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Summary. The thermal conductivity of geological formations is a parameter used to estimate the terrestrial heat flow
and the geothermal energy resources. This parameter is also essential in environmental studies and the search for hydro-
carbons and underground water reserves. A new technique has been developed to determine thermal conductivity for-
mation by constant heat flow.

Earlier, Eppelbaum and Kutasov (2013) analyzed the case of the cylindrical probe with a variable heat flow rate.
However, as indicated by experience, in geophysical practice, frequently observed situations have constant (or quasi-
constant) heat flow rates. This statement simplifies calculations and allows for more accurate results. It is assumed that
core samples or cuttings could determine dry formation density, porosity, and pore fluid saturations. In this case, the
volumetric specific heat of formations can be estimated. It is also assumed that the transient temperature-time data are
available for a cylindrical probe with a constant heat flow rate placed in a wellbore. The widely known Newton method
was used to solve the problem. A semi-analytical equation describing the temperature of the probe wall is used to deter-
mine the formation conductivity. The formation thermal diffusivity is also calculated. Finally, a simulated example is

presented.
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Introduction

The thermal conductivity of formations is an
essential parameter needed to estimate the terres-
trial heat flow, geothermal energy heat resources,
environmental studies, and hydrocarbon and un-
derground water prospecting (Eppelbaum et al.,
2014; Li et al., 2016; Tomaskovi¢ové and Inge-
man-Nielsen, 2024). Knowledge of thermal
properties of rocks and soils is required to evalu-
ate the heat exchange in boreholes, underground
pipelines, and surrounding formation systems. In
natural conditions (in situ), thermal parameters
depend on pressure and temperature (e.g., Koven
et al., 2013; Eppelbaum et al., 2014; Liu et al.,
2016; Boike et al., 2021). However, in practice,
thermal parameters of formation are usually ob-
tained from laboratory measurements (e.g., Kap-
pelmeyer and Haenel, 1974; Pascuale et al.,
2011; Popov et al., 2011; Dalla Santa et al.,
2020). Earlier, a semi-theoretical equation was
suggested to approximate the dimensionless heat

flow rate from an infinite cylindrical source with
a constant bore-face temperature. This equation
was used to develop a technique for in situ eval-
uation of the values of formation thermal conduc-
tivity and thermal resistance of the borehole ex-
pressed through the skin factor (Kutasov and Ka-
gan, 2003). It was assumed that core samples or
cuttings could determine dry formation density,
porosity, and pore fluid saturations. The specific
heat and density of formations can be estimated
in this case. Calculations conducted by Mufti
(1971) revealed that a cylinder whose length is
five times or more its diameter could be treated
as an infinite cylinder for practical purposes. In
this case, the heater can be considered an infinite
cylindrical heat source.

It is necessary to note that earlier, Eppel-
baum and Kutasov (2013) considered the case of
the cylindrical probe with a variable heat flow
rate. However, as indicated by geophysical
experience, frequently observed situations have
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constant (or quasi-constant) heat flow rates in
practice. This assumption simplifies calculations
and allows for obtaining more exact results.

The paper is only objective in suggesting a
new technique for determining the formation of
thermal conductivity using a cylindrical probe
with a constant heat flow rate placed in the well-
bore. It is assumed that the volumetric specific
heat of formations can be determined from core
samples or cuttings. The next step in validating
the proposed technique is to conduct several field
or laboratory tests and compare the results of
these tests with those obtained by utilizing the
proposed method.

Effective radius of the heater

We will use the effective radius concept to
consider the effect of the probe casing and the
contact thermal resistance on probe temperature.
This approach is widely used in transient pres-
sure and flow well testing (e.g., Earlougher,
1977; Kutasov and Eppelbaum, 2015) to evaluate
the effect of formation damage (improvement)
around the borehole on the pressure at the bore-
hole’s wall. Firstly, we introduce a skin factor (S)
— the parameter that quantitatively determines the
effect of the well’s thermal resistance on the heat
flow rate. In our case

s=[i—1J|nr—W , )

Aet M

where 1, is the radius of the heater, and Ay is

the effective thermal conductivity of the (r, —1,)
annulus.
For an open (uncased) borehole, the (r,, -, )

annulus is filled with the drilling fluid (or air) and
mud cake — a plastic coating of the borehole re-
sulting from the solids in the drilling fluid adher-

ing and building up on. The (r, —r,) ring in the

cased borehole comprises drilling fluid, steel,
and cement. It is more convenient to express the
skin factor through the apparent (effective)
heater radius (Earlougher, 1977).

