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Abstract. To develop methods for calculating thermo-dynamic parameters for geothermal heat-exchangers in the
biological treatment facilities and other systems operating on subsoil energy basing on established laws of heat
exchange between the rock mass and aquatic environment in the borehole geothermal heat exchangers. Complex
approach consisting of analysis of literature sources on issues of heat-and-mass transfer for the heat situation control in
treatment facilities; theoretical researches of heat transfer from the rock mass to heat carriers in the borehole geothermal
heat exchangers; calculation and analytical method for determining key parameters of technology for intensive
restoration of biological diversity of areas disturbed by mining operations with simultaneous purification of quarry waters.
The methods are developed for theoretical determination of technical parameters for geothermal heat exchangers used
in biological sewage treatment. Laws of heat exchange between the rock mass and aquatic environment are established
for the cases when geothermal heat exchangers are used in biological treatment facilities, which have allowed
determining key parameters for the heat exchanger including the number of boreholes and their depths for keeping 10°C
temperature in winter time. Understanding of mechanism of heat exchange between the rock mass and aquatic
environment in geothermal heat exchangers was further developed. The methods for determining quantitative
parameters for geothermal heat exchangers used in treatment facilities were improved. The method is proposed for
increase heat output by more than 5 times and shortening the borehole length by 1.7 times thanks to the heat-
transferring layer between the walls of casing pipes and the rock mass. The all-year round control of the required water
temperature in biological treatment facilities will provide comfortable conditions for vital functions of hydrobionts and,
therefore, dependence of sewage treatment on climatic factors will be decreased.

Keywords: geothermal energy, borehole heat-exchanger, heat transfer, heat conduction coefficient, clay and
graphite mix.

The problem and its connection with topical scientific and practical tasks

At the present time there are some ecological problems in the minerals industry.
One of them is to restore the biodiversity at territories with anthropogenic damages
due to opencast minerals extraction, and at production areas of mines subject to
liquidation, or exhausted boreholes.

After the mining of minerals using the opencast method the worked-out area looks
like a lifeless landscape with its hollows free of any fertile soil layer and destruction-
prone edges. Both flora and fauna self-recovery of such territories would cover
several centuries or even appear impossible. In this connection the most urgent
approach is to look for intensification technologies in the environment formation
suitable for flora and fauna development on the territories.
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Analysis results of recent studies and published works. In this respect the
method is proposed allowing restoration acceleration of biological diversity in
worked-out areas of opencasts through purification of water and hydrosphere on the
ground of the year-round control of opencast water flows using the geothermal
energy [1]. Its means the channels network formation inhabited by hydrocoles on the
areas damaged through opencast mining. In the course of movement along these
channels water is being clarified and desalinated due to suspensions retention by
plants’ root systems with absorption of dissolved substance for hydrocoles’ cellular
structures formation. The main idea of the low-cost phyto-technology is the use of
natural elements of river protection against pollution and those of water purification
using solar energy for their functioning, and requiring no service [2]. Such elements
include, first of all, the highest aquatic vegetations like cane, reed, reed mace,
pondweed, sweet flag, etc.

The problem side of such technology is associated with operation of phyto-
technology structures in winter months. To avoid the water purification effectiveness
drop in winter one should maintain water temperature within the treatment facility
between 10 and 12 °C.

For water purification during twelve months wells drilling is proposed with pipe-
in-pipe well collector situated inside. Water from water bearing stratum gets into the
space between the pipes and moves downwards due to the velocity pressure. In the
course of its movement the heat exchange is taking place between the wall of a metal
pipe with the enclosing strata temperature and water flow, and the water temperature
IS getting increased correspondingly. In the lower part of the pipe, due to velocity
pressure and densities difference between heated and cold water, the flow changes its
direction by 180 and climbs up the inside plastic pipe till the surface.

The necessary temperature of water in bio-treatment facilities the whole year
round is to prevent frost penetration of shallow water streams and provide the all-year
purification of water and air.

