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Abstract

This paper presents a proposed new indirect method determining instantly oil well debit using developed mathematical models. As a
result integrated analysis using the models it has been revealed correlation between oil well debit and well throw out flow temperature.
Therefore putting purpose was obtained. Mathematical models are developed for the distribution of fluid flow temperature along the length
of the tubing from the well bottom to the wellhead and along the length of the oil pipeline from the collector of oil wells to the oil treatment
unit. On the basis of experimental data, the authors propose formulas in the form of the relationship between oil emulsion (OE) viscosity,
the flow temperature and concentration of water globule in OF and the coefficient of heat transfer from the fluid flow in the wellbore (WB)
to the rock, and heat capacity and thermal conductivity of gas, water, rock and steel of the WB walls. This effect is demonstrated in the
constructed diagrams. It is shown bottom temperature jump as a result of the Joule Thomson drosseling effect then connective transmitted
up at flow rate v. In such case well-head or well outlet oil mixture (OM) flow temperature depend more of volume of stream flow than of
bottom hole temperature. Thought in the paper, do not taking into consideration great casing annulus areas influence to the well outlet flow
temperature. As shown from supporting paper the relative values og the thermal conductivity of the liquid column and gas column present in
the casing annulus order less than well bore (WB) wall thermal conductivity. Consequently well outlet OM flow temperature will depends
not only of the volume of stream flow, also of the bottom hole temperature and of the gas column and liquid column.

A new method for determining the oil well flow rate by measuring the downstream temperature is developed. A mathematical model is
proposed that allows calculating the thermal profile of the fluid along the wellbore for determining the oil well flow rate with account of the
geothermal gradient in the rock surrounding the wellbore. It is shown, that unlike the existing methods the new proposed method allows
determining the instantaneous discharge of a well very easily. One of the actual challenges in fluid (oil, water and gas) transportation
from wells to oil treatment installation is determination of a law of temperature distribution along the length of a pipeline at low ambient
temperature. That temperature leads to increase in viscosity and deposition of wax on inner surface of a pipe. To overcome that challenge it
is needed to consider several defining characteristics of formation fluid (FF) flow. Complexity of a solution is caused by two factors. From
the one hand, in most cases (especially on a late stage of field development) FF is an oil emulsion (OE) that contains gas bubbles. From the
other hand, temperature gradient between fluid flow and the environment has significant value (especially in the winter period of the year).
At the same time, the higher content of emulsified water droplets (EWD) in OE and lower flow temperature, the higher FF viscosity, and
consequently productivity (efficiency) of oil pumping system is reduced. Performed research and analysis of field experimental data showed
that a function of oil viscosity versus temperature has a hyperbolic law, a function of OE viscosity versus concentration of EWD has a
parabolic one. A heat balance for a certain section of a pipeline in steady state of fluid motion using a method of separation of variables was
established taking into account above mentioned factors, Fourier’s empirical laws on heat conductivity and Newton's law on heat transfer. As
a result, unlike existing works, an exponential law of distribution of temperature along the length of a pipeline is obtained. A law takes into
account nonlinear nature of change in viscosity of OE from change in temperature of flow and concentration of water in an emulsion. As a
result, in contrast to the existing works, the proposed exponential law of temperature distribution along the length of the pipeline is obtained,
taking into account the nonlinear nature of variation of OFE viscosity with the change in the flow temperature and the concentration of water
in the emulsion. The results of the calculation are presented in the form of a table and graphs.
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MatemaTtnyeckme moaenu pacnpenerieHnAa TemMmnepatypbl XUOAKOCTU
Nno BepPTUKAJIbHbIX U TOPU3OHTAlNNIbHbIX pr6ax CKBaXWHbI

Ilpedaaeaemcs Hosblll Henpamoll Memod onpedeseHus MeHOBeHHO20 0eOUumMa HeMAHbIX CKBANCUH C UCNOAb30BAHUEM DA3-
PAbOMaHHbIX Mamemamu4eckux mooeseil. B pesysbmame KOMNAEKCHO20 AHAAU3A C UCHOAb308AHUEM MOOenell 8bli6AeHa KO-
peasyus mexcdy 0ebumom HepmsAHOU CKEANCUHbL U memnepamypou gvlxodsujeeo nomoka. Paspabomaner mamemamuueckue
MoOeau pacnpedenenus memMnepamypv. HOMOKa ICUOKOCMU N0 OAUHe HACOCHO-KOMNPECCOPHbIX mpyd om OHA CKB8ANCUHBL 00
YCmbs CK8ANCUHbL U NO 0AUHe He(hmenposooa om KoaAeKmopa HehmsaHbiX CK8ANCUH 00 YCMaHo8Ku nodeomosku Hegpmu. Ha
OCHOBAHUU IKCNEPUMEHMANLHBIX OAHHbIX A8MOPbL NPeOAa2arm Qopmyssl 6 ude 3a8UCUMOCIU MeNCOY 83KOCMbI) HePMAHOU
amyavcuu (HD), memnepamypoii nomoka u KoHyermpayueil 600aHbX Kaneav 6 HD u koagpgpuyuenmom menasonepedavu om no-
moka acudkocmu 6 cmeoae ckeaxcutol (CC) kK nopode, a makice menaoemKoCcmosio U Menionpo8ooOHOCMyI0 2a3d, 00bl, KAMHS
u cmaau cmenok CC. Dmom 3¢hghexm demoncmpupyemcs Ha NOCMPOCHHBIX ePAPUKAX.

