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HYDRATE DEPOSITION IN PIPELINES
TRANSPORTING CARBON DIOXIDE

BeeneHve

lMporHo3npoBaHue rnapaBNYecKoro co-
NpoTUBIIEHNA, TemMnepaTtypHoro pexuma He-
M30TepMMUYECKMX TPybONpoBOAOB, TpaHCMop-
TUPYIOLLMX OMOKCUA, yrnepoga, npuobpetato-
LLMX BCE YBENMMUYMBAIOLLEECHA PACcNpOCTpaHeHe,
mmMeeT Gonblloe NPOMbILLIEHHOE 3Ha4yeHue. B
nuTepaTtype NpakTU4Yecku He UMeeTcs uccre-
[OBaHWI MO NPOrHO3MPOBaHUIO NloKanuMsauumn n
WHTEHCUBHOCTU TMNApPaTOOTIIOXEHUA B I'IO,IJ,06-
HbIX TpybonpoBoaax.

Lienu v 3apaum

PacueT rugpaBnu4eckoro conpoTuere-
HUAa, Tennonepeaayn M UHTEHCUBHOCTU OTIIO-
XEHUs1 TMapaToB B HEU30TEPMUYECKUX TPyDHO-
npoBoAax, TPaAHCMNOPTUPYIOLLMX OUOKCUA, yrne-
pofa B MpUCYTCTBUM BOAbI.

Background

Predicting hydraulic resistance, the tem-
perature regime of non-isothermic pipelines
transporting carbon dioxide, gaining increasing
distribution is of great industrial importance.
There is virtually no research in the literature on
the prediction of hydrate deposition localization
and intensity in such pipelines.

Aims and Objectives

Calculating hydraulic resistance, heat
transmission and intensity of hydrate deposits in
non-isothermic pipelines transporting hydrogen-
methane mixtures in the presence of water.
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YcTaHOBNEHWE 3aKOHOMEPHOCTEN OTS0-
XEHWA rmapaToB B 3aBUCUMOCTU OT PEXUMHBIX,
¢dun3nko-

reoMeTpuMyeckmx nMnapameTpoB U

XUMUYECKMX NAapaMeTPOB OKpyXatoLleln cpeapl.
MeTonbl
MaTtemaTtunyeckoe

YnCreHHble pacyeTbl

WHTEHCMBHOCTM  OTNOXEHWs  rMapaTtoB B

HEN30TEPMUYECKNX Tpyb6onpoBoaax

ra3zoobpasHoro guokcuaa yrnepoaa.
PesynbTaTthbl

Ha ocHoBe mMaTtemaTunyeckas mMopennpo-
BaHNA YCTaQHOBJIEHO, YTO C yBe€JINYeHnemM CKO-
POCTN nepekKaykn WMHTEHCUMBHOCTb OTJIOKEHUA

rmapaTtoB yBenn4nBaeTCcA.

MopgennposaHme u
rmapaB/in4eCcKoro
conpoTmBiieHnA, TeMnepaTtypHoro pexmma wu

Establishing patterns of hydrate deposi-

tion in the presence of hydrogen.
Methods
Mathematical modeling and numerical

calculations of hydraulic resistance, tempera-
ture and intensity of hydrate deposition in non-

isothermic gaseous carbon dioxide pipelines.
Results

On the basis of mathematical modeling, it

has been established that with increasing speed
of transportation the
depositation increases.

KnioueBble crnoBa: TpybonpoBop; AMOK-
cuvp, yrnepopaa; rasosas ¢asa; OTNoXeHue rma-

paToB; MaTteMaTn4eckada mogesib

Keywords: pipeline; carbon dioxide; gas-
eous phase; hydrate deposition; mathematical

model

McToueHHble HedbTAHbIE U ra3oBble Me-
CTOpPOXAEeHNs obnafalT 3HaYUTENbHLIM  MO-
TEHUManoM AN XpaHEeHWUsl Yrnekucrnoro rasa
(COy), n, ckopee Bcero, CTaHyT NepBbIMU KpPyn-
HoMacLTabHbIMW reofiorMyeckumMm obbekTamm
ONsi  CEKBECTUPOBaHMWA, MOCKONbKY WHpa-
CTPYKTYpa, ONbIT U pa3peLlunTenbHble NPoLeay-
pbl yXe cyuwecTtBytoT. Kpome Toro, noytun 40-
NeTHU onblT paboTbl B 061acTM MNOBbILLIEHUS
HedpTteoToaun nnactos ([HI) nossondaet wuc-
nonb3oBaTb METOABI YNABNMBAHUA U XpaHEHUS
CO, Takum ob6pa3om, 4ToObl NOBLICUTL M3BIE-
YyeHue yrneBoAopoAoB U3 HePTSHbIX MECTOPO-
XOEHWN N CHU3UTb 3KONOrnm4eckme npobnemsi
BbI3bIBAEMbIE CXWIaHMEM UCKOMAeMoro Tonam-
Ba, ras3oBbiX NpoAykToB. [IBYOKUCb yrrepoaa -
OAMH N3 OCHOBHbIX MapPHMKOBbLIX ra30B, BblI3bl-
BaloLLMX rnobanbHoe NoTenneHne.