Problem statement. The purpose of the work is to develop calculation methods
for thermo-dynamic parameters of geothermal heat-exchangers used in biological
treatment facilities and other installations using the subsoil energy on the ground of
the heat exchange regularities’ discovery between rock mass and aquatic environment
in well geothermal heat exchangers.

Research results. To determine the parameters of temperature stabilization
technology in the biological treatment facilities the corresponding heat and hydraulic
calculation is done.

A coaxial heat exchanger (Fig. 1) is a steel cylinder of diameter D with a closed
bottom that is put into a drilled well of h depth. As a rule, the role of such cylinder is
played by the well’s casing pipe. This cylinder coaxially contains a pipe of material
with the low coefficient of heat conduction (for example, made of foamed plastic) of
d diameter with an open bottom. Water comes from the surface with T, temperature
through a ring-shaped channel between the cylinder and the pipe. In the course of its
movement downwards it gains the temperature close to that of rock mass T, due to
heat exchange. Then it moves upwards within the inside pipe to the surface of the
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earth. The pipe manufactured of a heat insulating material prevents the heat exchange
between water coming from the surface and that coming out of the heat exchanger.
Certainly, in cold moths surrounding strata in some depths from the surface will be
colder than water that would lead to the leak of heat into the heat insulation of a steel
case mouth. In order to improve the heat exchange on the rest part of the collector’s
length the space between the well’s wall and the cylinder surface must be filled with
the substance its heat conduction being higher than that of enclosing strata.

D

1- metal cylinder; 2- inside pipe made of heat insulating material; 3 — the layer of material with
high heat conduction; 4 —near-surface heat insulation; 5 — branches for water supply and removal;
h — well depth; z; — near-surface heat insulation thickness; z,— inside pipe depth

Figure 1 - Construction diagram of a geothermal well

The following tolerances are accepted for further heat calculation:

a) the heat exchange through the inside pipe walls shall be ignored as we consider
water temperature inside to be constant (7,=const);

b) the temperature of the outside well surface is constant and equal to that of rock
mass 7}, corresponding to the depth of well’s bottom;

c) the temperature of rock mass is constant being restored with thermal energy.

In accordance with the abovementioned tolerances the task of the heat exchange is
of stationery character. If we select an elementary sector dz in the ring-shaped
channel the quantity of heat coming to water via this ring clearance is:

dQ = zDK(T, - 7')dz, (1)

where k — is coefficient of mass to water heat transfer W/(m?-K); T=T(z) — is current
temperature of water moving through the ring-shaped channel, K.
The same quantity of heat is carried out by water:

dQ = cMdT | (2)

where M — water flow, kg/sec; ¢ — specific water heat, J/kg'K
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M :%(DZ—dszu, (3)

where p — density of water, kg/m*; v — velocity of water flow through the annular
space, m/sec.
Comparison of (1) and (2) results in the following:

d7 = ’%k(n - T)dz . (@)

It is known from geophysics that ground temperature changes according to the
linear law:
T, =Ty +0radT,z, (5)

where Tg— ground surface temperature, K; gradTy— is geothermal stage of the rock
mass, K/m, z — distance from the ground surface, m; z>z, — depth to which the ground
temperature remains constant (in conditions of Donbass region z;=15 m; 75=Tj).

Let’s define system A = nDk , after substitution we get:
&
dT = AT, +grad Tg - 7')dz , (6)
(21_12- + AT = A(TgO +gradTgz). (7)

Nonlinear differential equation is obtained with the right side of the following

appearance:
y' +P(2)y =Q(2), (8)

where y=T; P(z)=A; Q(z)=A(Ty+ grad7yz).
Its solution is represented as follows:

y=e’ Pd{ [QelPoqz + cj , (9)

where C is integration constant.
In this case the solution looks as follows:

T= e_I e (-[Ti +gradT, zJeIAdzdz +C. (10)

g0

Considering that [ Adz = Az we have:

dT
+gra—g(Az ~1)+Ce ™, (11)

T=Ty+=—

In border conditions: for z=z;, T=T,; we determine the integration constant:
whereT— is temperature of water in the input to the heat exchanger,
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grad 7',