Ilokaszano, ymo memnepamypa Ha OHe nodckaxkueaem 6 pezyasbmame apgpexma opoccearuposanus xucoyaa-Tomcona u
nepedaemcs co CKOpocmbvio nomoka v. B amom cayuae memnepamypa nomoka Hepmsanoui cmecu (HC) 6 ycmove ckeaxcumbvt
UAU HA 8blx00e CKEANCUHbL 3asucum 6oabuie om 00semMa HOMOKA, Yem Om memnepamypsl 6 3a0oe ckeaxcune. B cmamoe e
YHUmMbIBACMCS CUAbHOE AUSHUE 3aMPYOHO20 NPOCMPAHCMEA HA MmeMnepamypy nomoKa Ha evixode ckeadicunsl. Kax 6uono u3
U3100iCeHUe, OMHOCUMENbHble 3HAYEHUS MENAONPOBOOHOCMU CMOABA HCUOKOCIU U cM0A06a 2a3a, NPUCYMCMEYIOUUX 8 3ampy0-
HOM NPOCMpAaHCcmee, Ha nopsdoK MeHbiie MenaonpogooHocmu cmeHku ckeaxcunvl. CredogamenvHo, memnepamypa nomokda
HC na ebixo0e ckeasicunsl 6ydem 3agucems He moabKo om 06semMa NOMoKa, Ho MakKdice om memnepamypul 6 3a60e CK8ANCUHbI,
a makoce cmoaba easa u cmoaba HeUoKocmu.

Paspaboman Hogvlli memod onpedensenus debuma He@mMAHOU CKEANCUHbI NYMEM U3SMEPeHUs meMnepamypb. Ha @blxoode
mpybonpoeoda. [Ipedroxcena mamemamuueckas modenv, N0360AAOUAS PACCHUMAMb MeNA080U NPOPUAL JHcUOKOCmU 8001b
CMB04a CKBANCUHBL 015 onpedenenus debuma He)mAHOU CKBANCUHBL C YHEMOM 2e0MepMAabHO20 epaduenma  nopooe, oKpy-
acaroweli cmeon ckeaxcunsl. Ilokazano, ymo ¢ omauuue om cyuecCmeyuUx memodos, HoGblll NPEOLONCEHHBII Memod NO360-
Aslem o4eHb 1e2K0 Onpedesums MeHOBeHHbLI 0eOUm CK8ANCUHbL.

O0nHoll U3 aKmyaavHbviX npobaem npu nepekauxe NAACMo8o2o parwuda (Hepmu, 600bl U 2a3a) om CKEANCUH 00 YCMAHOBKU
n0020mogKU Hepmu seasemcs onpedenerue 3aKoHA pacnpedeeHus memnepamypsl no oiuHe Hepmenpoeooda npu HU3KOU mem-
nepamype okpyxycawoueti cpedsi, npugodAuel K NOGbIUEHUIO 653KOCMU U NAPADUHOBBIX OMAONCEHUN HA BHYMPEHHel nogepx-
Hocmu mpy6ul. Pewenue dannoi npobaemovr mpeGyem yuema HeKOmMopbix Onpedeisouux XapaKmepucmuk nomoka niacmoeozo
garouda (I1P). Caoxucnocms pewerus obycrosrena deyms paxkmopamu. C 00HOU cmopoHbl, 6 60AbUIUHCIGE CAYHAAX (0COOEHHO
Ha no3dueli cmaduu pazpabomiu mecmopoxcdenus) 1D seasemes negpmsanoti smyavcueti (HD), codepucaweii 2azosvie nysvipvku,
¢ dpyeolul cmopoHbl epaduerm memnepamypol Mexucdy HOMoKoM JICUOKOCMU U OKPYdcarouell cpedoll umeem cyujecmeeHHoe 3Have-
Hue (0cobeHHO 6 3uMHULL nepuod 200a). Ilpu smom ¢ nosbviuenuem cOOePICAHUS IMYAb2UPOBAHHBIX 8005HbIX Kaneab (DBK) ¢ HD u
¢ NOHUdICeHUeM meMnepamypsl homoka éaskocms I[1D nogviuaemces u, c1e008amenbHo, CHUNCAEMCS NPOU3BO0UMENbHOCMb (3¢)-
pexmusrocms) Hegpmenepexauusarouei cucmemsl. TIpogedennvie uccaedo8anus U AHAAU3 NPOMbICAOBHIX IKCHEPUMEHMANbHbIX
OaHHbIX NOKA3AAU, YMO U3MEHeHUe 813KOCMU Heymu Om 3HA4eHUs meMnepamypsl ORUCHIEAeMCs cUNePOOAUYECKUM 3aKOHOM,
a eéazxocmo HD om konyenmpayuu OBK — napaboauveckum. C yuemom smux paxmopoe u smnuputeckux 3akonoe Pypve o me-
naonpogooHocmu u 3akona Hotomona o menaonepedaue cocmasien 6aianc menaa 04s OnpeoeseHH020 Y4acmKa He@menpogooa
NpU YCMAHOBUBUEMCS pedcUMe O8UNCCHUSL HCUOKOCMU ¢ UCHOAb308AHUEM MeMO00a pa30eieHUs NePeMEeHHbIX.

