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The calculation methods of technological processes of underground heat extraction and utilization

Introduction

It is accepted to consider the geothermal energy as a renewable one because its resources are practically unexhausted [1]. In the foothills and mountain regions of the Republic of Daghestan, where natural gas supply is absent, heat supply of dwelling houses is carried out with individual stoves, where as a fuel it is used firewood, coal, brought from distant regions of Russia and local fuel manufactured from manure (kizjak). This obsolete technology is physically hard and creates some sanitary problems.

Under these conditions the investigations of possibility of using of heat pump technologies [2 – 4] for heat- and hot water supply of rural consumers are actual. Accounting that in the mountains the underground waters are deposited at significant depths, as a source of heat it may be used the thermal energy of the upper part of the Earth's crust. 

The last 15 – 20 years the underground heat exchangers in vertical wells are wide applied as a low-temperature heat source for systems of heat- and hot water supply with using of heat pumps [4]. This nature-friendly source of heat, scientific elaboration of which was carried out in the Ukraine, is sufficiently wide used in USA and European countries. In the Fig. 1 the key diagram of vertical down-hole heat exchanger is given, which consists of two coaxial cylinders. For prevention of back current of heat the external surface of the internal lifting tube is thermally insulated. The intermediate heat carrier (water, brine, antifreeze) drops through annulus of a heat exchanger and takes heat from surrounding formation, then lifts through the internal thermally insulated casing.

1. The differential equations of the well heat exchanger and their solution.

The heat is transferred from formation outside of cement casing with its natural temperature to injected cold water, heating it. For small flow rates water has time to heat up to the temperature of formation on the bottom-hole, for large flow rates water is heated few. The thermal insulation of the external surface of string, through which water lifts, is a layer of sufficient thickness, covered with a thin plastic. The metal pipe with internal diameter 35,2 mm and thickness 3,5 mm is covered with insulation layer 13,9 mm and placed in a plastic tube of the thickness 5mm. The total thickness of the pipe with insulation is 22,4 mm. The internal diameter of the pipe through which rise of heated water occurs is 35,2 mm, its external diameter 80 mm, the thickness of annulus is 10 mm, the thickness of metal casing is 7 mm, the external diameter of the casing 114,3 mm.
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Fig.1. The construction of the vertical well heat exchanger.

1 – the external string; 2- the lifting string; 3- the thermal insulation.

But the thermal insulation of the string is not ideal. When lifting the water partly cools off, giving heat through insulation outside the string to injected water. So, the heat flows are directed from formation through the cement ring to injected water; from heated water in the string through the metal portion and the thermal insulation to the same heated water. It is formulated the problem of determination of water temperature at the outlet of the string, analogical to determination of thermal regime when circulating the drilling mad [10]. 

Executing the analytical computations let assume a number of simplifications. We will take into account only thermal resistance of the insulation layer of the string, neglecting thermal resistance of metal and plastic, since the thermal conductivity   of the latter is 2-3 orders higher (0,1Wt/m C against 50 Wt/m C). Flow regime in the pipe and the annulus we will consider as turbulent and will assume average temperature on cross-section. For flow rates about 0,5 l/s the average velocity on circular cross-section of the diameter 0,035 m is 0,5 m/s and Reynolds numbers exceed 10000.

At the given depth z the average through the annular cross-section temperature we signify T1(z), the average about the circular cross-section of the pipe as T2(z). Since the vertical dimension is far larger than horizontal one, extraction of the heat from formation and heat exchange of heated water with cold one it may consider   occurring only along horizontal line, neglecting the vertical component. At last we will consider the temperature profiles along vertical line as quasi-steady, assuming slow changing in time parameters as constants. 

