced convection, the contribution of radiation increases with the
increase of helical pitch. Compared with SS-DEH, the air of DS-DEH is heated in the
outer and inner shell-passes in sequence, therefore, the convection heat transfer
temperature difference is lower in DS-DEH, hence, less heat is absorbed by the shell-
side air in the form of convective heat transfer. Based on the above results, to increase
the lifespan of downhole heaters, the contribution of radiant heat transfer in the shell-
side should be as small as possible, so the continuous helical baffles with small helical
pitch should be used.

3.5. Temperature distribution and heat transfer characteristics of heater shell
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Fig. 11. Heater shell temperature curves along X-axis

The temperature distribution of heater shell (T},5) along the X-axis is presented in Fig.
11. With the increase in the shell-side air temperature, Ty increases along the X-axis.
Furthermore, in double-shell heater, with the increase in air temperature in the outer
shell-pass, the heat transfer temperature difference between the inner shell and the air
in the outer shell-pass decreases, therefore, the growth rate of Tj; decreases. Moreover,
in the outlet section of heater, no heating rod heats the air whilst heat is lost continuously
in the heater shell; therefore, Ty indicates a decreasing trend. The smaller is the
helical pitch, the higher is the T}, and the faster the shell temperature decreases.
Additionally, except for the temperatures in the gas injection section, the Ty, of the
three types of heaters are ranked as follows: SS-DEH> CDS-DEH> PDS-DEH (CDS-
DEH and PDS-DEH are 22.55%-80.00% and 55.94%-74.43% lower than that of the
SS-DEH, respectively). The Ty, growth rate of SS-DEH is the largest, whereas the



Ty of the double-shell heater increases more slowly. These results can be interpreted
as follows. In the single-shell heater, the heat of heating rod is transferred directly from
the shell-side air to the heater shell, whereas in the double-shell heater, the heat transfer
sequence is the heating rod, inner shell-pass air, inner shell, outer shell-pass air, and
outer shell. Meanwhile, because no heat transfer enhancement structure existed in the
outer shell-pass, the air temperature distribution is lower owing to less heat absorbed
by air and the temperature of outer shell is lower due to the smaller heat transfer
temperature difference. Additionally, it is clear that in the same heater type, because

more heat can be absorbed from the inner shell, the smaller is the pitch, the higher is
the ThS'
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Fig. 12. Thermal radiant energy versus mass flow rate and heating power
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Fig. 13. Total heat loss versus mass flow rate and heating power

Figs. 12 and 13 show the variation trends of the thermal radiant energy and total heat
loss of heater shell with the mass flow rate and heating power, respectively. Fig. 12
shows some resemblance to Fig. 10. The change rate of the SS-DEH is much larger
than that of the DS-DEH, and that of the shell thermal radiant energy of DS-DEH is
smaller. In addition, Fig. 12 indicates the relative rank of thermal radiant energy: SS-
DEH> CDS-DEH> PDS-DEH (and the thermal radiant energy of SS-DEH is 8.86-
30.10 times that of DS-DEH). Moreover, the variation trend of the total heat loss in Fig.
13 resembles that of the thermal radiant energy in Fig. 12. In the SS-DEH, the shell
thermal radiant energy accounts for 94.84%-96.01% of total heat loss, whereas in the
DS-DEH, it is only 85.10%-87.90%. Additionally, the total heat loss of DS-DEH is



87.16%-96.41% lower than that of SS-DEH.

The results shown in Figs. 12 and 13 can be explained as follows. According to Wien’s
displacement law [39], the lower is the temperature of the heater shell, the longer is the
wavelength of the intense thermal radiation. According to the spectral emissive power
distribution curve [39], the longer is the wavelength, the lower is the thermal radiant
energy of heater shell. Because the shell temperature of SS-DEH is higher than that of
DS-DEH, the radiation wavelength of heater shell is shorter and the entire radiation
energy spectrum of the heater shell is reduced. In addition, the outer shell-pass air
inflows from the high-temperature zone and flows out from the low-temperature zone
in the inner shell-pass of CDS-DEH, whereas the opposite is shown in the PDS-DEH,
which causes the shell temperature of the CDS-DEH to be higher than that of the PDS-
DEH, so thermal radiation loss of CDS-DEH shell is higher than that of PDS-DEH.
Although the increase in the inner shell-pass air mass flow rate enables the air to absorb
more heat from the heating rod, this part of the heat is not proportional to the increase
in the air mass flow rate; therefore, the outer shell-pass air temperature decreases, the
outer shell radiation wavelength increases, and the shell thermal radiation energy
decreases. According to the Stefan-Boltzmann law [39], the thermal radiant energy of
the heater shell is positively correlated with the fourth power of the heater shell
temperature. The transfer of thermal radiant energy does not depend on other media but
is only related to the heater shell temperature; meanwhile, the natural convective heat
transfer requires heat transfer media, which is not only related to heater shell
temperature, but also to ambient temperature. Therefore, when ambient temperature is
constant, the higher is the shell temperature, the greater is the rate of thermal radiant
energy to the total heat loss.

