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GAS WELL PRODUCTION ENHANCEMENT ON THE APPLICATION OF INNOVATIVE
STRUCTURAL AND THERMAL INSULATION NANO-COATINGS

M. I. ®ux, Cmegpan Ianic, 0. I. Kosanvuyx. 3ELIBITEHHSA JJEBITY I'430BOI CBEPIJIOBHHH ITPH 3ACTOCY-
BAHHI IHHOBALIHHHX CTPYKTYPHO-TEILTOI30/TIOOYHX HAHO-IIOKPHTTIB. Hasedeno pesynsmamu po3pooKu
CHPOWEHOT NPUKIAOHOT MAMEMAMUYHOi MOOeNi HEeI30MEPMIUHO20 CBEPOIOBUHHO20 TIIMUH2Y NPUPOOHO20 2a3y 8 YMOBAX PO3POOKU
BUCHAICEHO20 2A30KOHOEHCamHo20 podosuuia. Cnpouyene mMooenogants 6a3yeanocs Ha gidomux pisuaunax Jlapci, bepnynni, Adamo-
6a, Beiimayma, Llyxoea i Peiinonvoca. bazosi pienanusa Opanucs 6 HeniHitiHiul @Gopmi 3 nepesipeHuMU 8 NPOMUCIOGI NPpaAKmuyi
CHPOWJEHHAMU, WO 3HAYHO CKOPOMULO YAC OOYUCIEHb | 0al0 MONCIUBICIb SUPIWLY8amu 3a80aHHs 6 3a2anbHill nocmanosyi. Ilpu
YbOMY 8PAX0BYEANU MAKOHC 3ACMOCYBAHHS MPLOX OCHOGHUX NOKPUMMIS. 21a0Ki, menaoizonoyi i mypoynizyioui. Benuka vacmuna
napamempie i 6UXIOHUX OAHUX — MUNOGi 05t podosuwy Ykpainu 3 cepednbolo senudunoio 3anacie. Illpedcmasneno nepesipky meope-
MUYHUX eKCHepUMEHMIB KIIOY08UX napamempie Mooeni i eghekmie 6i0 3aCmMOCYBAHHA DI3HUX CHEYIANbHUX CYYACHUX NOKPUMMIE
mpy6. Mooens nobyoosana na b6aszi emnipuunux opmyi, nepesipenux npomuciosoi npakmuroio. Ilokasano, wo mosciusuil niobip
KoMmOinayill cheyianbHux éracmugocmeli NOKpUMmia OJia OMpUMAHHA MAKCUMATbHO20 eKOHOMIYHO20 eeKnty 8 HAMypPaTbHUX OOUHU-
YAX cupoi npoodyKyii, 0cobauso, Ha emani OCMaHHLOI cMAdii KOMNPecopHoi po3podKU podosuyd.

Knrouogi cnoga: 6udodymox 2asy, komnpecop, memnepamypHuii 2padienm, c8epoNIo8UHda, i301AYis, WOPCMKICMb NOBEPXHI, NO-
Kpummsi.

