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Results of researches of the electromagnetic properties of oil substances in the
microwave frequency band are presented in this work. Possibilities of using
microwave heating in oil industry and pumping of oil products are considered. The
possibility of using microwave heating to solve a number of problems of oil produc-
tion and pumping oil through pipelines is being researched. Using waves in the
microwave range allows in many cases to concentrate the heat release in the most
viscous paraffin and bitumen components, which as a result reduces the viscosity of
these components. To determine optimal wave frequencies and powers used for
heating, it is necessary to know the electromagnetic characteristics of oil-contain-
ing mixtures. Experimental researches consisted in measuring the attenuation of
electromagnetic waves passing through a "clean" section of the waveguide and
through the same section of the waveguide after passing petroleum products of var-
ious compositions through it.The additional attenuation of oil pollutions in the fre-
quency band 9-11 GHz does not exceed 0.27 dB/m. To determine the electromag-
netic properties of oil-containing materials in the microwave band, experimental
researches were conducted on the coaxial segment, which is filled with the
researching substance. Losses in conductors are dominated by losses in contact
connections. The wave penetration depth in the substance decreases with an
increase in frequency, which must be taken into account in the heating technology.
Parameters of researching substances were calculated, and their frequency depen-
dences are presented. The losses in oil deposits significantly exceed losses in pure
oil, therefore these deposits will heat up more, than pure oil. This effect can be used
to reduce the viscosity of oil both in oil pipelines during oil transportation and in the
production of high viscosity oil. It is possible to determine the required heating
power and time to use microwave heating technology for the oil industry.
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Introduction

Currently, the possibility of using microwave heating to solve
anumber of problems of oil production (extraction of high-viscos-
ity oil, dewaxing of wells) and pumping oil through pipelines is
being researched [1-11].

The use of electromagnetic waves in the microwave range
(from 0.3 to 30 GHz — UHF (ultra-high frequencies — 0.3 GHz to
3 GHz) and SHF (super-high frequencies — 3 GHz to 30 GHz))
allows in many cases to concentrate the heat release in the most
viscous paraffin and bitumen components, thereby heating them,
which as a result reduces the viscosity of these components im-
proves the homogeneity of the produced oil mixture [4, 7-9].

One of the important areas of application of microwave heat-
ing may be the repair and maintenance of oil wells, solving prob-
lems associated with the formation of bitumen-paraffin plugs and
high oil viscosity [4, 7-12, 20-24].

The pipes of standard diameters used to solve the above prob-
lems are natural waveguides of electromagnetic waves, which
form equivalent guide systems of the microwave range (a circular
waveguide or a coaxial line).

The optimal operating frequencies of these guiding systems, tak-
ing into account their equivalent loads, will be in the microwave
range. As is known, the heating efficiency due to the absorption of
electromagnetic waves increases with increasing frequency [4-6].

According to experts [1-9], the model for pipes of an oil well
in the form of a coaxial line does not always adequately describe
the system. Of particular interest is the study of waveguide mode
types [5, 16], which for pipe diameters used in wells will have
optimal frequencies in the microwave range.

The decision on the technical feasibility and economic effi-
ciency of a heater based on electromagnetic waves requires the
study of a number of issues (for example, the study of the effect
of oil residues on the walls of a pumping and compressor system
used in a corresponding installation as a waveguide) [10-15]. Ac-
cording to its electromagnetic properties, a paraffin plug can be
considered an ordinary load of the microwave tract, which will be
heated by absorbing the energy of electromagnetic waves.

The heating efficiency of such a load is reduced due to losses
in the waveguide, therefore it is necessary to study the effect of
the oil film that remains on the walls of the waveguide [4, 10-12].

To determine the optimal frequencies and powers of electro-
magnetic waves used for heating, it is necessary to know the elec-
tromagnetic characteristics of oil-containing mixtures (¢ is a rela-
tive permittivity (relative dielectric constant) of filling, tg 6 — tan-
gent of the dielectric loss angle, etc.).