3.6. Heating efficiency analysis
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Fig. 14. Heating efficiency versus mass flow rate and heating power

Figs. 14 (a) and (b) show the variation trend of the heating efficiency versus mass flow
rate and heating power, respectively. The heating efficiency (n7) presented in Fig. 14
shows an opposite trend to Figs. 12 and 13. Furthermore, the relative rank of heating
efficiency is: PDS-DEH> CDS-DEH> SS-DEH (the n of the PDS-DEH and CDS-
DEH are 1.06-1.17 and 1.06-1.16 times that of the SS-DEH, respectively). It is clear
that the mass flow rate and heating power do not significantly affect the heating



efficiency of the DS-DEH, but affect that of the SS-DEH significantly. Additionally,
within the test range, the 1 of the PDS-DEH, CDS-DEH, and SS-DEH are 98.69%-
99.80%, 98.08%-99.65%, and 84.43%-94.25% respectively. Because the double-shell
structure decreases the total heat loss of single-shell heater and reuses the heat loss of
single-shell heater by preheating air in outer shell-pass, the 1 of'the DS-DEH is higher
than that of the SS-DEH.

Figs. 12-14 indicate that the thermal radiant energy dominates the total heat loss
generated by the shell of SS-DEH. In addition, double-shell structure can effectively
improve heating efficiency of downhole electric heater through reducing thermal
radiant energy and natural convective heat transfer generated by shell of SS-DEH and
through reusing the heat dissipated by the shell of SS-DEH. Moreover, as shown in Figs.
6 and 14, the higher is the outlet temperature, the lower is the 1 of SS-DEH. In in situ
oil shale exploitations, the outlet temperature of downhole heater is higher than 400 C
and the 1 of the SS-DEH will be much lower than the 1 obtained in this study.
Therefore, the double-shell structure is a good option for downhole electric heaters to
reduce the operating cost of in situ exploitations of unconventional reservoirs.

4.Conclusions

A new type of downhole electric heater, which changes the flow path of shell-side air
through a double-shell structure, was designed in this study. Subsequently, the thermal
performance, total heat loss generated by heater shell, and heating efficiency of single-
and double-shell heaters were experimentally investigated. Based on experimental
results, the following conclusions can be obtained:

1. The effect of mass flow rate on heating rate is greater than that of heating power.

2. The SS-DEH has the largest comprehensive performance index. The difference in
comprehensive performance index between the DS-DEH and SS-DEH depended on the
helical pitch.

3. The heating rod temperatures of the CDS-DEH and PDS-DEH are 3.45%-10.36%
and 1.26%-6.55% higher than that of the SS-DEH, respectively. Forced convection heat
transfer is the major heat transfer mode in heater shell-side. As the helical pitch and
heating power increase, and the mass flow rate decreases, the contribution of shell-side
radiant heat transfer increases.

4. The heater shell temperatures of CDS-DEH and PDS-DEH are 54.10%-71.83% and
63.72%-75.37% lower than that of the SS-DEH, respectively. The heat loss of heater
shell is mainly by radiant heat transfer, and the total heat loss of the DS-DEH is 87.16%-
96.41% lower than that of the SS-DEH.

5. The double-shell structure effectively improves the heating efficiency of downhole
electric heater, and the heating efficiency of the DS-DEH is 1.06-1.17 times that of the
SS-DEH.



Nomenclature
A Area, m? p Density, kg/m?
B Helical pitch, m u Dynamic viscosity, kgm™'s™!
d  Diameter, m v Kinematic viscosity, m%/s
F  Specific enthalpy, J/kg n Heating efficiency
f  Friction factor AP Pressure drop, Pa
g  Acceleration of gravity, m/s? At, Logarithmic temperature difference, K
G,  Grashof number Ata  Maximum temperature difference, K
h  Convective heat transfer coefficient, W-m?2-K!  At,;, Minimum temperature difference, K
L  Length,m Subscripts
M Mass flow rate, kg/s amt  ambient temperature
N,  Nusselt number cl characteristic length
P Heating power, W conv  natural convective
P, Prandtl number ct central tube
Q  Transferring heat, J ehr effective length of heating rod
R, Rayleigh number hr heating rod
R, Reynolds number hs heater shell
T  Temperature, K in inlet or inner
Us  Characteristic velocity, m/s min  minimum
Greek symbols out outlet or outer
A Thermal conductivity, W/(m-k) rad radiation
€  Thermal radiation emissivity s shell-side
o  Stefan-Boltzmann constant thl total heat loss
a  heat loss difference hbhl  heat loss based on heat balance
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