VMicnonb3oBaHne auokcupa yrnepoga B
TEXHOMNOIMAX YBENMYEHUsT HePTEOTAAYUN UMEET
AaBHIO ucToputo. Bbin npoBefeH 3HauMTenNb-
Hbll Komnnekc pabot no npobnemam Tpybo-
npoBogHoro TpaHcnopta CO,.

Depleted oil and gas fields have signifi-
cant potential for storing carbon dioxide (CO,),
and are likely to become the first large-scale
geological targets to be sequestered as infra-
structure, experience and permitting procedures
already exist. In addition, nearly 40 years of ex-
perience in enhanced oil recovery (EOR) allows
the use of CO, capture and storage techniques
to improve hydrocarbon recovery from oil fields
and reduce the environmental problems caused
by burning fossil fuels, gas products. Carbon
dioxide is one of the main greenhouse gases
that cause global warming.

The use of carbon dioxide in enhanced oil
recovery technologies has a long history. A sig-
nificant set of works was carried out on the

problems of CO, pipeline transport.
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CTpouTenbCTBO M 3KcnAyaTauua HedpTerasonposoaos, 6a3 u xpaHuauLy

lMpn nepexoge K 3KOHOMUKE C YMEHb-
LUEHHbIM KonmyecTBoM BbibpocoB CO, Bce 60-
fiee HacyllHbIM CTaHOBWUTCHA YyNaBfvMBaHWe U
xpaHeHme CO, B pa3nuyHbiXx pe3epByapax
NpUMpOOHOro xapakTepa, a TakXe Ha OHe Mo-
pen.

Mpn aToM OXupaembli 06bEM Nepeka-
ynsaemoro CO, C Lenbl CeKBECTUPOBaHUA Oy-
OeT MHOroKpaTHO MpeBOCXOAWUTb €ro UCMnosib-
30BaHue B Lensax HedpreoTaaum.

B page cnyyaeB MOXHO coBMewlatb pe-
leHne 3ajay yBenuyeHns HedTeoTaaum c no-
cnegywowem xpaHeHnem CO, B UCTOLLEHHbIX
HedTAHbIX NnacTax.

CyuwecTtByeT 60nbLLIOE KOMMYECTBO MpO-
6nem nepekaykn CO, no TpybonpoBoaam: Bbi-
6op onTuManbHOro pguameTpa, MaTtepuana
Tpy6; u30MAUMA; KOpPpPO3us; rMapaTtooTioxe-
HWe; pacnpocTpaHeHue TpewuH 6onbLon npo-
TSXXEHHOCTUW; 6e3onacHble pacCTosiHWA; 3anon-
HeHMe aBapuUMHbIX CEKUW Mocre PEeMOHTa;
OnvHa cekumh (paccTaHoBKa 3aBUXEK); WH-
TEHCUBHOCTb aBapuiHbIX BbIGPOCOB.

CyliectByeT HECKONbKO BapuaHTOB ne-
peKkayku: B XMOKOM, razoobpasHoM U CBepx-
KpUTMYECKOM cocTosaHusX [1-3], Kaxabii U3 Ko-
TOPbIX UMEET CBOK «HULLY» AFIA MPUMEHEHNS.

B HacToswen pabote paccmaTpuBaeTca
npobnemMa rmapaTooT/IOXEHUS MpU Nepekayke
CO, B ra3006pa3HOM COCTOAHUN.

Mpobnemam ob6pa3oBaHua rMapaToB B
Tpy6onpoBogax CO, nocesiweHbl paboTbl [4-
12]. B paboTte [8] pa3paboTaHa mMaTemaTuye-
cKas Mozenb v NpoBefieH aHanu3 pucka obpa-
30BaHWA rMApaToB AMOKCMAA yrnepoda nytem
onpefeneHus 30H pucka obpa3oBaHus ruapa-
TOB.

B 3aBucumoctu oT cnocoba ynasnuBa-
HuA CO, BO3MOXHO Hanuune npumecen, Takmx
Kak a3oT, Bogopos, Boaa.

MoTpebHoCTb B ocylwke Tpybonposoaos
CO,, ncnonb3yembix AN noebileHNss HedTe-
otgaun B CoepuHeHHbix LlTtatax, cocraBnser
Makcumym 650 ppm Boapl.

B pa6ote [13] ycTaHOBNEHO, YTO BEPXHUWA
npegen copepxaHus Bnaru B TpybonpoBoaax
CO, BapbupyeTcs B 3aBUCUMOCTU OT Temnepa-
TYpbl MOBEPXHOCTM TPyObl M Hanuuusa Tenno-
nzonauun. BepxHuii npefenbHbll ypoBEHb CO-
OepXaHus Bnarv B OTAENbHbIX CIyYasx MOXeT

With the transition to a CO,-reduced
economy, it becomes increasingly urgent to
capture and store CO, in various natural reser-
voirs, as well as on the seabed.