B pezyrvmame, 6 omauuue om cyuwecmeyruux pabom, noay4eH 3KCHOHEHYUANbHbLI 3aKOH pacnpedeieHus memnepamypol
no daure He(hmenposooa, yuumslearOW ULl HeAUHEU b XapaKkmep usmenenus easxocmu HD om uzmenenus memnepamypvi no-
moKa u KoOHyenmpayuu 800bl 8 Imyavcuu. Pezyromamor pacuema npugedenst 6 eude mabauysl U 2papuros.

Karueevie caosa: mepmoauﬁamulca, menjaoeoe mpernue, menioemKocms, menﬂooﬁmeﬂ, 9Hepeusd, SHmMponusd, SHmalbnus

1. Introduction

Various techniques and approximation for pre-
dicting flow process in the wellbore have been pre-
sented in literature.

Heat transfer issues in offshore wells have become
more relevant in recent years with the exploration of
high-pressure, high-temperature reservoirs [1, 2].

In this work, we demonstrate that when high-
temperature reservoir fluid flows through the tubing

string toward the well-head, the temperature of the
entire borehole rises. As a result of the radial tem-
perature gradients, the fluid pressure in the sealed
annular space between tubes increases, posing a well
integrity failure scenario known as annular pres-
sure build up. This paper addresses the two-phase
flow problem using different algorithms. It is shown
that the thermodynamic and transport properties of
the hydrocarbon mixture were calculated using the
multiflash package and were solved together with
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the momentum and energy equations to determine
the local vapor mass fraction and the equilibrium
temperature. In [1], a thermal resistance network
was used to model the heat transfer in the radial
direction in the concentric multi-string well geome-
try. Boundary conditions were defined based on the
geothermal gradient, the hydrocarbon flow rate and
pressure at the bottom hole. The results identified
several flow pattern transitions along the 3443-m
long well production string for different flow rates
and gas/oil ratios.

In [3—5], it is shown that enhanced geometrical
system which utilizes geometrical energy beneath
the ground surface at a depth at several thousand
meters has been an object of keen interest recently.
Wellbores in the Enhanced Geometrical System
extend several kilometers from the ground surface,
providing large heat transfer areas between the flo-
wing fluid and the surrounding formation. In this
paper, an unsteady flow within vertical injection
and production wells was modeled, with wellbore
heat transfer between the fluid and the surrounding
formation. However, the model obtained in [1, 6, 7]
is of local and graphical nature.

In [6] two-phase flow phenomena, variable phy-
sical properties and other effects such as the change
in kinetic energy, variation and the Joule-Thomson
coefficient were incorporated in the models.

The single-phase flow direct transition from
bubbly to churn is due to the pipe diameter, which
is in agreement with the observation reported by
Omebere-lyari [8], where no slug flow was observed.

Calculation of the temperature profile of the fluid
along the wellbore (rising pipe) for determining the
well flow rate in the case of non-steady temperature
field in the rock surrounding the wellbore (WB) is
one of the topical problems in oilfield operation.
Many studies have been published on this effect
[9—16]. As a result of integrated analysis, it has
been revealed that temperature variation in the WB
characterize hydro-and thermodynamic processes
taking place in the production interval. In this case,
the information about the thermal agitation of the
oil reservoir (OR) may be obtained by measuring
the fluid flow temperature and pressure in the well-
bore (WB). WB temperature variation character-
izes summary thermal processes taking place both
in the OR and WB. The bottom hole temperature
is controlled by thermal phenomena in OR. Series
of energy transformations take place in vertical (lif-
ting) flow: increase or decrease in potential energy;
changes in Kkinetic and internal energy; heat ex-
change between fluid and rock; mixture fluids and

gases in the production interval entering from the
different horizons with different temperature resul-
ting in the calorimetric thermal effect; adiabatic ex-
pansion effect in the WB; Joule-Thomson throttling
effect etc. It was established [9, 12, 16] that thermo-
gram (temperature curve) measured in the WB may
be used as a flow meter curve.

2. Problem statement

It follows from the analysis of literature given in
the previous paragraphs that establishing the law
of temperature distribution along the length of the
pipeline, with consideration for the non-linear na-
ture of the relationship between the variation of OE
viscosity and the variation of the temperature of the
flow of reservoir fluid (water, oil and gas) and the
water concentration in OE, as well as the initial
flow temperature and the environment temperature
is a priority concern.

One of the priority tasks in oil extracting in-
dustry is determining the temperature distribution
along the length of the oil pipeline from the oil pro-
ducing wells (OW) to the oil treatment unit (OTU)
at a low temperature of the environment surroun-
ding the oil pipeline, leading to an increase in vis-
cosity, the deposition of asphaltene sediments on
the inner surface of the pipe, and, consequently, to
the loss of frictional pressure.

