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MeTop auHamiuHol Tepmomertpii/
Method of dynamical thermal logging
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HauioHanbHa akuioHepHa KomnaHia «HadToras Ykpainm» /
National Joint-Stock Company «Naftogaz of Ukraine»

YOK/UDC622.02

Posenanymo meopemuuni 3acadu memody mepmomempii 6 enuboxiti ceeponosuri nio wac WUPKYnAYUii 6yposoeo posuuy
nicna Kpinnenns it 8i0xpumozo cmosbypa 06cadHo0 KonoHow. B ochosy mamemamuunux 3aco6is i PisuuHozo ysA6neHHA
0ii 2eomepmanvHozo Pakmopa Ha npocmip ceeponosuHu noknadexo 3axon Cmegpana-bonvumana. Memoo euxopucmosye
eKcnepumeHmanvHi 0aui.

KirouoBi cioBa: MeTof;, TepMOMeTpis, IMnb0OKa CBEPIIOBIHA, re0TepMaibHuil PakTop, 3akoH Credana-Bosbimana.

Paccmompervt meopemuueckue 0CHO8bL Mernooa mepmomempul 6 2y60Koil CKeaxcume Npu YUPKYIAuUY 6YP06020 pacmeo-
pa nocrne KpenneHus ee OMKPbINO20 CHE0NA 00CA0HOL KONOHHOL. B ocHosy mamemamuueckux cpedcms U Pusu1eckozo
npedcmasneHus 0eticmeus 2eomepmanbHoz0 Hakmopa Ha NpoCMpPaHcmeo ckeaxurvl nonoxer 3akon Cmegparna—bono-
ymana. Memoo ucnonv3yem skcnepumeHmanvHole OaHHble.

KmroueBble cmoBa: MeToJI, TepMOMETpUA, TTyOOKasA CKBa)XXIHA, TeOTepMaIbHBbIi (akTop, 3akoH Credana-bombimMaHa.

The theoretical basis of the method of thermal logging in a deep hole during drilling mud circulation after fixing its open
bore with casing was reviewed. The Stefan-Boltzmann law is taken as foundation of mathematical calculations and physical

presentations of the action of geothermal factor on the well space. The method uses experimental data.
Key words: method, thermal logging, deep wells, geothermal factor, the Stefan-Boltzmann law.

K BifOMO, Nig, yac 6ypiHHA HaArMMOOKMX CBepano-

BVIH, 30Kpema Yy HadTorasosin NpomMmncioBoCTi Ta

reotepmanbHii eHepreTuui, gy»e BaKNMBUM ac-
NMekTOM € KOHTPOJb TemnepaTypu Ha BUOOT cBEpASIOBU-
HW. 3amip TemnepaTypu ripCbKUX NOPiJ BUKOHYIOTb Y CTa-
TUYHOMY PeXXMMi NMPOMMBaNbHOI PIANHN Yy CBEPASIOBUHI
(meTop ctaTnyHoi TepmomeTpii — MCT) nicna TprBanoro
Yyacy NpOCTOK CBEPASIOBMHM ANA BUPIBHIOBAHHA Tem-
nepaTyp Y34OBX BCi€l Ti rnmbrHu. 3amiptoBaHHA Temne-
paTypy Ha B1OOI CBEpASIOBMHMN B AUHAMIYHOMY PEXUMI
NPOMMBasbHOI PIAUHM 3@ Pi3HMX BCTAHOBNEHNX NPOAYK-
TUBHOCTEI BYPOBMX HAcoCiB (MeTog AMHaMIYHOT TepMO-
meTpii — MAT) 3[iNCHIOTDb i3 BUKOPUCTAHHAM BUOINHUX
6e3npoBiAHMX JaTUMKIB TeMnepaTypu i TUCKY.

Y reotepmanbHiin ranysi MAT 0060B'A3KOBO BUKO-
PUCTOBYIOTb Yy TEXHONOrII «reoTepmanbHUn 3oHg» (13)
[ONA OCBOEHHA reoTepManbHUX PecypciB MOOAUHOKMMM
CcBepaSIoBUHAMMU.

Brv3HaueHHA BUOGINHOI TemnepaTypu NPOMKBaIbHOT
pianHu, To6TO eHeproHocis (e/H), npoeaeHHAM MAT no-
Tpebye 3HaUHO GiNbLUOT KiNlbKOCTi Yacy NopiBHAHO 3 MCT.
Ane MAT, Ha BigmiHy Big MCT, Haga€ BaxnvBy iHpopmaLlito
NPO 3MiHY LWifIbHOCTi TEN/IOBOrO NOTOKY reoTepMasibHOro
dakTopa (I'TO), wo gie 3 60Ky reonorivHOro cepeoBULLa
(FC) Ha npocTip cBepANOBUHM 3a 3aaHKX NapameTpis I3,

he temperature control at the bottom-hole of
T the deep well is used in oil and gas industry and
during geothermal studies.

Temperature of the rock is measured in the static
regime of the drilling fluid in the well (method of the static
thermal logging - MSTL) after long downtime for the well
to equalize the temperatures along the well’s depth.

Temperature of the bottom-hole is measured in
thedynamic regime of the drilling fluid under different
production levels of the mud pumps (method of the dynamical
thermal logging - MDTL) with the usage of the wireless
sensors of the bottom-hole temperature and pressure.

During the geothermal studies, MDTL is necessary
to be used in the course of the «geothermal probe» (GP)
technology usagefor the development of the separate
wells resources.

Estimation of the drilling fluid bottom-hole temperature
(hereinafter referred to as energy carrier — e/c) by MDTLtakes
more days than the estimation by MSTL.But contrary to
MSTL, MDTLprovides the valuable information about
changes in the thermal flux density of the geothermal
factor (GF) which affects the well space from the sideof the
geological environment (GE) at the set-up parameters of
the GP: geothermal gradient of rocks, well construction,
thermophysical and rheological parameters and circulation



a came: reoTepMasibHOrO rpagi€eHTa ripCbKMX NOpif, KOH-
CTPYKLUii cBepAnoBuHY, TennodisnyHNX i PeonoriyHmx
napameTpiB Ta pexumis LupKynauii e/H. ®akT 3HayHOI
Tennosoi Aii I'TO Ha e/H nig Yac NpomMuBaHHA i BypiHHA
rMMOOKNX CBEPANOBUH Ha HadTy i ra3 He MOACHIETbCA
NoBHicTIo 3akoHOM Dyp’e, 3rifHO 3 AKUM LWiNbHICTb TEMO-
BOrO MOTOKY Mi>K FOPU30OHTaNIbHMM NMOBEPXHAMU AOPIB-
HIoE ¢, = A grad(T), a B npocTopi 'C Ha noBepxHi

21A (T _T

. — 2
obcaaHOIKONOHN ¢, = ot ) Br/m?,

D In| =
DC

e npu D — e, q, —0, a npu D — D, q,—>°° HeBM3Ha-
YeHUMm 3an|/||.uaeTbc;| napametp D o € OCHOBHOIO Ha-
YKOBOI0 npobnemoto ap,eKBaTHocn BCix moaenen aii I'TO.