M. H. ®vix, Cmeghan IManuc, F0. H. Kosanvuyx. YBETHYEHHUA JEFHTA I'430BOH CKBAKHHBI ITPH ITPHME-
HEHHH HHHOBAIIHOHHBIX CTPYKTYPHO-TEIUIOH30/THPYIOLIHX HAHO-IIOKPBITHH. Tpusedensvi pesynomamot
paspabomxu ynpowenHol NPUKIAOHOU MAMEMaAMU4eckol MOOeNU HeUu30MepMU4ecKo20 CKEAXCUHHO20 TUPMUHeA NPUPOOHO20 2a3a 6
VCIOBUAX pA3PAOOMKU UCTOWEHHO20 2A30KOHOEHCAMH020 MECMOPONCOeHUA. Ynpoujennoe MoOenuposanie 6asuposaiocy Ha uzeec-
muwix ypasuenusx /lapcu, bepuynnu, Aoamosa, Betimayma, Lllyxoea u Peiinonvoca. bazosvie ypasnenus opanucs 6 HenuHelinoil gop-
Me ¢ npoGepeHHbIMU 8 NPOMBIULIEHHOU NPAKMUKE YAPOUWEHUAMU, YMO SHAYUMENbHO COKPAMUIO 8PeMsl BbIMUCTEHULL U Oall0 BO3MOJIC-
HOCmb pewiams 3a0ayu 8 obweli hocmanoske. IIpu smom yuumuléanu makoice npumeHeHue mpex OCHOGHbIX NOKPLIMULL 21a0KUX,
Menou3onUpyIowUx u mypoyrusupyrowux. bonvwas yacmo napamempos u UCXOOHbIX OAHHBLIX — MUNUYHBIE OISl MECTNOPOICOCHUT
Ykpauner co cpeoneii eenuyunou 3anacos. Ilpedcmagieno nposepky meopemuiecKum IKCHePUMEHIMOM KIIOUeblX Napamempos mMo-
oenu u 3pexmos om npuMeHeHUs pasuuHbIX CHEYUATLHBIXCOBPEMEHHBIX NOKpbimuil mpy6. Mooens nocmpoena na 6ase smnupute-
CKUX ghopmyn, npoeepennvix npomvluiiennot npakmuko. Ilokasano, ymo 603modcen no0bOOp KOMOUHAYUI CReYUAaNbHbIX CEOUCME
NOKpbIMuULl O NOYYeHUs MAKCUMATILHO20 IKOHOMUUECKO20 dhheKma 6 HamypanrbHblX eOUHUYax colpoti npoOyKyuu, 0co6eHHo, Ha
amane nocieoneti Cmaoull KOMRPeccopHol paspadoOmKy MecmopoH#COeHUs.

Kniouesvie cnosa: oobviua 2aza, Komnpeccop, memMnepamypHulil 2paouenm, CKEANCUHA, U0NAYUA, UepoXoeamocms nogepx-
HOCMU, NOKpblmue.

Introduction

At the late stage of gas condensate fields ex-
ploitation a deterioration of hydraulic and gas-
dynamic efficiency of jointing flow line pipe lifts
and gas collectors leads to the decrease the total flow
rates of pattern wells. There are many technical
ways to improve a hydraulic efficiency of compli-
cated gas collecting systems in gas condensate
fields. The cardinal method of diameters increase
and additional link is expensive or impossible in
some cases. It is enough difficult to replace installed
flow compressor pipes (FCP) into wells, subways,
special ducts with other diameter, as well as to build
locks or correction of structure in the complicated
terrain conditions.

As for the thin coatings with specific thermo-
physical, geometrical and structural properties, there
is an opportunity to have more simple solutions to
optimize hydraulic efficiency of pipe system and
particular pipeline sections. The most popular meth-
ods of field experience include thermo-insulation,

smooth coating and turbulence-insulating coating
[1-6].

Because of a complicated strict mathematical
modelling it is often a problem to evaluate the ef-
fects of the standard pipes replacement into the pipes
with special coatings. The simplified modeling of
complex results when using multiple technologies at
the same time is a rare case of the sequential but not
simultaneous implementation of certain technolo-
gies. However, new materials such as nanoceramics
and ceramic insulation require new approaches to
modelling and forecasting economic effects.

In many fields of the former CIS countries, as
well as the former German Democratic Republic in
the transition to a compressor stage of oil-gas field
development, it is necessary to consider several
methods of parallel hydraulic optimization in condi-
tions of a lower operating pressure wells and mani-
folds.

Nevertheless, the work's authors made some at-
tempts to analyze the correlation between the results
from different methods to optimize hydraulics using
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nanotechnology and other modern coatings. The re-
sult had been obtained suddenly and some positive
effects sharing the technology are exposed briefly in
this article. The main fact is that the calculations
result - a significant increase of computational and
theoretical well production in complex use of the
special few (two or three) coatings in comparison
with the particular applied coatings.