(Az, —1)}’*21 : (12)

C:(TI—TgO -

Consequently, the current temperature of the water being heatedis to be
determined from the following:

gradT,

dT,
+T(AZ —1)+(T1 ~Ty e

y 7 (Az, —1)}-““1-2) : (13)

T=T,,

The insulation depth of the well mouth is determined from the condition of
temperatures equality for mass and water: at

7=21 T, =Ty, +(gradT,)z, ; (14)
T,-Tyg

- , 15

Y gradT, (15)

Considering the necessary temperature of the output water 7=T,we can determine
the required length of the inside pipe z,solving a implicit equation:

grad T,

radT
T,=T, +——2(4z, —1)+(T1 ~Ty, gad’s

(Az, —1)}*1(11—22) . (16)
A

To avoid heat losses and water temperature decrease in the sector 0<z<z; where
T:>Ty the heat insulation is required for the well mouth. The insulation parameters
are calculated as follows.

Using reference literature, we determine physical parameters of waterfor7;=const:
density p;; heat capacity C,; coefficient of thermal conduction Aj;water flow rate vy;
and Pr;wherePr;is Prandtl number.

When water consumption equals to M its flow rate in the ring channel is:

AM

v, = , 17
' Prz(D?-d?) {47
while Reynolds number is:
v,d
Re=—1-¢
o (18)
where de=D-d — is the equivalent channel diameter, m.
The average mass temperature in the sector is:
_ 4 radT
T, :ij(Tgo +grad T, z piz =Ty + s > 2,. (19)
A

10

We consider the temperature of the steel cylinder’s wall as 7, =T.. Using
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reference literature, we determine the coefficient of thermal conduction A. for the
cylinder material (steel) under such temperature [Vargaftik, N.B., 1972], and Prandtl
number [Rivkin, S.L., Aleksandrov, A.A., 1980].

Nusselt number and coefficient of heat transfer from water to the cylinder wall
[Petrichenko, R.M., Petrichenko, M.R., 1979] is as follows:

0,25
Nu, = 0,021Re,*® Pr10'43(Pr1/ Prcj ; (20)
o, = Nu, dﬁ (21)

e

Material with coefficient of thermal conduction Asis accepted for insulation.
Then the coefficient of heat transfers from water to ground in the sector 0<z<z, is:

1
k=i—5; (22)

ins
a;

+i+
ﬂ’c ﬂ’ins

where §., 6ins — IS Wall thickness of the steel cylinder and insulation correspondingly,

m; A., Ains — IS thermal conduction coefficient of steel and insulation material

correspondingly, W/(m-K).

We select insulation thickness 6;,s provided k;—0.

The following values are taken as an example for calculation:
T4=10,1°C;T1=7°C; T,=12 °C; T;=15°C — is the average temperature of enclosing
rocks; D=100 mm; d=50 mm; p=p,=1000 kg/m3 is water density; c=c,,~= 4.187
kJ/(kj-K)is specific thermal capacity of water for constant pressure; grad T,= 1/33
=0.0303 K/m; heat insulation (foamed glass) layer thickness in the sector
0<2<2,i80i,5=0.02 m;A;ns=0.47 W/(m-K),the steel cylinder wall thickness 6.=0.03 m;
A=24.4 W/(im'K) (stainless steel 4X13); coefficient of heat transfer fromthe case
inside wall to water 0,=4652 W/(m-K)

In accordance with formula (22) coefficient of heat transfer from ground to water
in the sector 0 <z <z;equals to 22.7 W/(m*K).

In the sector z,<z<z, the space between the outside cylinder wall and mass is filled
with clay and graphite mix the mass fraction of graphite being 50%, and thickness
dgg=10mm [3]. Then the mix coefficient of thermal conduction Ay=15.8 W/(m-K) while
heat transfer one k, = 483 W/(m?K).