lha =Ty EXp(_ 5)’ )

where rna is the effective radius of the heater.
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Semi-analytical equation of cylindrical

source with a constant heat flow rate

In this case, the transient temperature is a
function of time, thermal conductivity, and volu-
metric heat capacity of formations. To determine
the temperature Ty (t, r = rp), it is necessary to ob-
tain the solution of the diffusivity equation under
the following boundary and initial conditions:

T({t=0,r)=T,
(raTJ __a
or )y, 2a

where T; is the formation temperature, 4 is the
thermal conductivity of formation, q is the heat
flow rate per unit length, and rh is the radius of
the heater.

It is well known that, in this case, the diffu-
sivity equation has a solution as a complex inte-
gral form with Bessel functions (Carslaw and
Jaeger, 1959). In our previous work, we obtained
the following semi-analytical equation (Kutasov
and Eppelbaum, 2015) for the wall transient tem-
perature

r,<r<oo, (3)

Ttrow) >T, t>0, (4)

AT =T, T, Ziln[1+[c— !

)

2mA a+ \/E
7 At
tD _—-—— y
e Cpply
a=2.7010505, c=1.4986055,

where p is the density of formations, c; is the
specific heat at constant pressure, y is the thermal
diffusivity of formation, and tp is the dimension-
less heating time.

Working equation

Let us assume that at least two temperature
readings were takenatt =t;and t =t2, and s # 0,
then

q 1
AT, =Ty -Ti=—In[1+|c———=— i, |, (6)
1 1 277:/,{ |: ( a+\/gj D1:|
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Combining Egs. (6) and (8), we obtain

In{l%c—l}w/tmb}
ATZ a-—+ tle
In{l-f—{c—a_'_\/g}ﬂtm_:l

Thus, we can estimate the dimensionless time
tp1 from the last equation.

After this, the thermal conductivity of for-
mations can be obtained from Eq. (6) or Eqg. (8).
The thermal diffusivity of formations is esti-
mated from the following relationship

}/:

x=ACy, (10)
where Cy is the volumetric specific heat. The ef-
fective heater radius and the skin factor are cal-
culated from Egs. (2) and (7). Finally, the value
of Zef isobtained from Eq. (1)

r
Aln%

r
ﬂvef = .

(10)

I
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Data processing
To utilize the developed software to deter-
mine the value of tp1, EQ. (6) should be rewritten

bl
ol

where ¢ is a small value and depends on the ac-
curacy of the temperature ratio y.

The known Newton’s method was used to
solve Eq. (11) (Grossman, 2014). This method
seeks a solution to an equation by defining a se-
quence of numbers that become successively
closer and closer to the solution. The conditions
guarantee that Newton’s method, in our case, will
work and provide a unique solution, and that the
results are satisfactory (Grossman, 2014). In the
subroutine that utilizes Newton’s method for the

E=y- )

following simulated example, these parameters
were used: (a) the starting value of the dimen-
sionless time is 0.0001; (b) the time increment is
2.0, and (c) the absolute accuracy of the temper-
ature ratio is e = 0.0001.

Simulated example

A metallic electrical heater is placed into a
vertical open (uncased) borehole. The heater op-
erated for 10 hours, and the transient temperature
of the heater was recorded (Table 1). The well
radius is ry = 0.10 m, and the probe’s radius is I

= 0.08 m. The (r,—r,) annulus consists of the
mud cake and drilling fluid. It is assumed that the
effective thermal conductivity of the (r, —r, ) an-

nulus is Zer = 1.099 W/(m-K). The heat flow rate
per unit of length is 36.75 W/(m-K). The volu-
metric specific heat of sandstone formation is Cy
- 2288.2 Joule/(m3K), and the thermal conduc-
tivity 4 = 2.198 W/(m-K). Using Egs. (6) or (8),
the data of this simulated example were gener-
ated (Table 1, columns 1 and 2). The results of
calculations using Egs. ((1) — (11)) are presented
in Table 1. Indeed, the assumed and calculated
values of thermal conductivity A and diffusivity
y are in perfect agreement. This example shows
that the basic Eq. (5) can effectively be used to
calculate thermal conductivity and thermal diffu-

sivity of formations.
Table 1

Input data and calculation results. The assumed
parameters: y = 0.003456 m?/hr, A = 2.198 W/(m-K)