3. Problem solution

3.1. Mathematical models for determining
the temperature profile of the fluid flow along
the wellbore

Heat conducting flow in homogeneous horizon-
tal reservoir rock surrounding the well is very close
to radial. Heat conducting flow rate in element of
height dz at the temperature drop A7(z) between the
rock and the oil mixture flow may be specified by
the following formulas:

MexaTpoHnKa, aBToOMaTH3anus, ynpasjienue, Tom 21, Ne 6, 2020
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where A is the thermal conductivity coefficient
( Kkal

Mss° )’
exchange between the flow and the surrounding
medium; Q is heat quantity; r, is the radius of WB
(M); a is the sum total temperature conductivity of
the annular space (m?2/s); a;, a, are the temperature
conductivity of fluid and gas, respectlvely (m?/s); H
is the liquid column in the annular space (M); / is
the well depth (M).

In the case of a variable temperature drop, equa-
tion (1) takes the following form:

dQ(z,1)
dz

K(?) is the dimension coefficient of heat

t
K- TE@D 4 )
0 617
WB vertical flow energy balance is described by
the following formulas:

2
GOl g2 ||+ Py [T 420V
0z 2g ot g ot
1
=LK (t- T)Mdr; )
0 T
G = Fyv,

where G is the stream flow weight (kr/s); F is the
cross-sectional area of the flow (m?); y is the speci-
fic weight (kg/m?); 4 is the heat equivalent of work

Kkal ; v is the flow rate (M/S); T,(z) is

&2 344 ———

KIr-m
the rock temperature as function of depth z (S%);
T(z, #) is the flow temperature (S°); S is thermody-
namic function (entropy) of system (Kkal/SO); Iis
the thermodynamic function (enthalpy) of system
(Kkal).

Since values of coefficient K(f) are time depen-
dent, the vertical flow in WB can never become
strictly stationary. But due to the damping character
of the function, the coefficient K(f) changes very
slow. In this case, one can take that K(f) = const
and use the known Newton’s heat transfer formula:

d0(z,1) _
aAT (z,1), 5
dF(2) (z,1) ®)
where F(7) is the heat transfer area (mz); o is the
heat transfer coefficient Kgglo

When the pressure distribution in WB and the
heat exchange between the flow and the surroun-
ding medium is known, then energy equations (2),
(4) and (5) allow us to determine temperature dis-
tribution in WB. Therefore, convenient thermody-
namic functions dS and d[ are replaced with

ds = deT A(‘Wj dP: ©)
oT
T(oV
dl =CpdT + AV |1-—| —| |d 7
pdT + { V{aT}J p (7
and we have the following form:
GCp £+81£+i(1+mj +
0z oz Cp gdz
oT oP Av ov
FyCp| — - 8
’ Y‘{at m8t+Cpg6t} ®)
0 aT
AV
Hy = —— U ©))
CP
AV
gs:__us; (10)
CP
ol
C =|— 11
(%), (1)

where Vis the volume substance unite mass (m3/ kg);
m is the differential adiabatic coefficient S°/MP Cp
is the specific heat capacity at constant pressure
(Kcal/S9).

Equation (6) is the basis for analytical investiga-
tion of the temperature of the vertical flow in WB.

Version I. 1f the stream flow weight G, and the
WB cross secuonal area F| are constant values, we

have a =0; =0 and on the laminar flow:
<
aP Ph P, (12)
8z /

where P, and P, are the pressure at the well head
and bottom hole, respectively (MPa), equation (6)
is simplified

oT 14T
- - K(t - 0dAT(z,1); (13
oz v ot GOJ(T) (@.1); (13)
Gy
=20, 14
V= Fy (14)
=1{P’1‘Pb—1] (15)
Cp /

In the case of z = 0, the geothermic temperature
distribution may be described using the formulas

Tr(z) =

where 7, is the bottom hole temperature (°C); T is
the geothermic gradient (*C/M).

T
TO—Fz:To—aa—Zz (16)
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As a result of solving the equation under the
condition z > vt (when vertical flow temperature
expands the flow rate), we have

T(z,t)=Ty-Tz+
17
+(M+F)Cp 0 {1 exp[ 2a tﬂ; {17
2nryo ryyCp
(X,:E(X]‘f‘l_H(Xz (18)
/ /
where: oy = fi(p); oy = fz(Pz) p; = Bpo T (1 = P)pys

p; is the liquid density (g/m>); Pg> Po and pw are the
gas, oil and water density, respectively (g/m>).

The geometrical interpretation of the results of
physical quantities in coordinates [A, T] is plotted
in Fig. 1.

After the start of well’s operation, the tempera-
ture change in the WB from the bottom hole to
the well-head in case of an immediate contact of
the well with surrounding rocks is characterized by
straight lines 1, 2, 3, 4 which are parallel to the geo-
thermic gradient 4,C,. Consequently, the tempera-
ture increase in the WB will be same at all depths
from the well-head to the crossing points C,, in
which the upward movement (C;, C,, C;, C,) takes
place at flow rates v. For instance, temperature dis-
tribution in the WB at the moment ¢, is interpreted
with the curve C,C,A4,.

Bottom hole temperature jump is a result of the
Joule-Thomson throttling effect then connective is

transmitted up at the flow rate v. In this case, the
OM flow temperature at the well-head or the well-
outlet depends more on the volume of stream flow
than on the bottom hole temperature [9]. The idea
presented in the paper does not take into account
the great impact of the annular space areas ion the
well outlet flow temperature.