Some electrodynamic parameters of oil and oil-containing ma-
terials are given in the works [1-3], but researches were limited to
the high frequency range, and only in [6] researches of parameters
in the frequency range up to 1 GHz were given.

When filling an empty segment of the transmission line with a
substance, both the SWR (standing wave ratio) and attenuation
will change. From this information, it is possible to determine the
electrodynamic characteristics of the filling: &, tgd, etc.

E=¢—ic"=¢(1-itgd) =1+ (tg5)’ exp(—id)> (1)

where £ is a complex relative permittivity, &’ is a real part of &:

&' =¢), £” is an imaginary part associated with losses in the die-
lectric), 7 is an “imaginary unit”.
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Experimental setup and content of the experiment
with a measuring segment based on a single-connected
rectangular waveguide

Since in a real design in the form of a circular metal tube, the
propagation of the H;; wave is assumed (the mode of the main
type, although the excitation of the Hy mode is of particular inter-
est, which would reduce the attenuation of electromagnetic waves
during propagation [5, 16]), a segment of a rectangular waveguide
with the cross section 23x10 mm was taken for the experiment, in
which the mode of the main type (Hio) was excited.

The length of the waveguide segment (/) is 750 mm.

The choice of such a waveguide is due to the ease of connec-
tion to existing equipment and the fact that the spatial structures
of the corresponding electromagnetic waves are equivalent, which
means that the losses in the walls of the waveguides will be
approximately equal [5, 16].

Experimental researches consisted in measuring the attenua-
tion of electromagnetic waves that passed through the “clean” sec-
tion of the waveguide (without petroleum substances on the walls)
and through the same section of the waveguide after passing oil of
various compositions through it.

A panoramic SWR meter P2-54/3 was used to measure atten-
uation of electromagnetic waves. The measurements were carried
out in the operating frequency band of the selected waveguide
(from 9 to 11 GHz). The scheme of the measuring set is shown in
Figure 1, where D; and D, are detector heads, DC; and DC, are
directional couplers.
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Fig. 1. The scheme of the experiment

After calibration of the measuring equipment, attenuation was
measured in the “clean” waveguide section (without petroleum sub-
stances on the walls) — “An object of the measurement” in Figure 1.

Then oil was passed through the same section of the wave-
guide. When the oil stopped dripping from the ends of the meas-
ured waveguide section, it was connected to the path of the meas-
uring device, and the attenuation is measured again.

Analysis of the results of an experiment
with a waveguide segment

The attenuation for a “clean” section of the waveguide in the
frequency band under consideration was 0.25 dB on average, and
for a contaminated waveguide in the frequency band from 9 GHz
to 11 GHz, the attenuation averaged 0.45 dB. As follows from the
data obtained, the additional attenuation due to oil pollution for
the measured waveguide segment does not exceed 0.2 dB and al-
most does not change in the specified frequency range.

—
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Assuming that the total attenuation of the electromagnetic
wave in this case is exponential, and the attenuation indicators (in
dB) caused by individual factors add up, we obtain that, according
to the measurement results, the additional attenuation due to oil
pollution is approximately a = 0.27 dB/m.

Experimental setup and content of the experiment
with a measuring segment based on a coaxial line

To determine the electromagnetic properties of oil and liquid
oil-containing materials (oil deposits in wells, pipelines, etc.) in
the frequency range from 2 to 18 GHz, experimental studies of the
coaxial line segment, which has a disassembled structure and is
completely filled with the substance under researches, were car-
ried out (Fig. 2).

/ An object of the measurement =

the segment of the coaxial line
filled with the researched liquid substance

Fig. 2. The object of the measurement

The length of the segment (/) is 9 cm, the diameter of the inner
conductor is 3 mm, and the diameter of the outer conductor is 7 mm.

The characteristic resistance (Z;) of an unfilled measured co-
axial segment, as well as connecting segments of coaxial lines, is
50 Ohm. The dimensions of this segment are selected so that a
single-mode mode is provided in the line [5].