At the same time, the expected volume of
pumped CO, for sequestration will be many
times higher than its use for oil recovery.

In some cases, it is possible to combine
the solution of the problems of enhanced oil re-
covery with the subsequent storage of CO, in
depleted oil reservoirs.

There are many problems with CO,
pumping through pipelines: selection of the op-
timal diameter, pipe material; insulation; corro-
sion; hydration deposition; propagation of
cracks of great extent; safe distances; filling of
emergency sections after repair; length of sec-
tions (placement of valves); intensity of emer-
gency emissions.

There are several pumping options: in a

liquid, gaseous and supercritical states [1-3],
each of which has its own sphere for use.

In this work, the problem of hydrate dep-
osition is considered during the pumping of CO,
in a gaseous state.

The works [4-12] are devoted to the prob-
lems of hydrate formation in CO, pipelines. In
[8], a mathematical model was developed and
an analysis of the risk of the formation of hy-
drates of carbon dioxide was carried out by de-
termining the risk zones for the formation of hy-
drates.

Depending on the way CO, is captured,
there may be impurities such as nitrogen, hy-
drogen, water.

The demand for draining CO, pipelines
used for enhanced oil recovery (EOR) in the
United States is maximum 650 ppm water.

In [13] it was established that the upper
limit of the moisture content in CO, pipelines
varies depending on the temperature of the pipe
surface and the presence of thermal insulation.
The upper limiting level of moisture content in
some cases can be determined by the method
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Mpo6nembl c60pa, NOArOTOBKM U TPaHCNopTa HedpTU U HepTenpoAYKTOB

ObITb ONpeaeneH MeToaoM, YCTaHOBIIEHHbIM B
DOaHHOM uccnepoBaHun, T.e. oT 600 po
1800 ppm.

Bbynem npepgnonarate nepekadky CO, B
razoobpa3HoOM COCTOSIHMM NPU KONUYECTBE BO-
Obl B HayanbHOM cevyeHun TpybonpoBoaa, co-
otBetctyiowmm 100 % BnaxHoctn, T.e. npu
HauxygLwem cueHapumn npu oTCyTCTBUM XUOKON
BOOHON ha3bl:

Yo =

rae Y, - MombHas AonA BOAb! B MOTOKE;
PSW(T) - [laBfieHNe HacCbILLEHHbIX NapoB

BOAbI;
PO,T0 - JaBrneHue 1 Temnepartypa Ha BXO-

Je B Tpyb6onpoeoga.

Mpu Hanuumn obopyaoBaHus, YnaBnu-
BAIOLLEro pasnuyHble Ao6aBku, copepXaHue
BOZbl MOXET AOCTUraTb MEHbLUUX 3HAaUYEHW.

YpaBHeEHNe COXpaHeHUss CYyMMapHOro
KOnu4yecTBa BOAbI:

dx

roe Jhl - UHTEHCUBHOCTb pacxoaa BOAbl Ha

obpa3oBaHue rmgpaTos.

MaccoBbii pacxop, Bogbl B napoBon da-
3e Mpu HanuuMm XugKom BOAHOW ha3bl onpe-
0enseTcsa COOTHOLUEHNEM:

wg

roe M - obLumin pacxopn cmecu, Kr/c;
M W’ M 4 - MornekynsipHble Beca BOAbl

V AMOKCMAa yrnepoaa;
P - naBnenwe, MNa;

PSW(.I-O)
P—’

=

_M,m p.,,(T)

wg

established in this study, i.e. from 600 to
1800 ppm.

We will assume the pumping of CO, in a
gaseous state with the amount of water in the
initial section of the pipeline corresponding to
100 % humidity, i.e. in the worst-case scenario
in the absence of a liquid aqueous phase:

(1)

0

where Y~ is the mole fraction of water in the

flow;
P_(T) is pressure of saturated water
sw

vapor;
P, T, are pressure and temperature at

the inlet to the pipeline.
Using equipment that captures various

additives, the water content can reach lower
values.

The equation of conservation of the total
amount of water:

h1’ )

where J hy 1S the intensity of water consump-

tion for the formation of hydrates.