1. The basic elements of research problem
description

The base application object is averaged well in
Mashevsky field in Poltava region in Ukraine. The
general description of the field is following: the av-
erage depth of productive horizons up to 4 km; the
length of particular gathering lines up to 2.5 km; the
used FCP diameter- 63 mm; the reservoir tempera-
ture - 70-80 degrees Celsius and wellhead pressures
1-3 MPa. The wells work quite steadily with the
consequent pressure reduction at the wellhead and in
the layer.

Simplified modelling is based on known equa-
tions by Darcy, Bernoulli, Adam, Weymouth, Shu-
khov and Reynolds. The basic equations were taken
in a non-linear form with proven simplifications in a
field experience that significantly reduced the com-
puting time and made it possible to solve problems
in a general setting. In this case the use of three main
surfaces are considered: smooth, heat-insulating and
turbulizing. The most part of the parameters and ini-
tial data - typical for Ukrainian deposits with an av-
erage value of mass flow rate.

The universal formula of Higher Scientific Re-
search Institute of gas [16-17] is taken as the base to
evaluate the hydraulic efficiency dependence on the
rough surface. The choice is explained by the gas
velocity increase and Reynolds™ numbers at the late
stage of field exploitation, under conditions of rela-
tively dry gas. The thermal conductivity was calcu-
lated by Shukhov's formula with generalized
parameter from the external environment to the
transported working substance. The degree of turbu-
lence is characterized and modelled by the tradition-
al Reynolds™ number. The main work’s task is the
coating modelling with the inner surface of the FCP
with a thin ceramics coating with specific properties.
This makes certain changes in well production from
the modified geometry and physical properties of the
inner surface of the tubing.

2. Hypothesis and the main exploration ob-
jectives

The authors suggested that the combined meth-
ods application to increase the hydraulic efficiency
of jointing flow lines pipe lifts and gas gathering
collectors may differ slightly from the last one
method. Thus, the formulas structure has shown that
the total effect of several technological coatings in
parametric data conditions may exceed the effect of

a partial coating application, for example, smooth
coating with low equivalent roughness. The hypoth-
esis has been shortened to a possible profitable coat-
ing use only in the area of inflow by the vertical sec-
tion of tubing gas well. In the authors™ opinion the
problem shortening to the narrow application will
allow to show the results with economic effect de-
termination in natural calculation of the additional
natural gas production (daily production rate), ex-
cluding other cases with hydraulic losses.

3. Relevance

The general relevance is to reduce production
costs and transport of different gas mixtures. Under
certain conditions, this also allows you to reduce the
used pipe diameters, the total cost of transport net-
works. In particular, the problem is relevant when
the production intensification and petroleum prod-
ucts transportation are taken place, especially when
the pipes are placed inaccessible places. Since it is
very costly to conduct the general repair and re-
placement pipes.

Scientific relevance is to solve the gas dynamic
problem by means of empirical and linear equations
without many other possible solutions, such systems
equations solutions stability testing. The authors
didn’t find the analogues of simultaneous solution of
these inflow problems into the reservoir and the hor-
izontal layer, lifting on tubing, flowline transport in
the conditions of declining gas production in the gas
condensate field.

The relevance in an applicationed sense, is to
suggest a theoretical development under optimal
properties and coating the inner surface of the pipe
with a few calculated properties (structural and ge-
ometric, stylus, thermo-physical) that it can be done
with one nonoceramic layer. On the base of the pro-
posed model forecasting of the new hydraulic prop-
erties after application nanoceramics is implemented
, the right "drawing", thickness, smoothness and
thermal coating conductivity. At this the layer may
be one, but the material itself in the various sections
of the pipe can be different substantially different by
the set of gas-dynamic and thermal properties. From
an economic and technological point of view, of
course, it is important to assess a priori the ad-
vantages of different combinations of several new
coating properties.