As shown in the table, the relative values of the
thermal conductivity of the liquid column and the
gas column present in the annular space are much
lower than the thermal conductivity of the WB wall.
Consequently, the OM flow temperature at smaller
well outlet will depends not only on the volume of
stream flow but also on the bottom hole tempera-
ture and on the gas column and the liquid column.
As shown in Fig. 1, the line D,B, is not parallel to
the geothermic gradient and, consequently, the flow
temperature at the well outlet will be higher (BOBS )
than noted.

The straight line A4,C, represents geothermal
energy, i.e. temperature distribution in the WB be-
fore the start of well’s operation 7 < 0.

[ is the well depth; H, [ — H are, respectively, the
liquid (oil, water) column and the gas column in the
annular space.

The curve B,C, corresponds to the temperature
establishing in the WB after the start of well’s ope-
ration AT(0, /) = 0. The maximum increasing flow
temperature value along the geothermic line, accord-
ing to formulas (10), at # — o has the following form:

AT, p max = (M+F) CPGO

(19)
where C is an experimental constant, the value of
which for different gases varies within a range from
94 to 396.

As shown in formulas (17)-(19), the liquid column
H and the column / — H in the annular space have
the greatest effect on the OM flow temperature at
the well outlet and the heat transfer coefficient.

As shown in Fig. 2, the values of thermal con-
ductivity of liquid and gas are much smaller than
the value of thermal conductivity of the WB wall.
This is confirmed by data reduction [13] (Table 1).

Table 1
Material Properties
Property Gas | Water | Sand (rock) | Steel
Heat capacity 3,055 | 4,214 0,856 0,502
- Thermal conductivity 0,08 0,72 2,25 16,27
Fig. 1. Temperature curves of the oil in WB constructed using Molecular weight 16 18
Newton’s heat transfer law
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Version II. In the case of movement of the oil
mixture (OM) in WB (rising pipe), there is a loss of
energy due to friction. In this case, the loss of energy
is a transition to heat and, in turn, a change in the
flow temperature. Heat increases due to the loss of
energy, some of which goes to heat OM, but another
part of it is radiated through the WB wall [18]

If Q is oil well flow rate (m?>/d), y is the specific
weight (Kg/m?), then all the energy lost due to fric-
tion in the section 4 of the WB in the unit time is
QOvh and it is a transition to heat:

5= Qrh. (20)
E
2
hon LY Q1)
D, g

where F is the mechanical equivalent of the work
(425 (Kg-m)/Kkal); v is the WB flow velocity; A is
the resistance coefficient of the fluid flow in WB;
D, is the effective diameter of WB (M); / is the oil
well length (M); g is gravity acceleration (m/sz); his
the resistance pressure loss (M).

Consequently, the quantity of heat on the length
dz of the section of WB will have the form

Oyi
I==d 22
s (22)
where i = h/l is hydraulically slope (M/KM).
According to Newton’s law of cooling, the total
heat loss through the WB wall can be calculated
from the following formula:
tDK(T -T,)dz (23)
where T is the OM temperature in the selected
section of WB (SO); D is the inside diameter of the
pipe; T, is the external environmental temperature
(SO); K is the WB heat transfer coefficient
(Kkal/(M?-S-°C)).
The total fluid heat loss in the section dz will be:

—QyCdT 4)

where C is the heat capacity (Kkal/(Kq-SO)).
Thus, considering formulas (1)—(3), we have
heat balance:

~QyCdT = =DK(T - T,)dz - %dz (25)

or

where
a:ﬂ; Q7)
oyC
_ Qv 28)
nKDFE

Taking into account the geothermal gradient of

rock surrounding WB CZ—T =—k and T= Tb — kz,
we have: <

AT - (T ke-T, - b)az.
a

(29)
As a result of integration of equation (29) under
condition z =0, T'= T,, we get:

T:Tb—kz+b+£+(—b—£jeaz, (30)
a a

where T} is the bottom hole temperature (SO).

Thus, as a result, we have a temperature distri-
bution across the depth of the well from the bottom
to the well head.

If we do not take into account the friction pres-
sure drop, i.e. b = 0, we can get the law for deter-
mining the temperature in the following form:

TI:Tb—kanK—ﬁe‘“z. (31)
a a

By comparing formulas (30) with (31), we ob-

tained a temperature change due to friction
AT =T -T, = b(1 —e ). (32)

Taking into account formulas (26) and (27) and the
actual data of the oil well operation: v = 0,541 M/s;
[ = 3000 M; D, = 0,036 M; i = 0,055 M/KM;
0y = 0,58 Kgq/s; C = 0,75 Kkal/(KqS?); K =
= 0,00256 Kkal/(m?-S-5%), as a result of the calcu-
lation, we have: a = 6,7-107% (1/M); b = 2,45°.

In view of the above, we can conclude that
formulas (22)—(32) and our estimates allow finding
the temperature distribution in the WB due to oil
well flow rate.

Now we shall consider the physical meaning of
the coefficients a, b of equations (30)—(32). Coef-
ficient a has a length inverse to the value (1/M); the
coefficient b has the value of temperature degree (S°).