CkopoueHHsa TepMmiHy npoBegeHHA MAT moxknuse 3a-
BAAKM MogentoBaHHIo fii ['Td Ha npocTip cBepANOBUHN i
e/H [1-5] 3a gaHumm MCT. MaTemaTUYHO OCHOBOIO iC-
Hytoumx mogenen gii ['TO Ha NPoCTip CBEpANOBMHM € MO-
[enb TennoobmiHy MiX ripcbKumy nopoaamm, 06caHo0
KonoHoto (OK), e/H y MixXTpybHOMY npocTopi, ekcrnya-
TauinHot konoHoto (EK) i e/H y npocTopi EK 3a 3akoHOM
TennonposigHocTi Dyp’e (mani matemaTMyHa mopnenb
- MM TTO O®yp'e). Lla mogenb nepepbayae KOHTPONb
BXiHOI i BUXigHOI TemnepaTyp e/H Ha YCTi CBepanoBu-
HW | NporHo3 BMUBINHOT TemnepaTypu e/H 3a 3afaHnX BU-
wesragaHmx ana 3 i goBinbHO 3agaHOro napameTpa D

AkwoBukopuctoByBatM MMTITO Dyp’e, TO nepe,q6aqa-
€TbCAYiNbHICTLTEMNOBOrO MOTOKY q, = A, * grad[Tg( )}
Bt/m? o 0,15 BT/M?, 110 06YMOBIIOE MPOrHO3 TeMMepaTy-
pu e/H Ha BMOOI 3a Manux NPOAYKTUBHOCTEN HA3eMHUX
HACOCiB i HAABHOCTI pi3HWLi BXIGHOT T_ i BUXigHOT T = Tem-
nepatyp e/H Ha ycti. ¥ cutyauii T =T MM I'TO Qyp’e
BTpayae iHPpOpPMaTMBHICTb.

3anponoHoBaHUIl AWHAMIYHUI MeTOZ TepMo-
MeTpii 6a3yeTbca Ha ocHOBi TennoobmiHy B 3 3a 3a-
kKoHom CredaHa-bonbumaHa, WO y3rogxye 3aranbHy
LWiNbHICTb TEMSIOBOrO MOTOKY MOBEPXHi 3emni, 06ymMoB-
neHoro iHppayepBoHUMK poBrumn xsunamm (I4X) Ha
piBHi 340 BT/M? y BigKpUTUIA NPOCTIp i3 WinbHicTIO Te-
MnoBOro noToky B cepeauHi MC Ha piBHi go 0,15 B1/m?
AK pe3ynbTaT Pi3HOro Temnsa FipCbKMX MOPIA 3aneXxHo
Bil re0CTaTUYHOro TUCKY 3a 3aKOHOM TerJIonpoBigHOC-
Ti @yp’e i ysaranbHioe ymosu: T =T T =T , wo Aae
MOX/MBICTb BU3HAYaTH MaKcmmaany Temnepartypy e/H
Ha BMOOI CBEPAJSIOBMHM 3a 3HAUHUX MPOAYKTUBHOCTEN
HacociB Ta napameTpu Tennosoi eHeprii [TEY Ttuny I3.

Di3nyHMM yaBReHHAM poboTn 3 € HarpiBaHHA e/H Y
CBEpPANOBUHI re0TepMasibHOK eHeprielo ripCbKnx nopig,
Lo iCHY€ Y BUINALI NOKaJIbHOrO MiKPOXBUIbOBOIO efieK-
TPOMArHITHOrO MOJs Bif HanpPy»KeHUX BCEGIUHUM TUCKOM
aTOMIB i MONIEKYJT, KONIMBaAHHS AKX 0OYMOBJIIOE TeMMepa-
Typw [ebas i 36inblueHHA yacToT 3a rmmbuHoto I'C, weng-
KOCTi aKyCTUYHMX XBWMb i LWiNTbHOCTI TenioBoi eHeprii.

Po6oTa I'C y npocTopi cBepanoBriHu '3 MoaentoeTbea
TaKVMM eHEPreTUYHUM PIBHAHHAM:

Q¢(L)+QT( )+Qu<( )+A0, (L )
_jN (L)ar(L +.|.N (L)ar(L) f ,le, W

0

regimes for e/c.The fact of the prominent thermal effect of the
GF on the e/c during the flushing and the drilling of deep wells
for oil and gas is not fully explained by Fourier’s law, according
towhich the density of the thermal fluxbetween levels is equal
to g, =—\-grad (T ) and in GE on the surface of the

2mh

D (Tg e/H
D, ln[gJ

D,

whereat Dg—» °, q, —0, and whereat Dg — D, g, the

casingstringisequaltoy = )W/m2
g

parameter Dg is indefinite, which is the main scientific

problem for the adequacy of all GF models.

The shortening of MDTL conduction time can be
resolved by building of the model for the GF effect on
the well’s space and e/c [1-5] according to the MSTL
data. The mathematical framework of existing models
for the GF effect on the well’s space is the model of
heat exchange between rocks, casing string (CS), e/cin
shell side, production string (PS) and e/cin shell side
of PS, according to the Fourier’'s Law of the thermal
conductivity (hereinafter referred to as mathematical
model-Fourier’s MM of GF). The abovementioned model
provides the control of the inlet and outlet temperature
of e/con the wellhead and the forecast of the wellhead’s
temperature of e/cwith set-up (abovementioned for GP)
parametersduring apriority of Dg parameter.