The mass flow rate of water in the vapor
phase in the presence of a liquid aqueous
phase is determined by the ratio:

; 3
M 0 ©)

d

where M is the total consumption of the mix-
ture, kg/s;

I\/IW, Md are molecular weights of wa-

ter and carbon dioxide;
P is pressure, Pa;

[ 4(132)» 2021



CTpouTenbCTBO M 3KcnayaTauma Hed

pSW(I- ) - AaBJieHne HacCbllWEeHHbIX MNa-

poB BoApl, [1a.
Pacxon xwupgkon BogHon asbl onpepfe-
nseTcsa ypaBHEHUEM:

Terasonposoaos, 6a3 U XpaHUAULY,

pSW(T ) is pressure of saturated water

vapor, Pa.
The flow rate of the liquid aqueous phase
is determined by the equation:

M, m p,,,(T)
mwl = mW —ng = mW — . (4)
M, p
YpaBHeHWe CoXpaHeHWss MacCbl BOOAHO- The equation of conservation of the mass
ro napa npu oTCyTCTBUM XWAKON BOAHOW (ha3bl of water vapor in the absence of a liquid water
onpenenaeTca ypaBHeHNeM: phase is determined by the equation:
m dgw Mwm 1 apsw dT psw dp
2 h2’ (
dx M, |p dT dx p°dx
roe J hy - WHTEHCMBHOCTb pacxoAa BOAbl Ha where J L, IS the intensity of water consump-
obpa3oBaHue rmapatoB Npu OTCYTCTBMM XUA- tion for the formation of hydrates in the absence
Ko BogHOM ¢hasbl; of a liquid aqueous phase;
gw - MaccoBasi Aof1s BOASIHOro napa B ra- gw is mass fraction of water vapor in
30BoW (haze. the gas phase.
[ns yctaHoBuBLLErocs pexuma: For steady state:
d
(pv):0:>pv:00nst. (6)
dx
YpaBHEHME COXpaHeHua  KonuyecTtsa Momentum Conservation Equation:
OBUXEHUST:
dp y dv  2f pv? ap dz -
dx dx d dx -
roe f- Ko3dpPUUMEHT TpeHns PaHHUHra; where T is the Fanning friction coefficient;
din - BHYTPEHHWUI AnameTp Tpybhbl, M; din is pipe inner diameter, m;
V - CcKOpOCTb NOTOKa, M/C; V is flow rate, m/s;
/O - NNOTHOCTb rasa, Kr/m>; L is gas density, kg/m3;
g - yckopeHue curibl TAXECTH; g is acceleration of gravity;
Z - HMBENUpPHblE OTMETKN TpybGonpoBoaa. Z is leveling marks of the pipeline.
4(132) » 2021
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YpaBHeH ne CoXxpaHeHnA aHeprmn:

dT dp
P dx ~HT X dx

roe T - Temnepatypa notoka, K;

C b " TENNOeMKOCTb rasa, Ox/kr K;

My - koappuumeHT Oxoyna-TomncoHa

razoobpasHoro avokcuaa yrnepoga [14], K/Ma;

2f pv°

e = T —— F - tenno tpenus;
d.m

F . KOPPEKTUPYIOLNIA MHOXUTENb.
Ins TypbyneHTHoro TeveHus [15]:

12

rne K = 0,4 - koncranTa doH Kapmana;

+
Yo - 6e3pa3mMepHan TonWMHA BA3KOrO

noacnos;
¢ 2
Ro+ = Re 3 | 2 - 6e3pasmepHbiit
paguyc Tpy6bl.

YpaBHeHMe COCTOSIHMA OMOKCUAa yrie-
poaa:

D= pRTZ

roe R - rasosas nocrosHhan avokcupa yrne-
poaa;
Z - KO3(h(PULMEHT CBEPXCKUMAEMOCTH
Anokcupga yrnepoga [16].
[Ona 3amblkaHWa CUCTEMbl YpaBHEHUN
(7), (8) npoaomddepeHUMpyeM ypaBHeEHUE CO-
CTOSIHWA AMoKcuaa yrrepoaa:

dv  dz
Vg =,

+
Yo T

Energy conservation equation:

-, 8
dX d qfrlc (8)

where T is the flow temperature, K;

C o is heat capacity of gas, J/kg K;

M, is Joule-Thompson coefficient of
gaseous carbon dioxide [14], K/Pa;
_ 2f pv®
Uiric = d m

n

F is heat of friction;

F is correction factor.
For turbulent flow [15]:

1 Rg_i

—In—
K Yy, 2K

(8)

where K = 0, 4 is the von Karman constant;

yg is dimensionless thickness of the vis-

cous sub-layer;
V2

R0+:Rei /| 2
8

is the dimen-

sionless radius of the pipe.
Equation of state for carbon dioxide:

9)

where R is the gas constant of carbon dioxide;

Z is coefficient of supercompressibility
of carbon dioxide [16].

