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The experimental data on the low-frequency ultrasound effect on asphalt-resin-paraffin deposits (ARPD) occurring in oil trans-
portation through pipelines are presented. As a result of the empirical data statistical processing, a correlation was obtained,
which enables the prediction of the ultrasonic exposure time required to remove ARPD from the surface of the pipes. The tem-
perature regime changed from the time of ARPD formations exposure to the ultrasonic influence was analyzed. The proposed
algorithm for finding the ultrasonic treatment optimal operational parameters can be used not only in the selection of ultrasonic
equipment parameters, which control ARPD in pipelines but also in the run-in hole ultrasonic equipment’s operating parameters
selection in certain fields conditions
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Bukopucranus yJabTpa3ByKy HU3bKOI YACTOTH SIK MeTOXy 00pOTHLOM 3 ac-
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Haszapenxo LL!'*, Hecrepenko T.M.2, Hecrepenko M.M.2, bepuuk I1.M.*

! KuiBchKuii HAIOHATBHMI YHIBEpCUTET OYNiBHULTBA Ta ApXiTEKTypPH
2 Hanionanenuii yHiBepcuTeT «IlonTasepka nomitexHika imeni IOpis Konapatroka»
3 HauionaneHuit yHiBepcuteT «llonrascbka nositexHika imeni IOpis Konapatioka»
4 BiHHMUBKHMI HAllOHAJLHUH arpapHuiil YHIBEPCUTET
*Anpeca i tuctyBanHs E-mail: i_nazar@i.ua

IIpoanamnizoBaHO iCHYIOWI METOJM MEXaHIYHOTO, TEIUIOBOTO Ta XIMIYHOTO BIUIMBY Ha acanbTo-cMoJo-TIapadiHOBi BiiKiIa-
nenns (ACIIB). BusiieHo, 1o He3BaXkato4H Ha BEJMKY KUTBKICTB poOiT Ipo mapadinizaliito TpyOonpoBoIiB, sIKi TPAHCIIOPTY-
10Th HaTy 1 HaQTOMPOXYKTH (MaricTpaibHi TpyOOIPOBOIM, MICIIEB] TPyOOIIPOBOIH, UICH(H CBEPUIOBUH, BHYTPIIIHBOIPO-
MHCJIOBI TPyOOTIpOBOAN), Ta po MeToxu 60potsdn 3 ACIIB, MeTox ynbTpa3BykoBol 00pOOKH BUBYEHHH HEIOCTATHHO IIOBHO.
[TpoBeneHo abopaTopHi JOCIIHKEHHS BIUIUBY yJIbTPa3ByKOBHX XBHIb HU3bKOT yactoti Ha ACIIB 3i muteiida nagroBoi cBe-
paoBuny. HaBeeHo i eKCIepuMEHTaIbHIX JIOCIIKEHb BILIMBY YJIbTPa3BYKOBHX XBHIIb HU3bKOI uactoTd (20 — 40 k['1)
Ha ACIIB, 1110 BUHHKAIOTh PU TPAHCIOPTYBaHHI HaTH Ta HAPTOMPOLYKTIB MO TpybompoBogax. OTpUMaHO 3aleKHICTh y
pe3ynbTaTi CTAaTUCTHYHOT 0OPOOKM EKCIICPHMEHTAIBHUX JIaHHX, SIKA Ja€ MOMIIMBICTH NPOTHO3YBAaTH 4ac YJIbTPa3ByKOBOI'O
BIUTMBY, HeoOXimuui st Bupanenns ACIIB Bix moBepxHi TpyOOIpPOBOIB, 1110 TPAHCIIOPTYIOTh HA(TY Ta HAQTONPOIYKTH.
BusnaueHo, 1o Haiibiipmit BIunB Ha Macy Buaanenux ACIIB mae gac ynpTpa3BykoBoi B3aemoii. [IpoaHasizoBaHo 3MiHy
TEMIIEPaTypHOTO PEKHUMY IiJ| 4acy yJIbTPa3BYKOBOIO BIUIMBY Ha ac(haibTo-CMOJO-TapadiHUCTi BiAKIALCHHS. 3aCTOCOBAHO
METO/I KOMIUIEKCHOT'O BIUTMBY KaBiTYIOUYOTrO IMOJIS Ta TEILUIOBOrO e()eKTy Bill yIbTPa3BYKOBHX XBWIb (ChepHUHA MOJEIB PO3-
MOBCIO/KCHHSI TEIUIOBUX Ta YJIbTPa3ByKOBHX XBHIIb) [UIsl OTPHMAHHS 3aJI)KHOCTI, 110 JIO3BOJISIE BU3HAYMTH [IPOrHO30BAHHI
neperaj TeMIepaTypH, 3a siIkoro Biaoynerses BuaaneHas ACIIB. 3anponoHOBaHO ajlropuT™ IOLIYKY ONTHMAIIBHUX [1apame-
TPiB PSKUMY YIIBTPa3BYKOBOI 00pOOKH, sIKMii MOYXKe OyTH BUKOPUCTaHHUI HE TUTBKU NPH mixdopi mapaMeTpiB poOOTH yIIbTpa3-
BYKOBOT'O 00JIaJHAHHSI, SIKE 3aCTOCOBYEThCs [uist 60poThOu 3 ACIIB y TpybGomnpoBonax , a i 1uist obafHaHHs, SIKE CIIYyCKAa€ThCs
0e3nocepeIHbO Y CBEPUIOBUHY