While Fourier’s MM of GF is being used the density of
the thermal flux is forecasted as g, = A, 'grad[Tg(L)}
W/m?up to 0.15 W/m?, and that is being used for the
forecast of the e/c temperature on the well's bottomhole
during low production levels of ground-based pumps
and existing difference of the inlet T_and outlet T of
the e/c temperature on the wellhead. Fourier's MM of GF
is notinformativeasforT_=T__situation.

Dynamical method of thermal logging offered is
based on the heat exchange in GPaccording to the Stefan-
Boltzmannlaw, which sets the general density of the thermal
fluxof the Earth’s surface conditioned bylong infrared
waves (LIRW)on the 340 W/m? to the open space with the
density of the thermal flux at the middle of GE on the level
of 0.15 W/m?, resulted by the different levels of the rock’s
heat depending on the geostatic pressure according to the
Fourier's law and generalizes conditions: T_=T T =T ,
which allows to determine the maximal temperature of e/c
at the well’s bottom holein the high production levels of
the pumps and the parameters of the heat energy of the
geothermal energy facility of the geological probe type.

GP workis physically interpreted as the heating of e/cin
the well by the rocks geothermal energy that exists as the
local microwave electro-magnetic field with the intensed-
pressured atoms and molecules vibrations of which cause
the Debye’s temperature and increase in the frequency of
GE depth, the acoustic waves velocity and the density of
thermal energy.

The work of GEin the well’s spaceof GPis modelled by
the following energy equation:

QL(L)+Q¢(L)+Q¢( )+A0, (L ):
jN (L)ar(L +jN (L)dr(L) j

,d, (1)

(L)dt(L)
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ne QL=m(LAT,L), QL=mAT, L), Q,L=m_(c AT, (1),
d
OM(L)=CATM(L=O)7’?t
ria e/H y npoctopax OK-EK (pyx BHM3) i EK (pyx Bropy)
matepianom EK, e/H Ha ycTi, BignoBsigHo, 3a yac uup-
Kynauii e/H y ceepanosuHi, [Ix; m (L), my(L) - 3aranbHa
Maca e/H y CBepA/OBUHI B NpocTopax OK—EK Ta EK, kr;

qu )dS(L)
- 3aranbHa Tennosa noTyHicTb Big C go e/H I'IpOCTOpy

OK-EK, BT; Ny(L)

H(L) — HakonuyeHa TensioBa eHep-

€ — MMTOMa TeNNOEMHICTb e/H, Ix/(Kr-°C); N (L)

J.cu (L)dS(L) — 3aranbHa TenjioBa NOTYX-

Ju(o)-

HicTb Big ['C go e/H npoctopy EK, Br; J.{ I q¢ dS( )

“Zw oe LJH{[% +7(0)] [T, +T¢(L)]4}LdL}dL - 3aranb-

Ha TennoBa eHepris, wWo nepegaHa 'C y npoctip OK-EK
3a vac t, pyxy e/H Big ycta fo su6boto, [x;

| Tawastofaco)-
“Zex Gngj|:T{(pe [7.(1)] ~(e.-D[7()] —[I}(L)T}LdL:ldL

0oL o0
- 3arafibHa TennoBsa eHepria, wWo nepegaHa MC y npo-

SCTip EK 3a uac t, pyxy e/H Big Buboto fo ycta, [Ix; N (L)=
J-qw(L)dS(L) - 3arasibHa TensioBa NOTY»KHICTb Mi>K €/H Npo-
0

ctopy OK-EK i e/H npocTopy EK, Bt; g,(L), g4(L), g+ (L) -

WwinbHoCTi TennoBux noTtokiB Big C Ha e/H B npo-
ctopi OK-EK i EK Ta TennoBoi B3aemogii e/H npocTo-
py OK-EK i3 e/H npoctopy EK, Bt/m%* dm/dt — npo-

(0ju(e)-
D, (%+%)aawzﬁ ([n+n(0)] -[n+T, (L)T}LdL}dL

- 3aranbHa TensoBa eHepria 06MiHy Mi>k eHeproHociaMm
Kpi3b cTiHKy EK 3a vact =t, +t, nepebyBaHHA e/H Yy CBepA-

noBuHi, [ %(L):G%[(TOHL(L))“_(TO+T¢(L))4} -
WinbHicTb Tennosoro notoky Big C go e/H y npo-
ctopi  OK-EK (npuiHAto, wo Temnepatypa OK
LOPIBHIOE TemnepaTypi ripcbkux nopia), BT/M qT(L)z

4
oz {0 [7,(1)] - (0.~ N[T(D)] -[B ()] o=
HicTb TennoBoro noToKy Big C Kpi3b ekpaH e/H npo-
ctopy OK-EK po e/H i3 npoctopy EK kpi3b EK, B1/m%
T(L)=Ty,+L- grand (T,) — TemnepaTypa e/H y cBepa-
NOBUHI, WO pyxaeTbca BiA ycta po subotwo, °C; Ti(L)=
T, - L- grand (T;) — Temnepatypa e/H y CBepASIOBUHI,
Lo pyxaeTbea Bif Brnboto fo ycra, °C; AT (L) = T (L) - Ty
- TemnepaTtypa HarpiBaHHA e/H y CBepANOBYHI, O pyxa-
€TbCA BiA BMbOI0 ycTa Ao, °C; AT,(L) = TH(L) - Ty, — Temne-
paTypa OXONOAXKEHHA e/H y CBePAIOBMHI, WO PyXaETbCA
BiA BU6OI0 [0 ycta, °C; AT, (L) = TH(L) - T\(L) - pi3HnuA
TemnepaTtyp €/H, AKUIN PYXaeTbCsA BBEPX—BHU3 Y CBEPA-
nosuHi, °G; AT, (L =0) = T (L) - T, (L) - pi3HMUA MiX BU-
XigHoo i BXigHOW0 TemnepaTypamu e/H Ha ycTi, °C; m_,
C_ — Maca i nutoma TennoemHicte EK BianoBiaHo, Kr,

ek

AYKTUBHICTb HacociB, Kr/c; j[,[‘h

whereat Q(L) = m(L)cAT (L), QuL)=m ()CATT(L) cT,
Q, (L)=m_(L)c AT, (L), QH(L):CAT“(L:O)E (L)

accumulated thermal energy of e/cin the space of CS-PS
(movement downwards)andPS (movement upwards),
material of PS, e/c at the wellhead, consequently for the
circulation time of e/c in the well, J; m(L), m4(L) — gross
mass of e/c in the well in the spaces CS-PS and PS, kg;