Figure 3 shows the scheme of the experimental setup.
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Fig. 3. A scheme of the experimental set with VSWR measuring
instrument R2-103 (R2-104)

The experimental scheme, measurement technique, and calcu-
lation method of electrodynamics parameters are described in de-
tail in [17].

After calibration, the measuring object was connected to the
system, and its frequency characteristics of VSWR (voltage stand-
ing wave coefficient) at the input and attenuation (4, dB) at the
output were measured.

The instrument measurement errors are as follows:
ASWR(%) = 5-SWR,,, AA(dB) =+ (0.044,, + 0.3), Af (%) = 0.5/,
where f'is the frequency, and the “m” indexes correspond to the
measured values [18, 19].

Experimental studies of the coaxial segment in the frequency
range from 2 GHz to 8.5 GHz

For measurements in the frequency range from 2 to 8.5 GHz,
the panoramic VSWR and attenuation meter (4, dB) P2-103 was
used [17, 18].

Figure 4 shows a photo of the VSWR meter screen for the fre-
quency range from 2 GHz to 8.5 GHz when filling the segment
with oil deposits.

a8

" The input signal
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Attenuation
—-A, dB

Fig. 4. Photo of the meter screen (P2-103) for the coaxial segment filled
with oil deposits

The frequency dependences of the VSWR (f) obtained during
experimental measurements are presented below (in Fig. 5) and 4,
dB () (in Fig. 6).
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Fig. 5. VSWR (f) when filled with oil (“1”) and without filling (“2”)
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Fig. 6. Frequency response A (dB) when filled with oil (“1”)
and without filling (“2”)

In addition to the data for the segment filled with oil (“17),
graphs for the unfilled segment (“2”) are also given. The experi-
mental data are connected by an interpolation curve for conven-
ience.

Figures 7 and 8, respectively, show similar dependencies (fre-
quency characteristics of VSWR (f) and attenuation (4, dB (f)) for
a segment filled with oil deposits taken from an oil pipeline.

-_—
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Fig. 7. VSWR (f) when filling the segment with oil deposits (“1”)
and without filling (“2”)
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Fig. 8. Frequency response A (dB) when filling the segment
with oil deposits (“1”) and without filling (“2”)

Experimental studies of the coaxial segment
in the frequency range from 8 GHz to 18 GHz

For measurements in the frequency range from 8 GHz to 18
GHz, the panoramic VSWR and attenuation meter (4, dB) P2-104
was used [17, 19].

Figure 9 shows a photo of the VSWR meter screen when filling
the segment with oil deposits.

Fig. 9. Photo of the meter screen (P2-104) for a coaxial segment filled
with oil deposits

Figure 10 shows the data obtained from experimental meas-
urements of VSWR (f), and Figure 11 presents the dependence of
A, dB (f).

*[VSWR (/) 2

Fig. 10. VSWR (f) dependence when filling coaxial segment
with oil (“2”), oil deposits (“3”) and without filling (“1”)
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Fig. 11. Frequency response A (dB) when filling coaxial segment
with oil (“2”), oil deposits (“3”) and without filling (“1”)

In addition to the data for the filled segment with oil (“2”) and
oil deposits (“3”), graphs for the unfilled segment (“1") are also
shown”).

The experimental data are connected by an interpolation curve
for convenience.

A calculation of electromagnetic characteristics
of the researched substances

As is known, even at low frequency, oil is a dielectric (con-
ductivity is practically zero), therefore, the microwave frequency
range, absorption losses in oil are determined only by polarization
effects (the full angle tangent of the dielectric loss (tg o) is deter-
mined only by the angle tangent of the polarization loss). In the
future, we will assume that the magnetic properties of oil can be
neglected (the relative magnetic permeability is “1”’), and the total
losses in the studied substances will be insignificant (tgd < 0.2)
[17-20].

To obtain quantitative characteristics, it is convenient to use
the models and techniques presented in [17].

At the entrance of the measuring object, after filling it with the
test substance, there is a boundary between the media (a jump in
characteristic resistance from Z. to Z../; ). At the output of the
measuring object there will be a reverse jump (from Z../¢ to Z.),

which gives modulo the same reflection coefficient (R) as at the
input, but with the opposite sign.