If we introduce the flow rate equation

D%
—dT = a(T - T, - b)dz (26) 0= 1 (33)
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then with:
Y= PE
according to (24)—(29), we have:

}\‘ 2
p=PrrY
SKE

As follows from formula (34), the maximum in-
crease in the flow temperature at the outlet is qua-
dratically proportional to the OM flow rate. In ad-
dition, in this case, as the OM flow rate increases
and the heat transfer decreases, the value of b grows.
Therefore, the measurement of the well outlet flow
temperature is characterized by the well flow rate.
Thus, an increase in the flow rate of OM results not
only in the values of the coefficients a, b increasing,
but also in the stay time of OM in WB decreasing
and, consequently, in the heat loss at that time re-
ducing.

As can be seen from formulas (24) and (25), es-
timating the values of the coefficients a and b re-
quires determining the values of Afand K.

For a plain-end pipe, the value of Af can be
more accurately determined using the following
formulas [18]:

(34)

%y =0,3164Re* = 0,3164[{(vDp)/ul""* (35)

where p is the dynamic viscosity (Pa-s).
We have developed the following formula for de-
termining the values of K:

( 1 1 . D, 1
= +—InN—+—
OLlDI 27\,h| D] (XzDz

+

N (36)
1 D, 1
In— +
20h, A3 D;

D,

where o, a,, oz are the coefficients of heat transfer
from the OM flow to the WB wall, from the WB
wall to the annular space, from the annular space
to the surrounding rocks, respectively; A I and A hy
are the thermal conductivity coefficients of the WB
wall and of the annular space, respectively (see the
proposed diagram in Fig. 2).

1, 2, 3 are WB, casing and rock, respectively;
3, 4 are WB and casing walls, respectively;  is the
high viscosity adsorption layer; r; + 3, r; are the
radiuses of the WB and the casing, respectively; C,,
C, are the liquid column and the gas column, re-
spectively; A o My and L hy ATC the thermal conduc-
tivity coefficients of the WB wall, the annular space
and the rock.

+

o]

Fig. 2. The diagram of heat transfer through cylindrical walls and
annular space

As shown in Fig. 2, heat transfer processes take
place in several stages:

1) From the flow core to the adsorption layer (c);

2) From the border (o) to the inner surface of the
WB wall (r));

3) From the inner surface to the outward surface
of the WB wall (r,);

4) From the outward surface of the WB wall
through the annular space to the inner casing sur-
face (r3);

5) From the inner to the outward casing surface
(r4);

6) From the outward casing surface to the rock.

In the first stage, connective heat transfer takes
place, where the process of heat transfer from the
OM flow core to the WB wall is complicated and
depends primarily on the movement mode of the
OM flow. Main temperature drop in case of a tur-
bulence flow takes place in the fluid border (o). It
means that the thermic resistance of the adsorption
layer plays a crucial role in heat the transfer pro-
cess. Therefore, increasing the degree of turbulence
decreases the thickness of the adsorption layer, con-
tributing to higher intensity of heat transfer. In this
case, the value of heat transfer is calculated using
the Newton formula (23).

In the laminar flow, the thermal motion is in the
direction perpendicular to the direction of the OM
flow, where thermal conductivity takes place.

In view of the above, it can be concluded that
the main resistance in the heat transmission from
the core of the fluid flow in the WB to the rock is
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in the annular space, where liquid and gas columns
are almost stationary and heat transfer is realized
only with thermal conductivity.

The values of the coefficients o, o, and oy are
determined from the known formula:

M,

o; = NUT =0
where Nu is the Nusselt criterion, f is the expansion
coefficient (1/5°).

The values of %, for water and oil can be deter-
mined using N. B. Vargaftik’s formula:

A = & Cpyd—L
h SPVM

where M is the molecular weight of fluid.

Since A, depends on temperature for oil and
water the dependence is described by the approxi-
mate linear Graetz formula [17]

G37)

(38)

hp = hy (L+6T) = 3,11-107(1+0,11T)  (39)

where ¢ is the temperature coefficient.

The values A hy = f(T) for gases separation space
in the casing can be determined using the approxi-
mate formula:

3/2
N, =20 [273+CJ(LJ .
« T C 273

3.2. Mathematical model of the temperature
distribution along the length
of horizontal oil pipeline

(40)

To determine the pressure loss to overcome the
friction #,, along the length of a circular pipeline,
the Darcy-Weisbach equation is used:

2
o; = kli =il
D2p

where A is the hydraulic resistance coefficient that
depends on the Reynolds number and relative
roughness of the inner surface of the pipe; / and
Dare the length and the diameter of the pipeline,
respectively, m; g is the gravitational acceleration,
mz/s; G, 9 is the average flow velocity, m/s.

As a result of friction, the work expressed by the
following formula is lost in the elementary section
dz of the pipeline

h, 41)

p

G;,p;.gidzdt

G =
r E

“42)

where E is the mechanical equivalent of heat 427
kg-g-f-m

3 Keal ) ] ) 3
m°/h, and density of oil emulsion OE, kg/m”, re-
spectively, z is the distance change from OW, m,
T —time.

In formula (2) is used to determine the law of
fluid temperature distribution along the length of
the pipeline. However, this formula does not reflect
the direct effect of oil viscosity on the value of tem-
perature.