.[ q,(L)ds(L) -
total thermal power from GE to e/c in the space of CS-

PS, W; Ni(L)

¢ — thermal mass of the e/c, J/(kg-°C); N, (L)

fq¢ )dS(L) - total thermal power from GE

as(1) (1)

ﬁ’? UELJ‘[I{[T+T T—[T}ﬁ]l(L)T}LdL}dL -

total thermal energy, transmitted by GE to the space of
CS-PS during the time t, of the e/c movement from the

J“M )as(L)

- total thermal power between e/cin the space of CS-PS
and e/c in the space of PS, W;
L)}dt(L) =

j {iji(L)dS
2 Jf[j{go [7.0] ~(e.-0[x(1)] [n(m]“}wﬂﬂ

- total thermal energy, transmitted by GE to the space
of PS during the time t, of the e/c movement from the
bottom hole to the wellhead, J;

[ fswaswfuce)-
ﬂDek{;—T—#%]o—gwﬂ_f{[TO-#T ] -[1,+T,(L ]}LdL}dL

- total thermal energyof interchange through the PS
baffleduring the time t =t + t, of the e/c stay in the well,
J; q (L), g4(L), g (L) - density of the thermal fluxes from
GE on e/c in the spaces of CS-PS and PS, and thermal
interface of e/c of the CS-PS space with e/c of the PS

space, W/m? qi(L)zcsi[(To +1;(L))4—(E,+Q(L))4}
- density of the thermal flux from GE to e/cin the
space of CS-PS (it is accepted that the temperature
of PS is equal to the temperature of rock), W/m%
dm/dt - productivity of the pumps, kg/s; ¢,(L)=

e, 0.[7,(1)] ~(o. -1 (0)] -[R(1)] ]

% _ density of thermal flux from GE through

0[S,
to e/c in the space of PS, W; J‘{J. q,(L

wellhead to the bottom hole, J; N , (L

b=

baffle”of e/c of the CS-PS spaceto e/c from the PS
space through PS, W/m?; T (L)= T,+L- grand (T)) -
temperature of e/c in the well that moves from the
wellhead of the well to the bottomhole, °C; Ti(L)=
T, — L - grand (T, - temperature of e/c in the well
that moves from the bottomhole of the well to the
wellhead, °C; AT (L) = T|(L) - T, - heating temperature
of e/c in the well that moves from the bottomhole
of the well to the wellhead, 0C; AT\(L) = Ty(L) - Ty, -



Ox/(kr°C); ATy (L=L )=T, (L) =T, (L) =0 - pi3Huua
Temnepatyp e/H Ha B16oi, °C; m_(L)=p_w,_(L) - maca EK,

T .

KW, (L) :Z(Dci —d, )L-06'eM EK, M*; p_ -~ WinbHiCTb Ma-
Tepiany EK, kr/m?; t =t, + t, — 3aranbHuWil Yac HarpiBaHHaA
e/H 3a NPOAYKTUBHOCTI 7’:’ AKN PYXa€ETbCA y NpoCTopi

OK-EK Bia ycTa1 oo Brboto 3a yac t, i Big B16OI0 A0 yCTa'y
L
npocropi EK3avact,, ¢, pet, = f(c;—’:'j it = f(ci—’:lj, t = Z
dm/dt,thi,VT:dm/dt S¢:E(d§K_Dci)r
psy Y PSs 4
D, d, D, d, - 30BHIWHIA i BHYTPiWHIN AiameTp
OK Ta EK BignosigHo, m; p — ryctuHa e/H, kr/m* W =
0,25m(d g, - D)L, W, = 0,25mdL - 06'emn npocTopis OK-
EK i EK, Bu3HaueHi yepes giametpn d_, D_, d_ i rnnbuHy
CBepANIoBUHU L BianoBigHoO, Mm% my(L) = pWDK(L) - Maca
e/H y npoctopi OK-EK, kr; my(L) = pW_(L) - maca e/H y
€ €

V, =

T
’ST:Zd

npocTopi EK, kr; &, = - ,Q, =—%=1-3a-
3g+¢¢gox(1—3g) S,
ranbHuin koediuieHT yopHotn NC-¢,i OK-¢ ;S =mD L -

nnowa tennoobminy mix rC i OK, m% T,=273,15K, Tg(L) =

Tg0 +L- grad(Tg), °C - abcontoTHa (3a wkanotw KenbsiHa)

i BigHOCHa (3a wkanow Uenbcia) temnepatypu IC; ¢ =

5,67032 - 10® — ctana CredaHa-BonbumaHa, BT/(M*K%;

SEK=TlDeKL—I'IﬂOLIJ,aTeI'IJ'IOO6MiHyMi>KE/HOK—EKIE/HOK,MZ;
1 S

€K

’(PT:S_
1 1 1 1 g
— 4o — -1 |+—+0¢, | ——1

€1 € € €,

— 3aranbHUn KoediuieHT YyopHoTM cuctemn MC-OK-EK;
€4 — 3aranbHuin KoediuieHT YopHOoTM EK pasom i3 Tep-
3 . 4 4
moisonauieio; ¢, (L)= o€, {[TT (L)} —[Q(L)]} -
WiNbHICTb TEMIOBOro MOTOKY MK €e/H npocTopy
OK-EK i e/H npoctopy EK Kpi3b cTiHky EK, BT/m%

86}(81

ST:

S
€1 sy =—2=1, &, & - Koedi-

Zsi+(pmse]<(1—8i) S

1

LiEHTX YOPHOTK CTani Ta Tepmoisonauii EK signosigHo.
IHTerpanu Tenna 3 3amiHoto t = L/V matoTb TaKi BU3Ha-

YEeHHA:

L

Lm
HII/JOK ot; j{j {[Tu +Ty + L grad(Tg)T -[n+1,, +L~grad(T¢)T}LdL:ldL =
N3
T +TL,OU= a(;
grad(Tg):bK —%ce

F(a; LR C ) VR (it +]'