The total reflection coefficient at the input (R;,) is determined
by the superposition of waves reflected from the input and output,
taking into account the phase shift (/).

The scattering matrix (S-matrix) of the filled measurement
object, taking into account losses, is determined by the formula:

S R Te’ | 2)
Te” —Re™
where . [T 24 s the transmission coefficient ac-

1+\/gT

cording to the reduced voltage [16, 17], ¥ (longitudinal wave prop-
agation coefficient) = « + i, where « and g are the attenuation
and phase coefficients respectively, and R is calculated using the
following formula [17]:

Z
%g_z" :|1—\/E|:|1—\/We—im
%E"’Zc‘ |1+\/§| ‘l+\/gme—ia/z

If the loss of the substance filling the measuring object is small
(tgs <<1), then @ and Bare calculated using the following formu-

NE)

R=

las (4) (c is the speed of light in the vacuum):
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[

2|, (120) )
c i

Using the D-matrix method [16, 17, 21], we can obtain the
reflection coefficient at the input (R;,) and the transmission coef-
ficient at the output of the measurement object (7ou):

R _R —R(R*+T*e™ _RaQ -’ (5)
" 1-R*¢™ 1-R*e™
_ T*e”  (1-RHe”, ©)

out 1_R2 e—2;/1 - 1_ RZ e—2}/

After measuring the SWR, it is possible to determine the R;:

_SWR-1, (7
" SWR+1

The analysis of formula (5) shows that the frequency depend-
ence of R;, at low R and low losses () has a pronounced periodicity.

R,~R(1-e7)—>1-e”". ®)
Minimums will be observed at B/ = zn (n is a natural number):

o . ©)
' 21\/8(1+O.25(tg5)2)

The maximums will be observed at g7 = 7(n+0.5):

Jai

c(n+0.5) (10)

o= 21\/5(1+0.25(tg5)2)

After calculating the distances between two maxima or min-
ima, it is possible to express the necessary parameters for a certain
frequency range (fn~--fn+1) [17,21,22]:

n+l n

After processing the experimental results, the frequency de-
pendences | R0| and |]:) | (index “0” corresponds to the values for

the “clean” segment) are determined for the “clean” (without fill-
ing with matter) section. This allows us to identify the systematic
error of the experiment and correct the result (R(f) and A(dB) (f))
for the filled segment [17].

The attenuation coefficient in the filling substance () is obtained
from the analysis of relative capacities (Py is the power of absorption
losses in the filling substance, P, is the power of the reflected wave,
P, is the power of the wave that passed through the load).

2 (12)

P,+P=1-P

ref_Pl :1_|Rin|2_ T,

out

After the transformations, the formula is obtained:

a, =%[ln( 1—|Rin|2)—ln
[1n(,/1—|R,.n|2)—1n

Tou

Toul

—ln(1/1—|R0|2)+ln|]}]|}/l'

|

(13)

The analysis showed that in the unfilled segment, losses in the

After calculating oy by the formula (4), the value is calculated
Je tgo-

Solving equations (3-13) together, it is possible to calculate the
necessary parameters of the substance filling the segment (gand tgo),
and then (if necessary) — and &, £, £/ using formulas (1) [17].

Analysis of the results of experimental studies

After processing the experimental results according to the
method described above, the electromagnetic parameters of the
substances under study were calculated and their frequency de-
pendences are presented.

Figure 12 shows graphs of the frequency characteristics of the
loss coefficients in the filling of the coaxial segment.

As the analysis of graphs shows, losses in oil deposits at /> 5 GHz
significantly exceed losses in pure oil (Fig. 12), therefore, these
deposits will heat up more than pure oil. This effect can be used
to reduce the viscosity of oil both in the oil pipeline during oil
transportation and in the production of high viscosity oil [4].