To close the system of equations (7), (8),
we differentiate the equation of state of carbon
dioxide:

[ 4(132)» 2021
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do_ RTZ (o1 d
dx  RTZ —V? P d g'de

(10)
[ponzBogHass CKOPOCTU NO MPOAOSILHOWM The derivative of the velocity along the
KoopaunHaTe: longitudinal coordinate:

dv 1 10Z ) dT 10Z 1) dp

— =4 — V— 4| = — = [V—

dx T ZoT ) dx Zop p) dx (1)
B pesynbtate nonyuyum cnepywoLlyto

As a result, we get the following system
CUCTEMY YpaBHEHWIA: of equations:

dv _ v [A(cl +cz,uJTcp) +cchp]

dx C (12)
d_p _ _sz(pcl —C2) —Cch _ 13
dx C ’
dT sz(,ocl—cz)+cl+cz/¢”cp "
dx C ’
roe where
C =AVfT +c (L+ pBv?);
1 107
= —|———;
T Z oT
g_|192 1
Zop p
dz
dov T~ dx
2 pfv? dz
c. =— —gp—:
2 a2
,3=—£ op :1+pcp'uJT_
p\OT ) T
MNHTEHCUBHOCTb

TennoobmeHa Mexay The intensity of heat transfer between the
CTeHKOMN Tpy6bl U ra3om:

pipe wall and the gas:

4(132) - 2021




Mpo6nembl c60pa, NOArOTOBKM U TPaHCNopTa HedpTU U HepTenpoAYKTOB

roe q - MNOTHOCTb TEnJ10BOro noToka 3a ean-
w

HULY BpeMeHU Ha eauHULY NIIOLLAAN OT CTEHKM
TpyObl K rase:

w, (15)

where qW is the density of the heat flux per unit

of time per unit area from the pipe wall to the
gas:

q,=al, -T)

roe o = Nu i - KoahhMUMEHT TennooTaa-
h
4K OT CTEHKM TPYObI K ra3oBon ¢ase, BT/(M2~K);

Nu = 0,023Re*®Pr®* - uucrno Hye-
cenbTa;

A - KO3(DPULMEHT TENNONPOBOAHOCTH ra-
3006pa3Horo  avokcupa  yrnepoga  [17],
B1/(m-K);

1%
Pr = — - uucno MpanaTna amokcupa yr-
K
nepoaa;

K = —— - KO3(pduuMeHT TemnepaTy-

p
POMPOBOAHOCTY AMOKCUAA yrnepoaa, M2/c;

C
p
cupa yrnepopga [17], Ox/(kr rpag).
3anuwem ypaBHeHue ansa KoappuuneH-

- TennoemMKoCTb ra3oo6pa3Horo ANOK-

TOB Tenjionepenayun all/l 0!2 oT Opr)KaI'OLLI,eVI

cpenbl K ra3oBou dase.

KoachduumeHT Tennonepepaun 0(1 oT

: (16)

where v = Nu i is the heat transfer coef-
h
ficient from the pipe wall to the gas phase,
W/(m*K);
Nu = 0,023Re*® Pr®* is the num-
ber of Nusselt;

A is coefficient of thermal conductivity of
gaseous carbon dioxide [17], W/(m-K);

| .
Pr = — is Prandtl number of carbon di-
K

oxide;

is coefficient of thermal diffu-

K =
p
sivity of carbon dioxide, m2/s;
C
p
dioxide [17], J/(kg deg).
Let us write the equation for the heat

is heat capacity of gaseous carbon

transfer coefficients 051 and 0(2 from the envi-

ronment to the gas phase.

Heat transfer coefficient 0!1 from ambient

OKpy>aloLLeit cpefibl K MOTOKY rasa: to gas flow:
1 1 1 1
= + In - + In =2 + In 12 +
dhydal ahyd gdin Zthd hyd 2ﬂ'm din 22]50 dext aext iso | (17)
- M — /11
roe Othydl = d—NU1 - K0achbPUUMEHT Tenno- where ahydl = d—NU1 is the coefficient of

n
OTAQYM OT BHYTPEHHEN MOBEPXHOCTU Tpy6bl

in
heat transfer from the inner surface of the pipe

[ 4(132)» 2021



CTpouTenbCTBO M 3KcnAyaTauua HedpTerasonposoaos, 6a3 u xpaHuauLy

cnos rmagpara K razosou dase;

roe deyxt - KO3M@UUMEHT TennooTaaunm oT
rpyHTa K BHELHen u3onsauum 3arnybneHHoro
Tpy6onpoeoaa (dhopmyna dopxrenmepa);

h - rnybuHa 3anoxeHus TpybonpoBoAaa,

ﬂhyd’ ﬂ’m ! /7150’ ﬂ’gr

FIONpPOBOAHOCTY OTNOXEHUS rmapaTta, MeTanna,
n3onauun n rpyHta, Bt/(m-K);

d .d

in?
N BHYTPEHHEro AMamMeTpoB TpyObl, a Takxe
rMAPaTHOro N N30MALMOHHOIO CMOEB, M.