TtTy=a | h 20 Vs Lo oat)i
grad(]‘l):bv 15 6
Iox;
T, + TMU =a,
(pe[ToJrTgOJrL-grad(Y;):IA— g‘rad(Tg):bp
nD, % 4 T+ Ty =a,
— - 1) T,+T L-grad(T, —+LdL |dL = =
A o‘&{ ,!. (‘Pc )[ oty + grjl ( L)} grad(TT):bT
’[To*Tro*L'grad(Trﬂ T,+T,, =a,

grad(TL):bL

Lloa~(g.-Nat-at)E, +§((peai,hg ~(9.-1)b.a} ~byal) L +

2
o 4 2o~ (0.~ 1)aibf - aib}) L+ ’
*
12 !
+rz(0,0 (0. ~Vab] ~ i), + (0! ~( 0. ~1)0! ~b!)L,
X

cooling temperature of e/c in the well that moves from
the wellhead to the bottomhole of the well, °C; AT, (L) =
TAL) - T,(L) - temperatures difference of the e/c that
moves up-downinthe well, °G; AT, (L=0)=T, (L)- T, (L) -
difference between inlet and outlet temperatures of
e/c at the wellhead, °C; ATy (L=L)=T, (L)-T, (L)=0
- temperatures difference of e/c at the bottomhole
of well, °C; m,, c, — mass and specific heatof PS,
respectively, kg, J/(kg-°C); m_(L) = p_w, (L) — mass of PS,

kg w, (L)= %(D:k —d?, )L -volume of PS, m% p_, — density
of the PS material, kg/m’; t =t, + t, - total time of the e/c
heating that movesin the CS-PS space from the bottomhole
of the well to the wellhead, providing Li,—rf productivity,

during time t, and from the bottomhole of the well to the
wellhead in the space of PS during time t;, ¢, whereatand,

L L
t, = f[d—’"j it = f[d—’"], f =,y Ay

dt dt Vl s, VTI

dm/ dt T T/ . )
V. = ,S.=—d s, =—\d —-D;)D,d D, d, -
T 05, 0 4 ekl 4( ok ek) ok" “ok! ~ek" “ek

external and internal diameter of CS, PS respectively, m,-

density of e/c, kg/m3;

W, =0,25n(d, - D2)L, W, = 0,25nd_.L - volumes of the

CS-PS and PS spaces, determined through diameters d _,,

D, d , and the depth of well, respectively, m?;

my(L) = pW_(L) - mass of e/cin the CS-PS space, kg;

my(L) = pW_(L) - mass of e/c in the PS space, kg;
Ep&,

& = 0, = ok —1-gross coefficient
! &, +¢’¢501<(1_3g) ' S,
of the GE emissivity — 8g andCS ¢ ,; T,=273,15K, Tg(L) =
To+L- grad(Tg), °C - absolute (according to the Kelvin
scale) and relative (according to the Celsius scale)
temperature of GE; S, =D _ L - space of the heat interface
between GE and CS, m?%, o = 5,67032 - 10® - constant of
Stefan-Boltzmann, W/(m?2K*); S,=mD,L - space of the
heat interface between the CS-PS e/c and the PS e/c, m%

-1
1 1 1 1 _ Sy

g =|l—+o | —-1|+—+p | —-1|| .= -
Ep £, £, &, Sg

gross coefficient of the GE-CS-PS system emissivity;
€, — gross coefficient of PS emissivity including thermal

4 4
insulation; .+ (L) =oe,. {[7.(1)] ~[1. ()]} -
density of the thermal flux between the e/c of the CS-PS
space and the e/c of the PS space through baffle of PS,
gekgi

. =£=1 Eyr & —
g+one,(l-g) s, TR
coefficients of steel emissivity and the thermal insulation
of PS, respectively.

Heat integrals, under a substitution t = L/V, will be
characterized as following:

W/m? &, =

”TD‘GS]D{[TO +T,+Lgrad(,)] -[1,+T,, +L-g;‘ad(71)]4}LdL:|dL:
L oLo

ot Tp=a, 1 4, 6 savs 17
gmd(Tg):bg 7D, 3(”: 7“3)1‘:' +§(a;hg —bvaI)L:, +Z(a;h§' 7“ib¢z)L:ﬂ +
- 7% 1
+G(aghi, —a,b) )L, +g(bj -5} )L,

L+Ty,=a, "
ad(1,)=h

J;
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4

o L || T+ Ts, + L-grad (7.
nDeK[L+i]GsiTLj Lf (e 7o+ Logmd (7] tLdL|dL=
[ANE 0|0 —[%+T¢0+L-grad(7‘¢)]
1 1 %(a? _aj)Lfn +%(a;bT _biai)l‘?n +%(a%b72 _afbf)Lf” +
_T[Dek[ +7j 1T
4

12 o 11
+E(aTb-; -a )L, +g(b; b)),

.

Ockinbkn piBHAHHA (1) CbOMOro CTyneHs, To aHani-
TUYHe PO3B’'A3aHHA Ma€ CyTTeBI TpyaHouwi. [lnAa 3agaHol
TOYHOCTI PO3B’A3aHHA PiBHAHHA (1) MOXnuBe iTepalin-
HMM METOAOM i3 BUKOPUCTAHHAM MPOrpamMHOI CUCTEMMU
Mat Lab.

Po3rnaHemo aHaniTMuHe po3B’A3aHHA PiBHAHHA (1)
LNA CepefHix 3HaueHb TeMnepaTyp, WO BM3HAYalTbCA 3a
PiBHAHHAMYU cucTemu (2) i AKi B rpadiyHoMy BUrnAgi Ha-
BefleHo Ha puc. 1.

fg = 0,5(Tg +7T, ) - cepefiHA Temnepatypa [C;
7~} =0,5 (Tm =T ) — CepefHA TeMnepaTypa OXONo4KeH-
HA e/H B EK;

71 = O,S(T,,, - Tw) - cepeaHa TemnepaTtypa HarpisaHHs
e/H B OK-EK;

Afu =0,5 (Tro =T, ) - cepefHA TemrepaTypa TenioBo-

ro HaBaHTaXeHHA 3;

AfeK = O,S[Tm - O,S(TTO +T, )J - cepeqnHs Temnepary-
pa oxonopxeHHs EK;

(2

T, = O,S(Tm + Tw)— cepefHA TemnepaTypa Harpitoro
e/H OK-EK;

fm = O,S(Tm + TTO) — cepefHA TemnepaTtypa Harpitoro
e/H EK.