The case of water purification at Balka Mokraya Open Pit of Heidelberg Cement
Ukraine PJSC is considered as an example. The average daily inflow of water to the
open pit is Q=660m°/day. Water having initial temperature of 7:=7 °C moves by
gravity in the pit bottom. In winter its part is heated in geothermal wells up to the
temperature of T,=12 °C. In general, after mixing in the pit water is heated up to the
temperature of T,,=10 °C.

The required flow rate of the water flowing through the wells can be calculated as
follows:
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QTa=Q1T+(Q-Q1)Ty,
Q:=Q(T 4 T1)/T,=396 m*/day.

Assumed that the number of wells is N=24, the flow rate through one well will be
q=16,6 m*/day = 2,92-10-4 m%sec., and mass flow will be M=0,192 kg/sec.For the
complex 4,=8.9-10 and4,=0.189 (see expression (6)) calculations on equations (15)
and (16) of these values are represented in the Table 1.

Table 1- Water temperature changes along the well depth using heat conducting material
Zm | 0] 25 50 75 100 | 125 | 150 | 175 | 200 | 225 | 250

T,°C | 7 (10,67 |11,45| 12,21 | 12,97 | 13,73 |14,48|15,24| 15,99 |16,76|17,51

Besides, calculation of water temperature changes along the well depth was done
for the absence of heat conducting material. The heat exchanger’s steel case contacts
with the mixture of sandstones and argillites: A'=3.4W/(m'K) andwater: A" =0.59
W/(m-K). In this case coefficient of heat transfer from ground to water equals tok
=43.5 W/(m*K), and complex 4=0.017.

Consequently, to heat water to the same temperature using heat conducting
material as the filler of the space behind the pipes the well shall be 1.7 times shorter
than for the direct contact between the steel case and enclosing rocks (Fig. 2)

: Zm
T T T T 1
1] 50 100 150 200 250

Figure 2 — Variations of water temperature depending on well depth with (1) and without (2) clay
and graphite mixture

According to the calculations made, to heat the water with flow rate of 660
m®/day up to 10°C using geothermal energy there should be 24 geothermal wells
drilled with diameter of 200 mm and depth of 76 m. The wells should be insulated
with 20 mm foam glass to the depth of 25 mm, then a 4X13 steel shell with 20 mm
wall should be installed with coaxially inserted plastic pipe inside having diameter of
50 mm and length of 75 m. The space between the shell and the rock mass in the
section from 25 to 75 m is filled with clay and graphite mixture with graphite content
of 50% by weight.
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In this way, the water flow of 396 m*/day will flow through the wells. The water
temperature at the outlet will be 12 °C. Mixing with the rest of water will raise the
water temperature in the quarry up to 10 °C.

Conclusions. The established regularities of thermal exchange between rock mass
and aquatic environment with the geothermal heat exchangers application for
biological treatment facilities allowed determination of its basic parameters including
wells number and depths for 10°C temperature maintenance in winter.