The power of heat loss (P) in the volume of the substance (V)
is determined by the following formula:

PV =2xfeeg,tgSE* or

P/V =5565" f[GHz]-(E[V/em]) (14)
where E is the voltage of the electrical component of the electro-
magnetic field, and & is the dielectric constant.

Figure 13 shows graphs of frequency dependences of the absorp-
tion coefficient (&tgd), which is directly proportional to the power
absorbed in the substance in a typical microwave heating model.

As the analysis shows, losses in oil deposits in the studied fre-
quency range significantly exceed losses in pure oil, therefore
these deposits will heat up more than pure oil (Fig. 12 and 13).

Loss factor @ (1/m)

Fig. 12. Graph of the frequency dependence of the loss coefficient:
1 —in the clean segment, 2 — oil filling, 3 — when filling with oil deposits

0.4 £tg J (Absorption coefficient)

2 3 4 7 0 7 8 9 10 11 12 13 14 15 16 17 18
f.GHz

Fig. 13. Graph of the frequency dependence of the absorption

coefficient: 1 — for oil filling, 2 — for filling with oil deposits

contact connections prevail over losses in the conductors.

——
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This effect can be used to reduce the viscosity of oil in an oil
pipeline during oil transportation, which will eventually reduce
deposits on the walls of the pipeline.

The depth of penetration of the electromagnetic wave into the

substance decreases with increasing frequency c ,
ﬂfx/;tgﬁ

which must be taken into account in microwave heating technol-
ogy.

Frequency characteristics for many other characteristics of oil
and oily substances are presented in works [18-20].

1/a=

Conclusions

The level of losses in oil deposits turns out to be sufficient for
the implementation of microwave heating.

If the mixture contains water, it will increase the losses in the
substance and improve the conditions for microwave heating.

The research results make it possible to optimize microwave
heating technologies in the oil industry, etc.

To determine the characteristics of the electromagnetic wave
generator of the installation (required pulsed or continuous power,
operating frequencies, operating modes, etc.), it is necessary to
obtain electromagnetic characteristics of samples from real bitu-
men-paraffin plugs and other oily substances [20-24].

With known electromagnetic wave parameters, it is possible to
determine the required heating power, develop microwave heating
technology, and determine the area of the predominant electro-
magnetic wave concentration in the substance, which is associated
with the depth of penetration of the electromagnetic wave into the
substance.

The depth of the electromagnetic wave penetration into the
substance decreases with increasing frequency, which must be
taken into account in microwave heating technology.
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MN3YYHEHUE SNNIEKTPOOAUHAMUYHECKUX XAPAKTEPUCTUK
HEDPTECOAEPXALLUX BELLLECTB B MUKPOBOJIHOBOM AUAIA3OHE

Boraykos Uropb Bukroposu4, Omckuil 2ocydapcmeerHbiii mexHudeckuii yHusepcumem (OmMITY), 2. Omck, Poccus, bogachkov@mail.ru