Topi piBHAHHA (1) MOXKHa NpPeacTaBUTU PIBHAHHAM
YeTBEpPTOro CTyMNeHs BifHOCHO HEBIAOMIX MapaMeTpiB:

grad (Ty) = by, grad (T)) = b, abo f}m, fim-
O\ (LHONLH+O_ (L+ADn(L=N (Dt +No(Dt+N 1y (D8, B, (3)
ne O, (L)=m(L)cT, Oy(L)=m(L)cT}, O _(L)=m_(L)c AT, (L),

eK

T, + Tgu =a,

¢»“[Tn +T,+ L-grad(TL, )T - grad(T,)=b,
s oo T (g~ 01y 7y + Lograd(r,)] —bzar far =" o =% L
7. o‘sTJ; J: ((Pu )[ oty + gr:z (i)] grad(TT)=b¢
_‘:TZ) + T‘ro +L- gmd(TT )] Ty + Tlo =a,
grad(n)zbl

1 4 3
E(%a’: —( Q, — l)af —a;)L’m +g((pﬁa;hg —((pﬂ - l)bﬂi —bTa;)L?” +

} 6 2
o +Z(¢"a"b; ~(@. —1)a}b} —a;b?)L;, + ’

12 . 1
+5(0.ab; — (0. -Dabl —aby )L, +=(00; - (9. ~1)b! -5,

5
7D, [L + ijagﬁ LJ- ]:L'[ %[7} e+ L grad(TT )]4 N

L tLdL |dL=
non o |-[7 4Ty, + L grad(1)]

1 4 4 3 4 3 3 4 6 272 272 5
oy S
L +E(a¢b$ —a,b})L;, +g(b:—bf)L?,,

J.

The equation (1) is hard to be solved analytically as one
that has the 7degree. For the precision fixed, solution of
the equation (1) is possible through iteration method with
the usage of the software Mat Lab system.

Let’s consider analytical solution of the equation (1)
for the average values of the temperatures which can be
determined for the initial and boundary conditions as

indicated on picture 1, through equations of the system (2).
T~g - 0,5(Tg + TgO) - the average temperature GE;

iT = 0,5(Tm _ TTO) — the average temperature is cooling
e/c space PS;

T = 0,5(T,,, - Tw) - the average temperature is heating
e/cin the space of CS-PS;

AT, = 0,5(T¢0 - Tw) - the average temperature of the
thermal load GP;

Afcx =0,5 [Tm - O,S(TTO +7, )} the average temperature
in cooling PS;

. (2)

T, = O,S(Tm +7, ) - the average temperature in cooling
PS;

L, = O,S(Tm + TTO) - the average temperature is heating
e/c space PS.

110
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Puc. 1. TemnepatypHi npodini e/H y ceepanosuHi: / Fig. 1. Temperature profiles of e/c in the well:
~ ~ _F
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On(L)=cA T~N(L=0)d—mt Ly

Gsij.[(T +7) deL j T,+7T,, )LdL}dL—

=7;?/¢ Gai[(TO+Tg) —(T0+TW) }Lfn

— 3ara/ibHa TennoBa eHepris, Wo nepefaxa C i3 cepen-
HbOIO TeMMepaTypoto Tg y npocTip OK-EK, ge e/H Harpi-
BA€ETbCA A0 CepefHbOi TemnepaTtypu T |, 3@ Yac pyxy e/H
Bifl ycTa no Brboto, [IX;

L)J'dt =—051j{j{ [ +7~',T—(cpe—l)[T(,JrflmT—[T‘,+fTWT}LdL}dL=
et ] [ E ]

— 3aranbHa TemnnoBa eHepris, Wo nepepaHa IC i3 ce-
pefHbo TemnepaTypoio Tg RO _€/H, WO HarpiBaETb-
ca [0 cepeaHboi Temnepatypu T, npoctopy EK Kpi3b
ekpaH npoctopy OK-EK 3a uyac pyxy e/H Big Buboto
o ycta, Ix;

jdt Dy

:—css { [T +T:|

yyyyyyyy

D GS?J‘[H[TO +mej|4 _[To +T~¢mT}LdL:ldL -
D VT 0oL o
_n

7 Jin

— 3arajibHa pi3HUUA TennoBOl eHeprii MiX eHeproHo-
ciamu npoctopis OK-EK i EK 3a yac nepebyBaHHA e/H Yy
CBEPA/IOBUHI, O BUHMKAE BHACNIAOK Big6opy Tenna Ha
ycTi, Ix.

Ana ymosu: T,(L)=T (L)

HAHHA (3) Ma€ BUrMAg

[T, +TJ+AT,+T)-B=0,0x,

o () ar(z)-

08 {[To +T,, T - [To +T,

, ko AQy,(L)=0, N ,(L)=0, pis-

(4)

_2m(L)exm (L)erm(L)es ]

pe 4 B=[T +T ]*+AT,
D D °
nol, {‘"‘ €, +—%&,0,
v
{ T

- BigOMi KoeilieHTN pPIBHAHHSA; Tm=2(T~¢m+ TO)—ZTO—TTO
- WyKaHa TemnepaTypa e/H Ha B16oi, °C.

I3 piBHAHHA (4) BU3HAYaEMO MaKcMMasbHy Temnepa-
Typy €/H Ha BUOOI y CBEpASIOBMHI 3@ Pi3HMX NPOAYKTUB-
HOCTel HacoCiB i BIAOMUX CTannx TeMnepaTtyp e/H Ha ycTi,
TO6TO

Then equation (1) can be considered as equationof
the 4 degreein the unknown parameters: (T;) = b,
grad (T)=b, orTT ,T¢m

O\(LI+OH (L0 (L)+A0y ()=
whereatOy(L}=m(L)cT , Ox(L)=mAL)cTQ_(L)=m
On (= T =022 ¢ )

L=N (Ot Nyt N 1 (D, 3, (3)
ek(L)CekAfek(L)’