KurouoBi ciroBa: acdansTo-cmono-napadiHoBi BifkiIaaeH s, HAQTOIPOBi, TEMIIEPATYPHHI PEXUM, YIbTPa3BYK, YIbTPa3BY-
KOBE 00J1aJHAaHHS
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Introduction

Asphalt-resin-paraffin depositions (ARPD) are one of
the problems that cause complications in the operation
of technological equipment, tanks, and pipelines in the
production, collection, transportation, and storage of
oil.

The accumulation of ARPD in the pipelines leads to
a sharp drop in system performance — increased pres-
sure drops and reduced capacity. Nowadays, there are
many methods of combating ARPD oil, most of which
are based on thermochemical methods, the use of which
is associated with high costs and reduced safety of work
performed [1-3].

Existing methods of purely mechanical impact do not
give high positive results in pipelines, because the usual
flow rates do not provide the necessary effort to affect
the scrapers on the dense layers of ARPD. Experience
in vibration treatment of highly paraffinic oils has
shown a negative effect on the durability of pipeline
systems' structural elements.

Thus, at present, there are no effective, safe, and en-
vironmentally friendly methods of ARPD removal at
oil pipelines.

Review of the research sources and publications

Thermal, chemical, and mechanical methods of
ARPD removal are used in oil production. Thermal
methods are based on the paraffin tendency to melt at
temperatures exceeding 50 °C and drain from the
heated surface. Creating the necessary temperature re-
quires a special heat source that can be placed directly
in the area of depositions [4 — 6].

Currently, technologies are utilizing: hot oil or water
as the heat carrier; steam; ground & downhole electric
furnaces; induction flow heaters; reagents in the inter-
action of which exothermic reactions occur.

The disadvantages of these methods are their high en-
ergy consumption, electrical and fire hazard, unreliabil-
ity, and low efficiency of the applied technologies. The
use of solvents to remove deposits that have already
formed is one of the most well-known and widespread
methods in the technological processes of production,
transportation, storage, and refining of oil.

However, the problem of solvent selection for spe-
cific conditions is far from being solved. As a rule, the
selection of ARPD solvents is carried out empirically.
This is due to the lack of information about their struc-
ture and properties, as well as the insufficient mecha-
nism knowledge of the petroleum dispersed system in-
teraction with solvents.