Introduce else the following conventional signs:

z  is the vertical coordinate, the absolute depth, m, z>0;;

r is the radial coordinate, the distance from the point to axis, m, r>rc;

Rc is the external radius of the steel casing, m;

R is the conditional radius of the temperature influence of the well, m, R>rc;

H is the depth of a bottom-hole or the length of the string of a vertical well, m;

из is the thickness of insulation material, about 14 mm;

Rh is the internal radius of the string, m;

Re is the external radius of the insulation of the string, Re = Rh + δins, m;

Г is the geothermal gradient, about 3 ºC per 100m;

λ is the thermal conductivity of formation, 2 – 3 Wt/m (C;

λиз is the thermal conductivity of insulation material, about 0,05 Wt/m C for  cotton glass;

cв is the volumetric thermal capacity of the injected water, 4,19 MJ/m3 (C;

c is the volumetric thermal capacity of the  formation, about 2 MJ/m3 (C;

Qв is the bulk discharge of water in heat exchanger (through annulus and the lifting pipe);

T0 is the temperature of injected cold water on the wellhead that is equal approximately temperature of daylight surface;

T3 = T1(H) is the temperature of injected heated water on wellhead;

Tпл  is the stratal temperature, equal to the temperature of rock at depth H;

Tг(z) is the temperature of rock away from the well: 0 ( z ( H, Tг(0) = T0, Tг(H) = Tпл, Tг(z) = T0 + Гz,  Г= (Tпл - T0)/L;
Tд  = T2(0) is the temperature of obtained heated water in the outlet of the well.

Let us assume for heat flows from formation into annulus and from the string into the same annulus the approximated expressions, which will be made more precise further
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The first of the formulae is obtained in supposition of quasi-steadiness of the temperature field of formation. The radius of the temperature front R = R(t) here increases for small times proportionally to square root of time and the logarithm of radiuses ratio is a very slow changing function and assume it as a constant. The second formula is written without account of the thermal resistance of metal and plastic. The heat flows q1 and q2 are not exchanged in time as for steady regime. They depend on the coordinate z, so that q1=q1(z),  q2=q2(z), because the temperatures T, T1 and T2 are the functions of this coordinate, slow changing in time.

Select an element of the length dz of the heat exchanger and write the condition of equilibrium of heat quantity for water in the annulus, moving down in the direction of growth of the coordinate z and for water in a round pipe, moving up, in the direction of decrease of this coordinate. These correlations have the form
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For the further interpretation it is convenient to lead in the new signs:
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Substituting the heat flows by their expressions through temperature differences and using (1.3), we will obtain the set of common differential equations, describing heating of the water at its motion down and its partial cooling when lifting
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The boundary conditions for them are the following:
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The unknown quantities are the profiles of temperatures   Т1(z) and Т2(z), the increment of temperature from bottom hole to wellhead, the increment of water temperature in the outlet from heat exchanger Т2(0)-Т0. From point of view of economical expediency it is natural to carry out also the analysis of the solution in order to quantity of extracted thermal energy and cost of it.
The existing standard methods allow easily managing the solution (1.4) under conditions (1.5). Don't touching the details of the solutions, we can note that the temperature profiles have the form of exponent sums and are smooth enough. For writing of the solutions it is convenient to lead in the roots of characteristic equation
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The temperature profile through annulus has the form
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The temperature profile through circular lifting pipe is expressed in more complicated form

          
[image: image8.wmf])

(

)

(

)

(

)

(

1

2

2

1

2

1

1

2

0

2

H

k

H

k

z

k

z

k

e

k

e

k

e

k

e

k

z

T

z

T

-

-

-

-

G

-

G

+

G

+

=

b

b

b

b

                           (1.8)

From where for z = 0 we have for the water temperature on the outlet from heat exchanger 
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Influence of thermal insulation to the increment of temperature  Тд-Т0  in the heat exchanger is determined by dimensionless parameter βH. Its value depends both on water discharge and on construction of heat exchanger and selection of insulation material. The old existing thermal insulation materials have small heat conductivity factor about 0,05 Wt/m C. The possible values of this parameter for water discharge 0,5 10-3m3/s and for depth of the bottom-hole 200 – 500 m vary in the limits from 0,02 to 0,5. What about dimensionless parameter αH, its value for the same depths and discharges vary in the limits 0,2 – 1.