As a consequence, maintenance of the required temperature of water in the bio-
purifier would provide comfortable conditions for vital functions of hydrocoles
during the whole year; prevent frost penetration in shallow water flows and death of
algae and mollusks in winter period; improve conditions for vital functions of
hydrocoles in summer period due to water cooling in shallow part of the pit. The
water resource in the treatment structure shall perform the whole-year function of
environment purification due to solution of carbon dioxide and other gases followed
by their fixation by plants for their cells formation and nutrition. The non-freezing
water reservoir could be used as the hibernation place for swimming birds. The
abovementioned would contribute in the restoration of biologic diversity in worked-
out areas of opencast mining.
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AHortauif. Pospobka MeToaukn po3paxyHKy TEpMOAMHAMIYHWX NapameTpiB reoTepMarnbHUX TennoobMiHHMKIB,
BMKOPWUCTOBYBaHMX B GIOOYMCTHWMX Cnopyfdax Ta iHWMX YCTAHOBKaX, LUO BUKOPUCTOBYIOTb E€HEprild Hagp Ha OCHOBI
PO3KPUTTS 3aKOHOMIPHOCTEN TEMOoOMiHY MiX MOPOAHMM MacuBOM i BOAHMM CEPEedOBULLEM B CBEPANOBMHHIUX
reotepmarbHuX TennoobmiHHukax. KomnnekcHuid nigxia, WO BKMKOYAE aHanis nitepaTypHUX DKepen, MpUCBAYEHWX
NUTaHHAM TENIOMacoNepeHOCy NpU perynioBaHHi TENNoBOi 06CTAHOBKM B OYUCHWX CNOPYAAX, TEOPETUYHI AOCHIMKEHHS
nepeHocy TenrnoTu Big MOPOAHOTO MacuBy A0 TEMMOHOCIA B CBEPANOBUMHHOMY reoTepManbHOMY TenfooOMiHHUKY,
pO3paxyHKOBO-aHaMITUYHUA METOA MPU BM3HAYEHHi OCHOBHMX MapaMeTpiB TEXHOMOri iIHTEHCWUBHOTO BifHOBMEHHS
BioNoriYHOrO  PiBHOMAHITTA Ha TEXHOTEHHO MOPYLUEHWX TEpPUTOPISX 3 OAHOYACHUM OYMLLEHHSM Kap'epHUX BOA.
Po3pobneHo MeToauKy TEOpPeTUYHOTO BU3HAYEHHS TEXHIYHWX NapaMeTpiB reotepMmaribHUX TennoobMiHHMKIB, L0
BUKOPUCTOBYIOTBCA A/ BiONOriYHOrO OUMILEHHS CTOKiB. BCTaHOBNEHI 3aKOHOMIPHOCTI TEMNOOBMiHY Mix MOPOAHMM
MacuBOM i BOOHWM CEPEROBULLEM MPWU BUKOPUCTAHHI reoTepManbHUX TennoobMiHHWKIB B GioouncHomy cnopydi, siki
[03BOSIANN BU3HAYNTM IOr0 OCHOBHI NapameTpy (KinbKiCTb CBEPANOBUH i ix runbuHy) ans nigTpumkv Temnepatypu 10°C
B 3umoBUiA nepiog. OTpuMano noganbLunid PO3BUTOK YSIBAIEHHS MPO MEXaHi3M TEMI000MiHy MiX NOpPigHUM MacuBOM i
BOAHMM CepeaoBulieM B reoTepManbHUX TennoobMiHHMKax. YAOCKOHAneHO METOAMKY BM3HAYEHHS  KiNbKiCHUX
napameTpiB reoTepMarnbHUX TennooOMIHHMKIB AN OYMCHMX Criopyd. 3anporoHOBAHO CMOCIO 30iMbLUEHHS MUTOMOrO
Tennoc'ema 6Ginbl HiX B 5 pasiB i 3MeHWeHHs rnubuHM cBepanoBuHM B 1,7 pasn 3a paxyHOK 3acTOCYBaHHS
TENMONPOBIAHOTO LWapy Mix CTiHKOW obcagHoi Tpybu i mopogHum macueoM. LlinopiyHe perynioBaHHs HeobXigHoi
TemnepaTypu Boau B 6ioOUNCTHOM CNOPYMKEHHI CTBOPUTL KOMMOPTHI YMOBM ANS XUTTEAIANBHOCTI riapo6IOHTIB i Takum
YMHOM 3HU3UTLCS 3aNEXHICTb €PEKTUBHOCTI OUMLLIEHHS CTOKIB BiJ KNiMaTUYHWX (hakTopiB.

KniouoBi cnoBa: reotepmancHa eHepris, TEnnooBMIHHWMK CBEPANOBMHHWIA, Temmonepedaya, KoedilieHT
TENMONPOBIAHOCTI, FAMHOrpacUTHA CyMiLLl.