Mechanical methods involve the removal of already
formed ARPD deposits. A number of various design
scrapers have been developed for this purpose.

The use of ARPD control methods is greatly compli-
cated by the fact that its use often requires the pipeline's
shutdown.

The method of using coatings gave a generally posi-
tive effect, but the high cost of pipe production with
enamel and epoxy coating did not allow the coated
pipes to be used. Today the application of this method
is very limited.

A large number of scientific papers are devoted to the

mechanism of magnetic oil treatment, water-oil, and
water systems. The theory of magnetic influence on lig-
uid media containing impurities of ferromagnetic parti-
cles is proposed.

Definition of unsolved aspects of the problem

Problems of the ultrasonic technologies research for
application in the oil and gas industry were addressed
in the following papers [7 — 9]. Most of the research has
been done in the last two decades and lacks require-
ments and recommendations for the use of ultrasound
equipment for ARPD removal. Also, the authors of [8,
9] approached the use of ultrasound mainly to intensify
the impact on the bottom-hole zone of the well; the use
of it to clean the pipelines was not given due attention.

Despite a large number of papers on the paraffiniza-
tion of main oil pipelines and counter measuring ARPD
methods, the method of ultrasonic treatment is not fully
understood. However, in the transportation and storage
of oil in the systems of collection and pipeline
transport, the paraffinization problem has always re-
mained a priority.

Problem statement

Therefore, the research aims to study the efficiency
and feasibility of ARPD treatment with ultrasonic
waves.

To achieve this, the following tasks are set: experi-
mental studies of ultrasound influence on ARPD sam-
ples; obtaining a relationship between the mass of
ARPD, the time of ultrasonic treatment, and the fre-
quency of ultrasonic waves; based on experimental
studies, obtaining the dependence to determine the op-
timal time for ultrasonic treatment.

Basic material and results

The mechanism of the ultrasound impact is still insuf-
ficiently studied [10, 11], so, at this time, it is impossi-
ble to assess how the melting of ARPD occurs due to
ultrasonic waves.

To study the effect of ultrasonic waves on ARPD, a
multifactorial experiment was performed on metal sam-
ples (fig. 1).

Figure 1 — Sample before experimental research

Metal plates were used as samples, which were
weighed on electronic scales before applying ARPD on
them. Then ARPD was applied to the plates in the same
amount.

A sampling of ARPD and their analysis was per-
formed directly during the technical diagnostics of
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wells. The component composition of the plug was de-
termined in the laboratory by the standard method.

Table 1 presents the component composition of the
samples taken from the well of PJSC "Ukrnafta".
Type ARPD P/S+A — paraffinic.

In table 1 take the following notation: p-n — paraffin-
naphthenic hydrocarbons; 1-a — light aromatic hydro-
carbons; m-a — medium aromatic hydrocarbons;
h-a — heavy aromatic hydrocarbons; resins I — benzene
resins; resins II — alcohol-benzene resins.

The samples were placed in an ultrasonic cleaner, the Figure 3 — Sample after prolonged exposure
study was performed according to the parameters of the to ultrasound
planning matrix of the experiment (Table 2). At the
same time, variation of 2 factors was carried out: ultra-
sonic influence with an interval of 10, 15, 20 minutes
and frequencies of 20, 30, and 40 kHz. Let us denote
the factors: time — t (factor Nel) and frequency of sound
— f (factor Ne2).

After each experiment, the sample was dried and
weighed again (Fig. 2). The difference in ARPD mass
before and after the experiment gives the mass of
ARPD detached from the surface. As a result of the ex-
periment, there was the percentage of destroyed ARPD

from the total mass of the applied ARPD entered in the . . .
table. Figure 4 — Magnification of the sample under

the microscope immediately after the examination
(with cavitation bubbles)

Samples after examination were photographed and
magnified on an electron microscope (fig. 3-5).