Calculating the heat balance for the elementary
section dz of the pipe under steady-state fluid mo-
tion and solving the composite differential equation
by the method of separation of variables, the ex-
ponential relationship between the variation of the
current value of temperature and the length of the
pipeline, between the value of temperature in the
beginning of the pipe and the temperature of envi-
ronment surrounding the pipeline were obtained in
[18—22]. However, as shown in [18], when calcula-
ting the heat balance, oil viscosity, which is one of
the defining factors of the flow of fluids (oil, water,
gas) in the pipe, is not taken into account. The sig-
nificance of this factor is further enhanced by the
fact that in real conditions, it is not oil (which was
the subject of research by the authors of [18, 23]
that flows from OW to OTU but a much more com-
plex oil emulsion (OE) mixed with gas. At the same
time, the flow of OE and gas mixture, in contrast to
oil flow, leads to an additional increase in the value
of A and therefore A,,. In order to take viscosity into
account, a simplified version (linear dependence) of
the variation of viscosity with the variation of the
current temperature is used in [24, 25] when solving
the differential equation.

Our studies and analysis of data from field ex-
periments have shown that the relationship between
the variation of oil viscosity and the variation of
temperature is described by the hyperbolic law:

; Pu, are the volumetric flow rate,

_ 9
b+ct

Ko

and OE viscosity is calculated from the following
formula:

CuB=pl 2. B _ @ 43
Wie = BB = p[1+sw+aw’] b+ ol b+ct()

where 7 is the temperature of OE, °C; n,, w,, are oil

_& (P)

—4 kg-s . sm:-.s

or 1,019-10"" =~ (Pa); w is the concentration of
m

viscosity and OE viscosity, respectively,
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emulsified water droplets in OE; a, b, c, s, a are the
coefficients determined experimentally.

The amount of heat released from the friction of
OE along the corresponding section dz of the pipe
length in time dr is calculated from the following
formula:

_ 128G,
Or =" Dk

The amount of heat lost by OE flowing through

said section in time dt is expressed by the formula

Gp = Giepiecie Z—;dZdT
where p,, = wp, + (I = w)p,, Cp, = wC, + (1 —w)
Cys Ps> Pu» Pys are the density of water, oil and OE,
respectively, kg/m3; C,, C,, C,, are the specific
heat of water, oil and OE, respectively, kcal/(kg-SO).

Then, using Newton’s law of cooling, it is pos-
sible to determine the amount of heat lost by the
pipeline wall to the cooling medium with tempera-
ture f; over the length dz in time dr:

dzd-. (44)

45)

Gr, = nDK,(t - 1y)dzd, (46)
ter —t

K =n, —Cr—- . 47)

LTy 108

Mh; + Xoherhsh
ch= 1n; + 28CTSrp (48)
where K| is the heat transfer coefficient, 2kc—al;
m--°C-h

A¢p is the average thermal conductivity of the adhe-
sive oil layer (or asphaltene sediments), the oil pipe-
line wall and the layer of soil covering the pipeline,

kcal
m?-S%h
pipe wall, environment and the fluid in the pipe,
respectively, S0 ; 6 is the cumulative thickness of the
near-wall oil layer, the pipe walls and the soil, A,
he, and hy, are the thickness of the oil layer, the
pipeline wall and the soil, respectively, m; ;, 2,,
A3 are the respective thermal conductivities of these
layers; & = h, + hy + hy, is the cumulative thick-
ness of the heat transfer layer.

In order to determine the average fluid flow ve-
locity in a circular pipe, the parabolic Stokes’ law

is used, i.e.
2
9= L D——r2 +8_p
4“1’6 4 0z

where 7 is the parameter expressing the variation of
the thickness of fluid from the center of the flow to
the wall.

; to, 1 and 7, are the temperature of the

49)

In this case, the fluid flow rate G is calculated
as follows:

nD*
281,

Taking into account (49) and (50), we get

D)2
G= | 2urdro = —[5—”}

] oz (50)

n/2 . 2 2,
G=| 2nrh(@] dzdvdr = 123Cietie g4
0 E \ or nD"F

where p, 9 are the pressure, Pa, and the average flow
velocity of OE, m/h, respectively; t is time, hrs.

Based on the above, we calculate the heat bal-
ance for the elementary section dz of the pipe under
steady-state flow of OE:

AG=G,-G,-G,, =

i
IealZ

Sy

2
_ 128G pie -nDK(t-1)=0.

—Gp.C
<D'E P

ieVie
In order to find the temperature distribution (vari-
ation) of OE flow along the length of the oil pipeline
in the direction from OW to OTU, by integrating the
formulas of differential equation (22), we get:

- bct dt = -z +¢,. (52)
cd 2+ 4,(b—cty)t — (b ity + Ja)
2

4
t, t, are the current temperaull)reEand the tempera-
ture of the environment surrounding the oil pipe-
line, respectively, S°; ¢, is the constant of integra-
tion; z is the distance from OW, m.