AHHoTauma. PaspaboTka  MeTOgMKM  pacyeTa  TePMOAMHAMMYEeCKUX  NapamMeTpoB  reoTepMarbHbIX
TENNO0BMEHHNKOB, MCMONb3YEMbIX B BUOOYMCTHBIX COOPYXEHUSIX M APYriX YCTAHOBKAX, MCMONb3YIOLLMX 3HEPrUo Heap,
Ha OCHOBaHWW PACKPbITUS 3aKOHOMEPHOCTEel TennoobMeHa Mexay MOPOAHbIM MacCcMBOM W BOAHOW Cpedoi B
CKBXVHHBIX reoTepManbHblX TennoobmeHHkax. KOMMNeKCHbIM NOAXOA, BKYAKWMA aHanu3 NuUTepaTypHbIX
MCTOYHWKOB, MOCBSLLEHHBIX BOMPOCAM TEMIoMacconepeHoca npu perynupoBaHni TennoBon 0BCTAHOBKM B OYUCTHbIX
COOPYXEHWsIX, TEOpeTUYeckue WCCrefoBaHNA NepeHoca TennoTbl OT MOPOAHOrO Maccuea K TEMMOHOCUTEMNO B
CKBAXMHHOM reoTepMarbHOM TennoobMeHHUKE, PacyeTHO-aHaNUTUYECKU METOL MpW  ONpedeneHun OCHOBHbIX
napameTpoB TEXHOMOIMU UHTEHCUBHOMO BOCCTAHOBIIEHUS BUONOMMYECKOro pasHoobpa3ns Ha TEXHOrEHHO HapyLUEHHbIX
TEPPUTOPUSX C OJHOBPEMEHHOW OYUCTKOM KapbepHblx Bod. PaspaboraHa MeToauka TEOPeTUYECKoro onpeneneHus
TEXHWYECKUX NapameTpoB reoTepMasnbHbIX TENNOOBMEHHWUKOB, NMPUMEHSEMbIX Ans BUONOrMYECKON OYUCTKW CTOKOB.
YCTaHOBMEHbl 3aKOHOMEPHOCTU TennoobmeHa Mexay NOpoAHbIM MacCvMBOM W BOAHOW CPedow MpW UCMOMb30BaHUU
reotepMmarbHbIX TEMNOOOMEHHUKOB B BUOOYUCTHOM COOPYXEHWUW, KOTOpbIE MO3BOSIUMM ONPEefenuTb €ro OCHOBHbIE
napameTpbl (KONUYECTBO CKBAXWH W UX rMyBuHY) Ans nopaepxaquns temnepatypsl 10°C B 3umHuUiA nepuog. Monyyuno
parnbHenwee passuTe NPeACTaBeHNe 0 MexaHuame TennoobmeHa Mexay nopoaHbIM MacCBOM U BOSHOM CPeaow B
reotepMarnbHbIX TennoobMeHHWKax. YCOBEpLUEHCTBOBAHA METOAMKA OnpefeneHust KOMUYECTBEHHbIX NapameTpoB
reotepManbHbiX TennooOMEHHUKOB [N OYUCTHbIX COOPYXeHui. [lpeanoxeH c€nocob yBenuyeHus YAenbHoro
Tennocbema 6Gonee 4emM B 5 pa3 M yMeHblueHus TNyOWHbI CKBaXWHbI B 1,7 pasa 3a CYET NPUMEHEHUS
TENMONPOBOAALLEro Crosi Mexy CTeHkon o6cafHoN TpyBbl U NOPOAHBIM MaccuBOM. KpyrmoroguyHoe perynmpoBaHus
HeobxoguMoOW  TemnepaTypbl BOAbl B BMOOYMCTHOM  COOPYXEHUM Co3hacT  KOMCGOPTHble  ycrioBus  Ans
KU3HEAEATENbHOCTA MMAPOBUOHTOB W TakuM 0Bpa3oM CHU3NTCH 3aBUCUMOCTb SMEKTUBHOCTU OYUCTKM CTOKOB OT
KNMaTm4ecknx qakTopos.

KnioueBble cnoBa: reoTepmanbHas SHeprusi, TENNOOOMEHHWK CKBaXWHHbIW, Tennonepedada, KoaduuneHt
TENJONPOBOAHOCTH, IMIMHOrPAPUTHASA CMECh.
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