Figure 2 — Sample after short-term exposure
to ultrasound Figure 5 — Magnification of the sample under
the microscope

Table 1 — The results of the hydrocarbon type content studies ARPD

Composition, %
Hydrocarbons Resins I Resins 11 Asphaltenes Paraffin
p-n l-a m-a h-a
39,2 17,1 11,2 14,7 5,6 10,8 1,4 14,6
Table 2 — Experiment planning matrix 32
Experiment # Factor Nel Factor Ne2
-1 0 +1 -1 0 +1

1 10 20

2 10 30

3 10 40

4 15 20

5 15 30

6 15 40

7 20 20

8 20 30

9 20 40
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As a result of experimental data statistical analysis,
the correlation (1) and graphs of functions were ob-
tained (fig. 6, 7). The results’ probability of exceedance
is R=0.975.

The equation for determining the mass of destroyed
ARPD taking into account the paired linear and quad-
ratic interactions has the following form

m=0.347 +0.204t +0.126 f —0.048¢2 +0.07¢f . (1)

(B . -ol
Figure 6 — Cross-section of the ARPD
response surface (in fractions)

Figure 7 — Correlation of the amount of ARPD
versus the frequency and time
of ultrasonic interaction

To assess the effect of ultrasound on the purification
process from ARPD, it's needed to use a well-known
method that accounts for the complex effect of the cav-
itation field and the thermal effect of ultrasonic waves
[12].

A mathematical description of one of the effect hy-
potheses will be offered next, taking into account the
experimental studies' results.

It has been experimentally established that ARPD de-
posits are simultaneously affected by 2 effects: thermal
effect and ultrasonic waves effect.

Heat distribution simulation is well studied and
known equations are used for this process. We assume
that we will further analyze the spherical model of ther-
mal and ultrasonic wave propagation.

Heat distribution in spherical coordinates is

oT A |1 o0, 0T
— =] )
ot p-c,|ro or or

where 7— ARPD temperature in the studied volume;
r — coordinate in spherical coordinates;
p —ARPD density;
A — thermal conductivity index.

Assuming that the increase in temperature is due to
the power of thermal radiation in the ultrasonic emitter,
it is possible to add a boundary condition

or Q0
Orv_y, CAF (3)

where Q — heat source capacity;
F — the surface area of the heat source;
ro — conditional dimension of the heat source.
However, the mechanism of ultrasound's influence on
the ARPD temperature characteristics is still unclear. It
was suggested that this effect depends on the intensity
of ultrasonic waves.
A harmonic symmetric spherical wave in a medium
without absorption is given by the equation

A .
u(r,t)=—'e_mtikr , (4)
r

where 4 — the amplitude of ultrasonic oscillations.

The attenuation of ultrasonic oscillations leads to the
appearance in the equation of an additional constant
multiplier reduced to a unit path length. As a result, for
aplane wave propagating along the x-axis, it is possible
to write the following

= eV (5)

where a — the attenuation coefficient of ultrasonic
waves ARPD.

Thus, the intensity of ultrasonic waves, taking into ac-
count the attenuation can be estimated as

I =ﬁ~e'ar , (6)
r

where A; — reflection coefficient of the medium prop-
erties and the parameters of the ultrasonic wave.

Therefore, based on the assumption that the effect of
ultrasound depends on the intensity of oscillations at a
given point and this dependence is directly propor-
tional, we can write the following equation:

orT 1 .

ot d r ¢ @
where y — reflection coefficient of the medium proper-
ties and the parameters of ultrasonic waves on thermal
exposure.

Note that in general, the coefficient y may be different
for different amplitude-frequency characteristics of the
emitter.