In a particular problem formulation improving
gas well operation has been determined that the
thermal insulation is more important in the upper
part of the lifting tube (from the middle to the well-
head) and the flow pattern improving with correct
"drawing" and roughness is critical for a lower part
(at the borehole bottom). It is necessary to mark the
experimental works, confirming the importance of
the turbulizating site installation with the intensifica-
tion of heat exchange process [9, 11, 14, 18].

-81-



BicHuk Xapkiscbko20 HauioHanbHo20 yHisepcumemy imeHi B.H. KapasiHa

4. The mathematical model description

In some scientific works a significant difference
in viscosity and flow resistance coefficient is pointed
out under non-isothermal flow of hydrocarbon mix-
ture within the reservoir drainage area and the lifting
tubes with vertical, inclined and horizontal sections
[7-12]. For a variety of fields a mathematical model
will be effective that takes into account the proven
empirical dependence and equations of non-
isothermal lifting. So as far the temperature differ-
ence between bottom hole and the wellhead is con-

tep =10y
t,=tg+(ty —tg)-e>ut - (KL—0y Sut

siderably bigger than temperature difference be-
tween the reservoir and the bottom hole. There is a
case for small flow rates and reservoir pressure de-
pletion at the late stage of gas condensate fields ex-
ploitation. We distinguish the following scientific
and applied analytics to non-isothermal flow of a
dual mode according to [13-16]:

1. If there are two modes in the pipeline, the
flow temperature at the end of the pipeline with a
non-isothermal current[13]:

Su.I

ty —to (1)

Where Sy, Syt Shukhov parameter at laminar and turbulent flow regime.
To determine the hydraulic resistance coefficient of non-isothermal flow based on experimental data the

formula was obtained [14]:
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2. Physical formula of wellhead pressure for non-isothermal downhole lifting [7, 15]:
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Where the following parameters identifier and
functions are used:

P, P1, Py, Py, Pn — bottom hole pressure, well-
head, the average in the pipe, pseudocritical;T, T4, T»,
Te, Tok —Working gas temperature, surface gas tem-
perature, the average pressure piping, pseudocritical,
D — pipe diameter; Zq, z_ - compressibility; Hgw —
depth; R_-gas constant; u-gas Welocity; k -
roughness; Mys_-mass gas flow rate; g_n - density at
normal conditions; Re_ - Reynolds number; n_- dy-
namic viscosity.

3. Tested experimental formula (7.20) there is
the mathematical model of unsteady nonisothermal
motion of a gas-liquid mixture in the book by Ya-
kovleva E.I. [16].

To close the equations system (1-4) it is neces-
sary to note that the equation (2-3) takes into ac-
count the law of conservation of mass and mechani-
cal energy, and the equation (1-4) - heat balance and
impulses movement. In equation (3) it is also taken
into account the equation of state crude product - a
mixture. Thus, when considering the first system of
equations (1-4) is represented fully closed, but as far
as the equation (2) is based on the dynamics and the
dynamic viscosity differences, the mathematical
model is supplemented by another appropriate equa-
tion based on empirical research, about a point of
dry gas [17].

Nonlinear equations systems solution given by
a mathematical model of non-isothermal lifting in
condensate wells is done by using advanced algo-
rithmic techniques in Mathcad program, by rank-Kut
4th order with the addition developed by the authors

of the initial and boundary conditions in accordance
with the physical sense.

5. The research results

1. Downhole lifting studies were made with us-
ing developed mathematical models by objects of
Mashevsky gas field development, which showed a
good value for the simulation adequacy and close
agreement between calculated and measured ther-
mometer, manometric and flow-measuring para-
meters.

There presented the dependences in Fig. 1-2,
gas condensate wells change debit at changing the
roughness of the inner surface of the pipe and the
thermal insulation coating (temperature changes in
the wellhead);

2. Diagram 1-2 shows that the technological
ways correlation to improve the hydraulics by coat-
ing has a positive sign. For example, Figure 1 shows
that roughness reducing in the inner tube surface
heat insulation begins to work better (continuous red
line), the diagram 2- wellhead gas temperature in-
creasing contributes to a better effect from the
smooth surface, etc. [19].