Numbers ATy, 7 A
of models | & Nrs oC AT2,°C e (WI(m-K)
2.0 2.0039 | 2.5660 | 0.003457 | 2.199
1 3.0 2.0039 | 2.9365 | 0.003456 | 2.198
5.0 2.0039 | 3.4436 | 0.003456 | 2.198
4.0 2.5660 | 3.2168 | 0.003456 | 2.198
2 6.0 25660 | 3.6346 | 0.003456 | 2.198
8.0 25660 | 3.9458 | 0.003455 | 2.198
6.0 2.9365 | 3.6346 | 0.003456 | 2.198
3 6.0 2.9365 | 3.9458 | 0.0034555 | 2.198
10.0 | 29365 | 4.1947 | 0.0034556 | 2.198
4 8.0 3.2168 | 3.9458 | 0.0034552 | 2.198
10.0 | 3.2168 | 4.1947 | 0.0034554 | 2.198
5 10.0 | 3.4436 | 4.1947 | 0.0034554 | 2.198
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Conclusions

A novel method to determine thermal con-
ductivity and diffusivity in situ formation is de-
veloped. This method is based on the enhanced
semi-analytical equation approximating the wall
temperature of a transient heater from an infi-
nitely long cylindrical source with a constant heat
flow rate. The author suggests that applying this
method will sufficiently increase the accuracy of
the mentioned parameter in subsurface and deep
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HOBAS METOJIUKA OIIPEAEJIEHUS TEIIVIOITPOBOJHOCTH ITJIACTA HA OCHOBE
HMUJIMHAPUYECKOI'O 30HJIA C IOCTOSIHHOM CKOPOCTHIO TEILIOBOT'O ITIOTOKA

Snneandaym JI.B.12
Kageopa zeoppusuxu, Daxyromem mounvix nayx, Tenv-Aeusckuti ynusepcumem, Pamam-Aeus 6997801,
Tenv-Asus, Hzpauns: levap@tauex.tau.ac.il
2Azepbaiioncanckuti I'ocyoapcmsennviii Yuueepcumem negpmu u npomviuinentocmu, Asepbaiiocan
AZ1010, Baxy, npocn. Azaonvie, 20

Pe3ztome. TemonpoBoIHOCTh TEOJOTHUECKUX (popMmanuii sBiIsSeTCS MapaMeTpoM, UCIIONIB3YyEMbIM LISl OLICHKU 3eM-
HOTO TEIUIOBOT'O MTOTOKA M T€0TePMAaJIbHBIX SHEPIeTHUECKUX PECYypcoB. DTOT MapaMeTp TakKe UMEeT BaKHOE 3HAUCHHE
IIPU U3YYEHUH OKPYIKaIOIIeH cpeIbl ¥ IIOMCKEe MECTOPOKACHHUIT yIIIeBOIOPO/IOB U 3a1acoOB MOI3eMHBIX BoJI. Pazpaborana
HOBas METOJMKA OIPEeICHHs TEIUIONPOBOAHOCTH B CKBAKHMHAX IPH HAJIMUWHU MTOCTOSTHHOTO TEIUIOBOTO MOTOKa. Panee
Ommensbaym u Kyrtacos (2013) npoananmu3upoBaiy ciydaid DHIHHAPHISCKOTO 30Ha C IIEPEMEHHON CKOPOCTHIO TEIUIO-
BOro noroka. OHAKO, KaK IT0Ka3bIBACT OIBIT, B TeO(H3MIECKOM MPAKTHKE YaCTO HAOIIOJAIOTCS CUTYAIMH C ITOCTOSTH-
HBIMH (MJTH KBAa3UTIOCTOSIHHBIMH) CKOPOCTSIMH TEIUIOBOTO MOTOKA. DTO TUIIOTE3a YIPOIIAET PAacUeThl U ITO3BOJISET MOTY-
YUTH OoJiee TOUHBIE pe3ynbTaThl. [Ipenmonoxum, 4To 00pasipl KepHA WM [IUIAMa, MOJydeHHbIe U3 0TOOpa 00pasuos,
MOTYT OIIPEAEIHUTh INIOTHOCTH CYXOTO IUIAcTa, MOPUCTOCTh M HACBIIIEHHOCTD ITOpoBOTo (urtonsa. B aToM ciryyae Mo>KHO
OIIEHUTHh OOBEMHYIO YJENBHYIO TETNIOEMKOCTh I'€0JIOTHIEeCKHX 0Opa3oBaHuii. [Ipeamnonaraercs, 9To TaHHBIE O IEPEXO0.I-
HOW TeMIepaType W BPEMEHH JOCTYIHBI I NHIMHIPUIECKOTO 30H/a C MMOCTOSTHHBIM TEIUIOBBIM MOTOKOM, Pa3MEIIeH-
HOTO B CTBOJI€ CKBaXKHHBI. J[J1s1 petieHus 3Toi 3aaun ObLT HCIIOJIb30BaH MUPOKO U3BECTHBINA MeTo1 HetoTona. [{yist ompe-
JIeJIeHUs TIPOBOIMMOCTH IIJIacTa MCIOJIB30BAaHO MOITyaHAJUTHIECKOE YPaBHEHHUE, ONMHCHIBAIOIICE TEMIIEPATypy CTECHKH
30H71a. TakKe pacCUMTHIBAETCA TEMIEPaTypOIPOBOIHOCTD IuTacTa. [IpencTaBineH MOAEIBHBIA IPUMEpP, KOTOPBIA TOKa-
3BIBAET MPEKPACHYIO CXOIMMOCTD PE3yIbTaTOB.