M;

- KO3 MUMEHTbI Ten-

ext’dhyd’diso - AnamMeTpbl BHELIHEro

MaccoBble B3anmoneicTens

A. 30Ha KoHAeHcauumu Boab! (Ti w > Ti h )

VMIHTEHCMBHOCTb KOHAEHCcauun BOAbl On-
penenaeTca TenyioBbiM 6anaHcom:

IWJW(i) + qi

rhe Jw(li) = Plﬁw(yw _ywi) - UIHTEHCNBHOCTb

KOHAOeHCaunn BoOOgAHOIo napa,

Sh-D
w9 - koadpduumeHT maccone-

d.

B, =

peHoca M3 rasoBoro Agpa K NieHKe XMAKOCTM
Unu rasa;

Sh = 0,023Re"® S¢**

- yucno UWepsy-
Aa;

Sc = Y -uncro Wwvnata;

D

wg

= ai amb(TiW -

of the hydrate layer to the gas phase;

-1

where deyt is - coefficient of heat transfer from

the soil to the external insulation of the buried
pipeline (Forchheimer's formula);

h is depth of the pipeline, m;
VR
yd’ “m’ “so’ " or

thermal conductivity of hydrate, metal, insula-
tion and soil deposition, W/(m-K);

d .d

diameters of the pipe, and diameters of hydra-
tion and insulating layers, m.

are coefficients of

d diso are outer and inner

n' “ext’ Thyd’

Mass interactions

A. Water condensation zone (T~ >T. )

The intensity of water condensation is de-
termined by the heat balance:

amb), (18)

where jw(li) = pl[?)w(yw —ywi) is the intensity
of condensation of water vapor;

Sh-D . -
w9 js coefficient of mass

d.

B, =

transfer from the gas core to the liquid or gas
film;

Sh = 0,023Re%® Sc®* is Sherwood
number;

Sc = Y is Schmidt number;

D

wg
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V - KMHEMaTtu4yeckas BA3KOCTb AMOKCMAA
yrnepogaa [18], m/c;
D 0 KoadhpuumeHT andgysnm BogAaHOro
w

napa B razoobpasHom guokcupe yrrnepoga [19],
m2/c:
g = oa(T —T,) - wHTeHcuBHOCTb Ten-

NNOBOro nNOTOKa M3 rasda Ha nneHKy XWAKOCTU
mnnun rmgparta;

_ Nu-4

a - KoahpUumMeHT TennooTna-

i
4Yn OT ra3oBOro Afpa K MIEeHKe XWAKOCTU uin
rmgpara, BT/MZ;

T -Temnepatypa rasa B agpe noTtoka, K;

Tiw - TeMrnepaTypa Ha NOBEPXHOCTU XWA-

KoW nneHku, K;

Tamb - TemnepaTtypa OKpyxXatoLlein cpenpl,
K;
IW - TennoTa VICI'IapeHI/Iﬂ/KOHJJ,eHcaLI,VIVI BO-
obl, Ix/Kr;
pwsat(r )Mw
- KOHLEeHTpa-
X, =X(T,p)=—""_—" - KOHUEHTp
pM
9
Luna BOOAHOro napa B Agpe noToka,
pw sat(Tiw)Mw - KOHLEH-

Xwi = X(Tiw) =
pPM,

Tpauuna BOOAHOro napa Ha rpaHuue «ras - xug-
Kad nieHKa»,

B
QA5 Ai[T +c]
Pyeat = 10°-10 - [@BneHue Ha-

ChlLLIEHHbIX NapoB BoApl, Ma;

A = 14,6543, B =1435,264;C = —64,848.
B pesynbTaTe nonyyum TpaHCLEHOEHT-

HOe ypaBHEeHUe ANA onpepnerieHna Ti W .

psat(T )Mw . psat(Tiw)Mw

L.PB,

pM pM

d d

Pewas ypasHeHne (19), onpegensem
TemnepaTtypy MOBEPXHOCTU MMEHKW BOAbl Ha

+ a(T _Tiw) = ai amb(Tiw _Tamb)

v is kinematic viscosity of carbon diox-
ide [18], m%/s;

DWd is coefficient of diffusion of water
vapor in gaseous carbon dioxide [19], m?/s:

g, = a(l —T,) is the intensity of

the heat flow from the gas to the liquid or hy-
drate film;

is coefficient of heat

o =

d

1
transfer from the gas core to the liquid or hy-
drate film, W/m?;
T is gas temperature in the flow core,
K;

Tiw is temperature on the surface of

the liquid film, K;
T is ambient temperature, K;
amb

IW is heat of evaporation/condensation

of water, J/kg;

pwsat(r )MW i
is concen-
X =x(T,p)=——
w =X(T.p) oM
tration of water vapor in the core of the stream;
pw sat(TiW)Mw
Xwi = X(Tiw) = pM is the

]
concentration of water vapor at the border «gas
- liquid» film;

105 A_[T%J _
P, =10°-10 is pressure

of saturated water vapor, Pa;
A =4,6543, B =1435,264;C = —64,848.

As a result, we get a transcendental

equation for determining T.

(19)

Solving equation (19), we determine the
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rpaHule C ra3om TiWM WHTEHCUBHOCTb KOH-

[eHcaLmm jw(li).