Three simultaneous technological coatings use
with roughness minimization heat loss and turbu-
lence condensation of towards the axis direction ex-
ceeds the total effect than for each parameters indi-
vidually (using specific technologies).

It should be noted that the difference between
the classical isothermal methods of "medium depth
well" flow rate calculation (logarithmic temperature
averaging) and author's "analog well" flow rate cal-
culation reaches 30% (for the late operation stage).

The dependence of the additional flow rate from the roughness of the inner surface

B # » 3t the wellhead temperature 27 0C
bm e at the wellhead temperature 37 9C

at the wellhead temperature 57 °C
| @t the wellhead temperature 82 °C

0,5

0 51077

D1 ?

15107

Changing the roughness of the adopted (initial), M

Fig. 1. Dependence of extended flow rate from the roughness changes in the internal tubing surface
(compared with the standard) at different temperatures in the wellhead
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The dependence of the additional flow rate from the wellhead temperature
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Fig. 2. Dependence of extended flow rate from the temperature variation at the wellhead
(compared to the actual average) with different surface roughness of the inner tubing

When FCP is used with an inner polymer (smooth)
nano-coating, thermal insulator from the top of the
nano-ceramics tubing, where the lower part of it is
narrower by the diameter with turbulizing "figure.”
The intense turbulence flow can be carried out by
conventional methods with the special liners instal-
lation. However, according to the authors™ calcula-
tions, "figure™ in the form of a ceramic spiral at cal-
culation step and the projection height, which is ap-
plied along the tubing at the first few hundred me-
ters, will work better. At the same time the most im-
portant operational parameters to be taken into con-
sideration in the physical and mathematical models
calculation, where the water of production stream by
water and hydrocarbons, is geothermal gradient by
the actual depth. At the bottom of the tubing after
passing through the perforations and the filter at the
bottomhole the gas is cooled by Joule-effect where it
requires to heat a gas by deep heat at the first section
of lifting up. Such selfheating can be "organized" by
a heat-conducting plug installation in the space near
the bottom hole.

As far as great pressure drops are presented in-
side of the lifting tube, periodic removal of abrasive
mechanical impurities is possible so the inner coat-
ing should be made with severe environment, where
innovative metal-ceramic coating, nano-ceramic and
nano-composite materials correspond to it good.

These facts show that "classical™ methods of the
field development indicators calculation at a sub-
stantially non-isothermal-lifting at the late operation
stage are impossible to apply and also in the condi-
tions of use special intensification methods at bore-

hole gas production. The authors recommend to us-
ing the more accurate express-predicting method
with precision engineering, with more sensitive to
the basic regime and physic-chemical parameters of
the mathematical model. It is based on adapted em-
pirical formulas and equations in relation to the non-
isothermal transport of wet gas-mixtures.

Conclusions

1. Author’s lifting modelling in the gas conden-
sate well at the late field operation stages gives the
difference (correction) in the production rate by 15-
30% relative to analogues of conditionally non-
isothermal type. The essential difference is the mois-
ture content rate, viscosity and the actual geothermal
gradient in the dynamics.

2. Test results of the theoretical developed
model at Mashevsky's condensate field wells make
it possible to assert that its high efficiency and suffi-
cient accuracy for engineering and applied calcu-
lation.

3. The modelling use allows to choose more op-
timal pipes of well tubing (gas condensate wells) by
geometrical, heat and hydraulic parameters. This
will allow increasing the production rate of wells, at
equal conditions by 10-15%.

4. Technical key activities to a significant flow
rate increase of the gas condensate wells at the late
operation stage might be nano-technological coating.

5. The developed mathematical model can be
used for other non-isothermal gas-mixtures transport
intensification calculating in the conditions of con-
stant or variable longitudinal thermo-gradients.
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