Kniouegvie cnosa: menionpogooHocms, memnepamyponpo8ooOHOCb, YUIUHOPUHECKUL 3010, NOCMOSHHbI MeNnio-
6011 NHOMOK
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DAIMi SUROTLI iSTILiK AXINI VASiTes_iLa YARANAN SILINDRIK ZOND OSASINDA
LAYIN iSTILIiK KECIRICILIYININ MUOYYONLOSDIRILMOSiNiN YENi USULU

Eppelbaum L.V.12
YQeofizika kafedrasi, Daqiq elmlar fakiiltasi, Tel-Oviv Universiteti, Ramat-Oviv 6997801,
Tel-0viv, Israil: levap@tauex.tau.ac.il
2Azarbaycan Déviat Neft va Sanaye Universiteti, Azarbaycan
AZ1010, Baki, Azadliq prospekti, 20

Xiilasa. Geoloji formasiyalarin istilik kegiriciliyi yerin istilik axin1 vo geotermal enerji ehtiyatlarinin qiymatlon-
dirilmasi tigtin istifado olunan parametrdir. Bu parametr hamginin otraf miihitin 6yranilmasi vo karbohidrogen yataqlarinin
Vo yeralti su ehtiyatlarinin axtarisinda miihiim shamiyyst kasb edir. Daimi istilik axin1 olan quyularda istilikkegirmanin
milayyan edilmasi igiin yeni metodika iglonib hazirlanmigdir. Daha avval Eppelbaum vo Kutasov (2013) istilik axininin
dayison siirati ilo silindrik zond vaziyyatini tohlil etmiglor. Lakin tacriiba gostorir ki, geofiziki praktikada daimi (vo ya
kvazi daimi) istilik axim hallar1 tez-tez miisahido olunur. Bu forziyys hesablamalari sadslosdirir vo daha doqiq naticalor
oldo etmays imkan verir. Forz edok ki, niimunslarin se¢ilmosindan alds edilon kern vo ya slam quru layin sixligini,
masamali flilidin méhkomliyini vo doyma daracasini tayin eds bilor. Bu halda geoloji téromolorin xiisusi istilik tutumunun
hocmini giymatlondirmok olar. Giiman olunur ki, daimi istilik axinina malik olan silindrik zond {iglin ke¢id temperaturu
Vo zamani quyunun govdasinds yerlogir. Bu problemi hall etmok {i¢iin Nyutonun genis totbiq olunan metodundan istifado
edilmigdir. Laym kegiriciliyini miloyyan etmok iigiin zond divarciginin temperaturunu oks etdiron yarimanalitik tonlikdon
istifado edilmisdir. Homg¢inin layin temperatur kegiriciliyi hesablanir. Naticolorin mitkommol uygunlugunu gostoron
model niimunasi taqdim olunur.

Acar sozlar: istilik kegiriciliyi, temperatur kegiriciliyi, silindrik zond, daimi istilik axini
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