D L, Wl L, B
e agi_[{(ro +7,) [ LdL- [(1,+7T,,) LdL L=
Vi 0 0 0

N, (1) far(L)-

D . )
’;Vik oe, [(T0 +7,) (1, +7,, )ﬂLfﬂ

- total thermal energy transmitted by GE with the
average temperature Tg to the CS-PS space, where e/c
is being heated to the average temperature 7’| during
a period of the e/c movement from the wellhead to the

bottomhole of the well, J;
D,

o, IH{;@[T‘, 7] (o 0[5+ 7, ] -1+ fT”’T}LdL}dL -
_ ”HD/;* o {(p‘,[rﬂ +T,) (-1, 47, ] -7+ fwT}L;,

- total thermal energytransmitted by GE with the average
temperature 7 to e/c which is being heated to the
average temperature 7|, of the PS space through a baffle
of the CS-PS space during a period of the e/c movement
from the bottomhole of the well to the wellhead, J;

W (1) far (1) -

,,,,,,

(0 ar(2) -5

:”2% oz [T, +me] {ro +m }L;

— total difference of the thermal energy between energy
carriers of the CS-PS and PS spacesfor the time of the e/c
stay in the wellwhich is caused by heat extraction at the
wellhead, J.
For condition: Ty(L)=T(L) whereat AQy,(L)=0, N 4(L)=0,
equation (2) will be the following
[T, +TJ*+A(T,+T)-B=0,), (4)

whereat
2L (L)e+my (L)e+my (L)e, ]

D D
noL, {”"g R E}
v

- known coefficients of the equation;

A=

B=[T,+T,] +4T,

- & - Tmf (Q)fixct - I3 - O - Tm| (Q)teor- I3
- -0 - T(Q) fact, oC —@— Tm-fact, oC
O 0 @
= i o | g— Temneparypa efrll . PN -
£ 120 o ua Biboi/ | Temneparypa ¢/t Jele emperature at the__ _ - ©
£ : e/c temperature at! - ya puGoi 132 °C/ bottomhole-132°C
g : the bottomhole | | Y e
% 100 o, 7 =
E ; Ny ] g
2 ! Bt ‘o
~ 80 ¢ o . 6
~ i o f Temmneparypa e/n
> 60 77 . it Ha ycTi/
g 5 ] vj e/c temperature at
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= : @ Haycri/ ||
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Puc. 2. XapaKkTepuncTrku TemnepaTtypu e/H Ha ycTi i Bu6oi 3akputoi [TEY (YkpaiHa) Tuny '3 i BigkpuTtoi TEY (Himeuunna) /
Fig. 2. Temperature characteristics of e/c at the wellhead and bottomhole of closed GEF(Ukraine) of GP type and open GEF(Germany)
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dm
Ha puc. 2 HaBefeHO pe3ynbTaTyi BU3HaYeHHaA 7, E

i3 BUKOPWCTAHHAM eKCNepuMeHTaNlbHUX [aHUX TeMm-
nepaTypv e/H Ha ycTi mig 4Yac HOCNigXeHHA reoTtep-
ManbHoro ¢aktopa y cB. 120-Crenosin (YkpaiHa) [6].
Ha ubomy puCYyHKY TakOX HaBeLeHO XapaKTepuCTUKU
TemnepaTtypu nnactoBoi BoAn Ha ycti - T(Q), , i Ha BU-
6oi - T . reoTepmanbHOi eHepreTUyHoOi yCTaHOBKM
(TTEY 3 pobouoto noTtyxHictio 37 MBT) BigkpuTOoro tuny
y M. Unterhaching (HimeuuuHa), Aki oTpumaHi nig
yac pocnigkeHb BuAoOyBHOI cB. Gt-1 3aBrNnbWKM
3350 m.

Ha puc. 3 HaBeleHO XapaKTepuCcTUKM abCcontoTHOI Te-
NI0BOI MOTYXHOCTI, WO reHepyeTbca MEY - Ng, Ng (r3) i
WO BTpaya€eTbcA - ANg, ANg (F3) nig uac nig-
HATTA NJacToBOI BOAM Ha 3eMHY MNOBEPXHI Y
cB. Gt-1 Ta mig yac uympKynauii 6ypoBoro posuvHy y

T =2( T~¢m+ To)_zTo_ToT - desired temperature of the e/c at

the well bottomhole, °C.

Through equation (4) can be determined the
maximal temperature of the e/c at the well bottomhole
provided different production levels of the pumps and
known constant temperature of the e/c at the wellhead

)]

On the picture 2 the results T}, (%) of determination

through equation (8) with the usage of the experimental
e/c temperature data at the wellhead during geothermal
factorofthe StepovawellN2120 (Ukraine) [6] are indicated.

On the picture, there are also characteristics of the
stratal waters are indicated: at the wellhead - Q).
and at the bottomhole - T __ _ of the geothermal energy
facility (GEF with the producing capacity 37 MW) of the
open type in the city of Unterhaching (Germany). The
characteristics were received during surveys of the Gt-1
production well with the depth of 3,350 m.

MpoaykTRBHICTE, J/c [Produ ctivity, I'e

a
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Puc. 3. XapakTepucTrku Tennosoi noTyHocTi [TEY: a — Ha ocHoBi cB. 120-Crenosoi (npototun 3), e N (3)-teor — xapakTepucTrKa, Wo
NPOrHO3Yy€e MaKcMasnbHy NOTyXHicTb ['C 3 rnbuHm 4000 M, 3 AKoT 50 % NornrHaTb BepxHi ripcbki nopoan 'C; 6 — Gt-1- BigkpwuTa I'TEY, wo
CKNaAa€ETbCA 3 HarHiTanbHOI | BUAOGYBHOI CBEPANOBYIH (€KCNepuMeHTanbHi faHi) /

Fig. 3. Characteristics of the GEF thermal power: a - based on the information about the Stepovawell N2120 (GPprototype), whereat N,(GP) -
teoris the characteristic forecasts maximal power of GE from the depth of 4000 m, 50% of which are absorbed by upper rocks of GE;
6 - Gt-1- GEF of open type which consists of the pressure and the production wells (experimental data)

cB. 120-Crenosini. AHanis XapakTepucTuK MOKasye,
wo TexHonoria ocBoeHHA [TP 3a TexHonoriewo «reo-
TepManbHUA 30HA» Ma€ couiajibHe Ta NPOMUCIOBE
3HaYeHHs.