AHHOTaUuuA

B sToi paboTe npuBeseHbl pesynbTaTbl SKCMEPUMEHTasNIbHBIX MCCNEAOBAHWIA 3JIEKTPOMArHUTHLIX CBOWCTB HedpTM M HedTAHbIX OTNOXEHWI B
MUKPOBOJIHOBOM [Mana3soHe 4YacTOT, PacCMOTPeHbl BO3MOXHOCTU MPUMEHEHWS MUKPOBOJIHOBOrO HarpeBa Mnpu HedTegobbide M MpU mepekavkax
HedTU 1 HedpTenpoayKToB. M3yHaeTca BO3MOXXHOCTb NMPUMEHEHUA MUKPOBOJIHOBOIO HAarpeBa K peLleHuio paga npobnem HedTefo6bINM, NepeKadku
HedTH no Tpy6onpoeogam. MprMeHeHne 3N1eKTPOMarHUTHBIX BOSIH MUKPOBOSTHOBOrO 4Mana3oHa NO3BOJIAET BO MHOMUX Cly4asX CKOHLEHTPUPOBaTh
BblgenieHne Tenna B Gonee BAKMX MapaMHOBLIX M BGUTYMHbIX KOMMOHEHTaX, YTO B Pe3yfibTaTeé YMEHbLUWT BA3KOCTb 3TUX KOMMOHeHT. [lnia
OMpeAeneHnsl OMTUMAsbHLIX MAapaMETPOB 3JIEKTPOMArHUTHBLIX BOJIH, WCMOJMb3YEeMbIX [Ji1A HArpeBa, HEOBGXOAMMO 3HaTb 3JIEKTPOMArHUTHbIE
XapaKTEpPUCTUKN HedTecoaepKalMx CMecer TaKuX, Kak OTHOCUTENbHAas [AM3NIEKTpUYecKas MPOHULAEMOCTb 3aMONIHEHUA, TaHTeHC Yrna
[AM3NEKTPUHECKUX NOTEPb. DKCMEepUMEHTasbHbIE UCCIIEA0BAHMA 3aK/IOYANINCh B U3MEPEHWUM 3aTyXaHUsA BOJH, MPOLLEALLEN Yepes "4ncTbIn" oTpe3ok
BOJIHOBOAA W Yepe3 TOT XKe OTPe30K BOJIHOBOZA MOC/e MPOMyCKaHUA Yepe3 Hero HedpTenpoAyKTOB pasnuyHoro coctaBa. Kak cnegyer u3
Mony4eHHbIX AaHHbIX, AOMOJIHUTENBHOE 3aTyxaHue B nosioce paboumx vactor 9-11 [Ty 32 cyet HedpTAHOrO 3arpAsHEHUs ANA U3MEPEHHOTO OTPe3ka
BoNHoBoAa He mpeBbiwaet 0.27 ab/M. [nAa onpefeneHns 31eKTPOMArHUTHbIX CBOMCTB HedTeCOAEpXKalUMX MaTepuasioB Obiin MpoBeAeHbl
SKCMEepUMEHTasIbHble UCCNIEAO0BAHWA OTPe3Ka KOAKCWasbHOWM NIMHUM, KOTOPbIA MMeeT pasbupaeMylo KOHCTPYKLMIO M MOMHOCTbIO 3amMOJSHAETCA
uccnedyeMbiM BeLecTBOM. B HesanosnHeHHOM oTpeske MpeobnajaloT MOTEpU B KOHTAKTHbIX COeAWHEHWAX. [NybuHa MpOHMKHOBEHUA BOJH
YMEHbLUAETCA C POCTOM 4acTOTbl, YTO HEOOXOAMMO Y4WUTbIBaTb B TEXHONMOrMM Harpesa. [lpeAcTaBneHbl MapaMeTpbl MCCNeAyeMbiX BELLECTB U
MOCTPOEHbI UX YaCTOTHble 3aBUCMMOCTU. [oTepu B HedTAHbIX OTNIOKEHUAX MPEBbILIAIOT MOTEPU B YUCTON HEDTU, MOITOMY 3TV OTSIONKEHMA ByayT
HarpeBaTbCc CuUnbHee, YeM 4ucTas HepTb. DTOT 3PPEKT MOXKHO MCMONb30BATL ANA CHWKEHWA BA3KOCTU HedTU Kak B HedTenposoge npu
TPaHCMOpTMpPOBKe HedTU, Tak M Npu Aobblbe HedpTW MOBbILWEHHOW BAKOCTU. [1pU M3BECTHbIX WX XapaKTEPUCTUKAX MOXKHO OMpeAenuTb
Heo6XOANMYIO MOLLIHOCTb Harpesa 1 pa3paboTaTh TEXHOMOMMIO MUKPOBOIHOBOrO HarpeBa 41 HedpTeA06bIBatOLLEN MPOMbILLIEHHOCTH.

Knioveebie cnoea: mMukpososiHosbili Hazpes, Hepmecodepxkaujue eew,ecmed, Ko3gppuuueHm ompaxkeHus, KodppuuueHm nomepb, MUKPOEOHOEbIL
duanasoH, Memod D-mampuu,.
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