Thus, the change in temperature to a certain extent
with ARPD is generally described as a functional cor-
relation:
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a_T—f i Li rza_T l.e*“’ (8)
ot pe, | ¥ or or ’lr '

Let's represent this dependence using the regression
analysis. Perform decomposition in a polynomial:

oT A1l o ,0T 1 _,
=f——2'— rr—I\hLx—e ~
pe, | re or or r
1 _

a
Oy gt .L[in(rz a_Tﬂ
r pe, | ro or or

Applying the condition that in the absence of ultra-
sound (ie when y = 0) the equation must be converted
into the thermal conductivity equation:

or| . A1l o oT)|_
i ey
7=0 ,OCV r r r

Al1 0 ( 2aT]
AT DN
pe, | 2 or or

thereby, C; = 1.

Next, we will define the number C,. Suppose there is
an ultrasonic effect, but no thermal effect. It is known
that the waves themselves are not sources of heat, so
the temperature change should not occur:

, (10)

oT 1
— =Cyy—e " =0.. (11)
ot 0=0 r
Hence, C; = 0. Therefore
or A1 a( 28T)
— === ||+
ot pe, |1t o\ or
1 o A1 of 0T
+Cy - v—- [P _ = 12
S pcv{rz 6r(r 6rﬂ 12
(isco b 2122
r pe, | ro or or )|
Substituting C5 -4 ="y,
oT ( 1_‘,,]/1'1 8(28T)_
—=\ltp—e |—| 5 =|r—
ot r pe, | - or or )]
- 5 . (13)
or ( 1 ] 2|2 or 8T}
— = 1+Zo_e — _'_'_2
ot r pe, | r or or

Therefore, the equation for modeling the ultrasonic
effect on ARPD is obtained.

Neglecting the effect of convection and diffusion, the
time to raise the temperature from T to T», we obtain
the required time for appropriate heating

. pV[e(T,-T)+4,]
nQ '

V — approximate volume of ARPD;
T1— initial temperature ° C;

T, — final temperature °C;

p — density of ARPD, kg/m®;

¢ — heat capacity ARPD, W/K-m3;

(14)

Q — power consumption of the ultrasonic installation, kW
n — efficiency of the ultrasonic emitter;
An — melting heat of ARPD, kJ/kg.

On the other hand, the time of ultrasonic exposure can
be expressed from equation (1) (ignoring the quadratic
interaction of time)

m; —0.347-0.126 f

‘= —4.9m —1.7-0.62f ., (15
0.204 " /5 a3)

m(e(Ty =T+ 4,)

4.9m; —1.7-0.62f = .6
nQ
m(cAT + 1,) =nQ(4.9m —1.7-0.62f) , (17
chT:nQ(49m1 —1.7—0.62f)—mln , (18)
AT = 19(4.9m ~1.7-0.62f) M, _
mc mc

_4970m  1.79Q 0.62n0f  mA.

mc mc mc mc

(19)

_ 4970 1770 0.6270f A _

C V,OC Vpc c
_AMO -2 1.739Q+0.62n0f

C Vpc

Therefore, the predicted temperature difference at
which the ARPD will be removed can be determined
by the formula
A0 -4 1.77Q+0.6230f

c V-p-c '

AT

(20)

Conclusions

Experimental studies of the ultrasonic influence
mechanism on the solid's surface suggest the possibility
of using the ultrasonic method to countermeasure
ARPD.

Experimental studies were planned according to the
method of experiment planning, which reduced the vol-
ume of studies to nine experiments (with three itera-
tions at each point of the experiment), while not reduc-
ing the reliability of the results and the correlation ade-
quacy. The obtained equations for determining the
quantity of removed ARPD depending on the time and
frequency of ultrasonic interaction enable predicting
the time required to get rid of ARPD on the pipe sur-
face. The results’ probability of exceedance is R=0.975.

After analyzing the obtained graphs and correlations,
it was determined that the time of ultrasonic interaction
has the greatest influence on the mass of removed
ARPDs because in the response surface equation the
coefficient is the largest and positive.

The proposed algorithm for finding the ultrasonic
treatment optimal operational parameters can also be
used in the run-in hole ultrasonic equipment’s operat-
ing parameters selection in certain field conditions.
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