AHanis pesynbraty

MpaKTUYHUI iHTepec ABNAE COOOK MOPIBHAHHSA
TEXHIKO-€KOHOMIUYHMX MOKAa3HUKIB reoTepManbHUX re-
HepaTtopis Tenna Tmny 3 i3 TpagnuinHMMmK, WO Ha Cbo-
rOAHi BUKOPUCTOBYIOTb Y KOMYHasnbHUX, MPOMUCIOBUX
i CinbCbKMX rocnogapcTBax.

Tak, y Tabnuui HaBe#eHO OCHOBHI TexXHiKO-eKo-
HOMIiYHi nokasHukm (TEM) BMKOpUCTaHHA ra3o-
Bux kotnie tmny KCB-5,0 i nepcnektusBHoi [TEY
Tuny 3. Hasepeni TE[ cBig4aTb nNpo eKOHOMIYHY
pouinbHicte I'TEY Tuny 3, oKynHicTb AKOT He Oyae ne-
peBuLLyBaTV 2 POKIB 3@ NOTY>KHOCTI 6n1n3bko 6 MBT Ta
MeHLe 1 poKy — 3a NoTy»HocTi 10 MBT.

Onthe picture 3indicated energy characteristics of the
absolute thermal power which is produced by - Ng, Ng (GP)
and these which are lost - ANg, A Ng (GP) during the period
of the formation water rising to the earth’s surface in the
Gt-1 well and during the circulation of the drilling mud
in the Stepova well N2120. Analysis of the characteristics
has shown that technology of the geothermal resources
development through “geothermal probe” technology is
socially and commercially productive.

Analysis of the results

The comparison between the technical-economical
parameters of the geothermal heat generators of the
GP type and the traditional generators being used
nowadays in the communal services, production and the
agricultural industry has the practical character.

Thus in the table 1 the main technical-
economical parameters (TEP) of the gas boilers of



Tabnuus
TEMN kotna KCB-5,0 i F'TEY Tuny «feotepmanbHuii 30HA»

Butpatu nanusa:

ra3 npupopHuii (FOCT 5542-87),

m3/rop, He binblue 600 0

MIH M*/piK, He binbLue 39 0
HomiHanbHa TennonpoAyKTUBHICTb, 5,0 (4,30) 0+10(3,6)
MBr (Tkan/rog)

Butpatu Bogu, n/c 25 0-=-50
MinimanbHa Temnepatypa Boau Ha BXogi, °C 70 30
MakcumanbHa Temneparypa BoAn 115 100

Ha Buxogi, °C

BopsHuit 06'em, m? 12,5 180
Pecypc kotna, pokis 5 30

Crpok cny»61 KoTna, PoKiB 15 30
KoediuieHT KopucHoi aii %:

ra3 npupopHuii (FOCT 5542-87) 92 95
MuToMuil BUKIAL OKCUZY ByrTeLlto, Mr/m>:

ra3 npupopHui (T0CT 5542-87), He binbwe 130 0
MuToMuil BUKIAL OKCUAIB 30Ty, MI/M>:

ra3 npupopHuii (T0CT 5542-87), He binbwe 120 0

PiBeHb 3ByKy B KOHTPONbHUX TOUKaX, ABA, 80 =

He binbLue

YcTaHoBNeHa enekTpuyHa NoTyXHicTb, kBT 10 100 10 350-400
Baprictb nanbHoro (npupogaHoro rasy)

663 BUTPAT Ha eNeKTPUYHY eHeprito 0,780 0

(200 gon. CLLIA 32 1000 )",

MiH gon. CLIA

Baprictb npoekTy (25 rpu3a 1gon. ClUA), 03 25

mnH gon. CLIA

Baprictb renepoBaHoi TenoBoi eHeprii 365-24:0,75- 36524075
(1550,6 rpH/Tkan 3 1M11B)? npu 25 rpH 3a 6667,58/25=  2-6667,58/25=
1 gon. CLUA, mnu gon. CLUIA 1,7522 3,5044
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BrvKoHaHi gocnigxeHHA AaloTb MOXIMUBICTb 3p06UTU
BUCHOBOK.

BucHoBOK

MeTog onHamiyHOI TepMOMETPIl A€ MOXKNMBICTb BU-
KOHYBaTU OLiiHKY TemnepaTypu eHeproHocis Ha Bu6OT
Npu Pi3HMX NPOAYKTUBHOCTAX HACOCIB.
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the KCB-5,0 type and the perspective GEF of the GP
type are indicated.

Shown TEP are indicating the economic expediencyof
the GEF of the GP type, payback period of which will not
exceed 2 years with the power around 6 MW and not
more than 1 year with the power of 10 MW.

Table 1
TEP of the KCB-5,0 boiler and GEF of the «Geothermal probe» type

Fuel consumption rate:

-natural gas (GOST5542-87), m’/year, equal orless 600 0

mmcem/annum, equal or less 39 0

Nominal thermal productivity, MW (Geal/hr) 5.0 (4.30) 0+10(8.6)

Water flow, /s 25 0+50

Minimal water temperature at the inlet, °C 70 30

Maximal water temperature at the outlet, °C 15 100

Water volume, m? 12.5 180

Boiler resource, years 5 30

Boiler working period, years 15 30

Coefficient of efficiency %:

- natural gas (GOST 5542-87) 92 95

Specific flow of the carbonic oxide, mg/m?:

- natural gas (GOST 5542-87), no greater 130 0

Specific flow of the nitrogen oxide, mg/m*:

- natural gas (GOST 5542-87), no greater 120 0

Sound level at the control points, dBA, no greater 80 -

Electric power installed, KW Up to 100 Up to 350-400

Fuel price (natural gas) excluding expenses on

the electrical energy ($200/1,000 m3)', $min.  0.780 0

Project cost (225/51), $.min. 03 25

Cost of the thermal energy generated 365-24.0.75: 365-24.0.75:

(21,550.6/Gcal with VAT)?at @25/ $1, $mln, ~ 6667.58/25 = 2:6667.58/25 =
1.7522 3.5044
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Surveys conducted allow
conclusions.

to make the following

Conclusions
Method of the dynamical thermal logging allows
estimation of the geothermal resource of the dry rockswith
the usage of the geothermal probe technologyfrom
the minimal value of the resource to its maximal
valuedepending on the necessary temperatures of e/c on
the earth’s surface which is adjusted by productivity of
the pumps provided set up construction of the well and
geothermal gradient.
(Mepeknad Kupuna bopdinoscvkozo)
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