B cnyvae Tiw <Tih Ha MOBEpPXHOCTK

«ra3 - XWAKOCTb» npoucxoanT obpasoBaHue
rmapaTos.

B. 3oHa obpa3zoBaHus rugparos (Ti w < Ti h )

TennoBon 6anaHc Ha rpaHuue «ras -
rmapar»:

Iwa(lih) T =4 amb(Ti h _Tamb)

rAe jw(li) =pB, Y, —Y, ) - vHTeHcHs-

HOCTb MepeHoca BOASAHOrO Mapa Ha MoBepx-
HOCTb rMOPaTHOro Cros;

pw h (ri h? p)M w
Ywin =y(Tih)= M
KOHLEHTpaLMsa BOAAHOIo napa Ha rpaHuLe «ra3s
- rnapaT»;

pwh(Tih, P) - naenewve napoe Boabl B

3aBUCUMOCTU OT TemrepaTypbl MOBEPXHOCTU
rmagpata AuoKcupa yrnepoga U AaBrieHus B
cucTeme, onpenenseTcs 3aBUCMMOCTbHO:

(T P) = &Xp(W- Y/T - QInp)

aHanorn4Hom gna rmaparta metaHa [20]:

p,. (T...p) = exp(29,396- 6234,874/r_h- 0,1593In p)

C wucnonb3oBaHMEM 3KCNEpPUMEHTasb-
HbIX AaHHbIX [21] 6bIKM Nony4YeHbl creaytoLme
3Ha4yeHusa napameTpoB B oopmyne (21):

temperature of the surface of the water film at

the interface with the gas Tiw and the intensity
of condensation jw(li).

In the case Tiw <Tih on a gas-liquid

surface the formation of hydrates occurs.

B. Zone of formation of hydrates (T RS Ti W,

Heat balance at the «gas - hydrate» bor-
der:

: (20)

where jw(li) = pl[_))w(yw1 _ywih) is the in-

tensity of water vapor transfer to the surface of
the hydration layer;

pwh(Tih’ p)lvlw _
Yuin =Y(T) = M
concentration of water vapor at the «gas - hy-
drate» border;

pwh(l'ih, p) is the pressure of water

vapor, depending on the surface temperature of
the hydrate of carbon dioxide and the pressure
in the system, is determined by the depend-
ence:

similar for methane hydrate [20]:

(22)

Using the experimental data [21], the fol-
lowing values of the parameters in formula (21)
were obtained:
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0 =25682 ¥ =4805-10> @ =019

Mpyn Hanuuumn xugkon @asbl Nonyyum In the presence of a liquid phase, we ob-
TPaHCLIEHACGHTHOE ypaBHehWe AnA onpeaene- tain a transcendental equation for Ti h deter-
s T o

! mination:

p..(TOM B P, (T )M,

.8, ng M +a -T,) =« _Tamb), (23)

unu or

o (T )M {exp(25, 682 — 4805/T . —0,19In p)}MW
I pﬂ sat 1 W +
w/71"w ng pMd
T =T = & (T = Ta) (2
Mpun oTcyTCTBUM XUAKon hasbl Nony4Mm In the absence of a liquid phase, we ob-
cnepymwllee TpaHCUEHOEHTHOE ypaBHeEHME Ans tain the following transcendental equation to de-
onpegeneHns -I_i h termine Ti h
pwh(rih)Mw
lL.AB,| 9. — M +a —T,) = ., —To)

PVl : (25)

unu or

{exp(25, 682 — 4805/T . —0,19In p)}l\/lw
1
Ih/)lﬁw glw - pMd +
+a( —T, )= ([T =T,)

. (26)
Pewas ypaBHeHusa (26), onpepensem Solving equations (26), we determine the
TemnepaTypy MoBepxHoCTU ruapata Ha 1. u temperature of the surface of the hydrate T
WHTEHCMBHOCTb MacconepeHoca BoAbl K Mo- and the intensity of mass transfer of water to the

BEPXHOCTHU rmJ,paTaj surface of the hydrate jw(li) .

w(li)
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3aTtem onpependaemM MHTEHCUBHOCTb OT-
NOoXeHnAa rmapaTtos.

Meroguka pac4dera

1. MMpw pacyeTe Ha Kaxaom Liare pe-
lWweHua cuctembl ypaBHeHun (12)-(14) onpepe-

NATCA napamMeTpsbl Ti , 1O ypaBHeHuto (24)

wn T no ypasHeHwmio (26).
2. Ecnm Ti . >Ti ,,» To ncnonbayetcs

ypastenne (24), ecrm T, <T. ., 10 ucnons-
3yeTcs (26).
3. Ecnmn psat(rl)MW < psat(riW)Mw

pPM, pPM,
TO KOHOEeHCauun He nponcxoaut.
4. Ecm  p,(TIM, _ Pon (T PM,, |
pM, pM,

TO 06pa3oBaHue rnaparta He NPOUCXOANT.