Assuming the notation ¢/, =r; J(b—-ct)) =d,
bJt, + J,a = e, we transform integral (37) into the
following form:

b+ct
1, |—————dt=-7+c¢.
S !
After some transformations, integral (53) takes
the following form:

53)

1, b+ct
b t=— . 54
A marm T 9
Solving integral equation (54), we get:
K, In[c,(t +n)P(t +n)?] = -z +¢. (55)

Under the initial conditions z = 0, 1 = £,, we
estimate the value of ¢,

¢; = K, In[e,(ty + n)?(ty + n)?]
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Calculated values of temperature distribution along the length of the pipeline

Table

Z (m)
w
0 2000 4000 6000 8000 10000 12000 14000 16000
0.1 30 28.439 26.957 25.595 24.342 23.191 22132 21.169 20.264
0.2 30 18.499 13.628 11.566 10.692 10.322 10.165 10.099 10.071

where n, m, p, g are the variable coefficients, which
are determined by technological parameters, i.c.

n= L[af—(a’2 +4re)'/?];
2r

m = i[d +(d? +4re)'/?];
2r

p=cn-Db;
q=>b-cm;
1

Where d =J,(b—-ct)), e=bJt; +Jya, r=cJ,.

As a result, we obtain the sought-for equation for
the relationship the variation of the OE flow tem-
perature and the value of the initial temperature (#,)
and the distance along the length of the oil pipeline
from OW to the current point (2):

t+n)?(t+m)? =(ty+n)’(ty, + m)? exp(—JzK J
3K

Based on the above, we calculate the values of
the temperature distribution of OE flow along the
length of the oil pipeline from OW to OTU in rela-
tion to distance. The results are given in Table 2.

Taking into account the calculated values given
in the table, a graph of the temperature distribution
along the length of the pipeline is constructed (Fig. 3).

BRREBEL L~

-
L

-
i

omnaoad

Fig. 3. Variation of temperature distribution along the length of
the pipeline

We can see from the figure that for different val-
ues of the distance increase, the temperature of OE
flow decreases exponentially. Moreover, at 7 = oo, the
temperature of OE flow is equal to the temperature
of the environment surrounding the oil pipeline.

Conclusion

The paper proposes a new indirect method for
determining the instantaneous discharge of oil
wells using the developed mathematical models.
As a result of a comprehensive analysis using these
models, a correlation was found between the oil
well flow rate and the flow temperature at the well
outlet, therefore, the flow temperature distribution
along the length of the tubing from the bottom to
the well head.

A systematic analysis of the state of the art for
the problem of determining the temperature distri-
bution of the flow of oil, oil emulsion and three-
phase oil-water-gas system along the length of the
oil pipeline is carried out. It is demonstrated that
the mathematical modeling of variation of the flow
temperature along the length of the pipeline in the
existing literature does not take into account the
effect of oil emulsion viscosity on the temperature
distribution. Therefore, in this paper, we propose
the hyperbolic law of variation of oil viscosity with
temperature and the parabolic law of variation of oil
emulsion viscosity with the concentration of emul-
sified water droplets in oil. Taking these formulas
into account, we have developed new mathematical
models for the distribution of fluid flow temperature
along the length of an oil pipeline from the collec-
tor of oil wells to the oil treatment unit.

Using the empirical laws — Fourier’s law of heat
conduction, Newton’s law of heat transfer — and
viscous friction of oil emulsion flow, a mathemati-
cal model is developed for the distribution of oil
flow temperature along the length of the oil pipeline
in relation to oil emulsion viscosity. The calculated
results of the temperature distribution along the oil
pipeline are given.
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IV MexxagyHapoaHasi KOH(pepeHLus

"YCTOUYNBOCTb U MPOLIECChI YIPABNEHMA"

MexayHapoaHas KoHdepeHUns "YCTOMYMBOCTb U Npouecchl yrnpasneHus", nocesweHHas 90-neTunio co aHA
poxaeHusa npodgeccopa, 4n.-kopp. PAH B. U. 3y6osa (1930—2000), 6yaeT npoxoamtb 5—9 ok1a6ps1 2020 1. B CaHKT-
MeTepbypre Ha Ga3e chakynbreTa NpuUkNagHon matemaTuku—rnpoleccoB ynpaBneHust CaHkT-INeTepbyprckoro

rocygapcTBeHHoro yHusepcuteta (Cr1ery).

OpraHusaTtop KoHdepeHunmn
Mpencepartenb KOHpepeHUUN

CaHkT-lNeTepbyprckuii rocyaapCTBEHHbIN YyHUBEpCUTET
MeTtpocsH JNleoH AraHecoBuy, npocheccop CI6ry

Hayu4Hble HanpaBneHUsa KOHdgepeHUUK

* YCTON4YMBOCTb

* MeTop dyHkuMI JIanyHoBa

* Teopus guHaMM4YECKUX CUCTEM

* YnpaBneHne MmexaHn4eckuMn cuctemamm

* YnpaBneHue n onTummsaums B anekTpoduamnye-
CKMX cucTemax

* YnpaBneHne KOHMNUKTHbIMKM cucTtemamn. [duHa-
MU4YecKne urpbl

e MeToabl aHanu3a u cuHTe3a CUCTEM C Nnocrneaen-
CTBUEM

KoHTakTHasa uHcdopmaums:

PobacTHocTb

MeToabl onTummnsauyum

HennHenHasa mexaHuka n pusmka TBepLOro Tena
YnpaBneHve counanbHO-3KOHOMUYECKMMN CU-
cTemamm

YnpaBneHne Meamko-brnonornyecknmm cuctemamm
MHdopMaTmrKka 1 npouecchl ynpaBneHus
MaTtemaTtuyeckne npobnembl 1 MeToabl pacnos-
HaBaHus obpasos
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