Hekxoropble pe3yribrarsi

IOnwuHa Tpy6onpoeoaa 30000 m;
MaccoBbIi pacxod puokcupaa yrrnepoga
100, 200, 400 1/cyT;
LaeneHune Ha Bxoge 3,0 Mla;
TemnepaTypa Ha Bxoge 285 K;
HauanbHas BnaxHocTb Bogbl 100 %, uto
cooteeTcTtByeT 200 ppm (w).
BHyTpeHHu  gnameTp
0,25 m;
TemnepaTtypa
275 K.

TpybonpoBoaa

OKpyXalolen  cpefbl

Ha pucyHke 1 npuBefeHbl pacyeTHble
[aHHble M0 WHTEHCMBHOCTU OTIIOXEHWS ruapa-
TOB B 3aBMCMMOCTM OT MacCoBOro pacxoaa Aw-
okcuaa yrnepoaa.

Then we determine the intensity of hy-
drate deposition.

Calculation method

1. When calculating at each step of the
solution of the system of equations (12)-(14),

the parameters Ti , are determined by equation
(24)or T by equation (26).
2. If Tih >Tiw’ then equation (24) is

used, ifTi s Ti ,,» then (26) is used.

3. If psat(rl)MW < psat(riw)MW ) then
pM pM

9 9

condensation does not occur.

4. 1f p, M, Pun@in PM,, | then
pM pM

9

the formation of hydrate does not occur.

Some results

The length of the pipeline is 30000 m;

Mass consumption of carbon dioxide 100,
200, 400 t/day;

Inlet pressure 3.0 MPa;

Inlet temperature 285 K;

Initial water moisture is 100 %, which cor-
responds to 200 ppm (w).

Internal diameter of the pipeline 0.25 m;

Ambient temperature 275 K.

Figure 1 shows the calculated data on the
intensity of hydrate deposition depending on the
mass flow rate of carbon dioxide.
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0,0045
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0,0035
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MHTEHCUBHOCTb OT/ICHEHWUA TMApPaToB , M/mec
Hydrate deposition intensity, m/month

0,0005

0 5000 10000

e dh/dt m=100 t/day
dh/dt m=200 t/day

dh/dt m=400 t/day

15000 20000 25000 30000
PaccroaHue, m
Distance, m

PucyHok 1. IHTEHCUBHOCTb 1 floKanu3auust OTNoXeHna rmapaToB B TpybonpoBose,
TpaHCMopTUPYOLEM ANOKCUA, yriepoaa, B 3aBMCUMMOCTM OT pacxoda ra3oobpasHoro
Anokcupaa yrnepoga npu 100 %-om HavyanbHOM BRarocofepxaHum

Figure 1. Intensity and localization of hydrate deposition in the pipeline transporting carbon dioxide,
depending on the flow rate of gaseous carbon dioxide at 100 % initial moisture content

BbiBoAb!

1. PaspabotaHa MaTemaTuyeckass Mo-
Oenb OTNOXEHWS rMapaToB Mpu Tpybonpoeoa-
HOM TpaHcrnopTe AUOKCUAA Yriiepoda B rasoBom
¢asze.

2. B pape cnyyaeB npobnema otnoxe-
HUS rMapaToB, HaNpuMep B 3UMHUX YCNOBUSX,
MOXET CTaTb Cepbe3HO.

3. Ha ocHoBe 4uCneHHbIX OLEHOK ycTa-
HOBJ1IEHO, YTO MHTEHCUMBHOCTb OTJIOXEeHUd rma-
paToB AMOKCUAa yrrepoaa yBenuuusaeTtcsl C
YBESIMYEHUEM CKOPOCTM MEPEKAYKU, NpUdem
noKanusauusi OT/IOXEHUs OTOABUraeTcsl BHU3
Mo MOTOKY.

[ly6riukaymns rnogroTosaeHa B pPamKax
BbIOJIHEHUS FOCYAaPCTBEHHOIO 334[amns [o-
CYAapCTBEHHOro aBTOHOMHOIO Hay4yHoro y4pe-
XAeHUS «UIHCTUTYT CTpareruyeckux ucciesno-
BaHui Pecriybrinkun baiikoproctaH» 3a 2021 r.

Conclusions

1. Developed a mathematical model of
hydrate deposition during pipeline transport of
carbon dioxide in the gas phase.

2. In some cases, the problem of hydrate
deposition, for example in winter conditions, can
become serious.

3. On the basis of numerical estimates, it
was found that the intensity of the deposition of
carbon dioxide hydrates increases with an in-
crease in the pumping rate, and the localization
of the deposition is shifted downstream.

The publication has been prepared within
the framework of the fulfillment of the state task
of the Institute of Strategic Researches of
Bashkortostan Republic, State Aufonomous
Scientific Department, for 2021.
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