Rewrite the formula (1.9) in dimensionless form, convenient for calculations and draw the graphs. Instead of dimension quantities α and β we lead in dimensionless αH and βH, and instead of dimension quantities k1 and k2  - dimensionless k1H and k2H. The formula (1.9) will take the form
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The left part here is a quote of saved heat removal from maximally possible. The formulae (1.6) remain in force for transfer to dimensionless quantities. In the Fig.2 the surface is given, showing a quote of heat extraction Θ(0) in dependence on values of the dimensionless parameters α=αH and β=βH.  
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Fig.2. The temperature removal with down-hole heat exchanger depending on the values of the dimensionless parameters α and β.

  Express similarly in a non-dimensional form the temperature of the water on a bottom-hole after removal of the heat through annulus downwards. Formula (1.5) can be expressed in the form
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In the Fig. 3 it is shown the removed share of temperature from its maximally possible value. For the other area of parameters, changing with growth of the depth and the parameter α,  this share may occur significantly larger.
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Fig.3. The removal of the temperature for drop of water through annulus in dependence on the dimensionless parameters α and β.

Note especially a special case of ideal thermal insulation of the string, when β=0. To the surface water is delivered with the same temperature, as on bottom-hole. The roots of (1.6) have the values k1=0 and k2=- α. Temperature in the outlet of a heat exchanger we obtain from (1.11) at these significances of the roots of the characteristic equation
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In the Fig. 4 the graph of this function is represent. One can judge looking at it about those quantities of the dimensionless parameter α=αH, for which the underground heat exchanger will be more or less promising. More than a half of a maximally possible taking of heat as it is seen from this graph can be obtained at values α > 2. 

We have calculated the countercurrent heat exchanger too, where the water with the surface temperature injected in the central string and came back through annulus. In this case instead of the formula (1.12) similarly obtain
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In the Fig.4 it is given also the graph of this function. From it one can see that the values of the parameter α=αH, for which the countercurrent underground heat exchanger will work in an optimal regime, lie in the limits 1< α <3. For such a heat exchanger the maximally possible heat removal makes up to 30% from the differences between the temperatures of bottom-hole and injected liquid.
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Fig.4. Comparison of straight current and countercurrent ground heat exchangers

2. Discussion of the solution and the numerical results.  

The variety of starting parameters of the problem influencing the result and inevitable errors of their determination makes the simple method of simulation of heat exchange processes more attractive that is determined our selection. But this may lead to errors about 5 – 10 %. Especially it concerns the value of a heat inflow from surrounding rocks and the parameter α=αH. However the possibilities remain of regulation of it by increasing of bottom-hole depth and change of discharge.

Let us limit the depths of underground heat exchanger by quantities 100 – 500 m. It is not allowed to take the large values of discharge for the reason that removing of heat is a slow process and at large flow rates water does not have time to warm. As a rational value we take α > 2. It is equal to condition
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Estimate this value of flow rate, assuming the most often meeting values of the parameters: λг=2 Wt/m·°С; Н=500 m; св=4,19 МJ/m3·°С; R=5 m; rc=0,1m.                      The maximally permissible value of discharge will be 0,2 l/s = 17 m3/day. The recommended values of water discharge are rather small. Parameter R, which is the boundary of temperature front spreading, not enough influence Q. If we will take 1m instead of 5 meters (on such a distance the front of temperature disturbance moves approximately for 24 hours)), the result will be 0,34 l/s = 29 m3/day. For less depth of the underground heat exchanger the flow rates of water we must take proportionally less. Nevertheless the heat energy occurs enough for heating in non-severe conditions of the southern regions. For example, removing of 10 ˚C from10 m3 of water in a day provides the energy equal to 4,19 10 MJ/day = 4,85 kilowatts, that is sufficient for household needs for several individual houses and cottages.

Calculate the temperature profiles of water through annulus and string for more or less optimal selection of the parameters α= 2 and β=0,5. Their dimensional analogs are α= 2/H and β=0,5/H. The roots of characteristic equation are also inversely proportional to H and expressed as k1=0,414/H; k2=-2.414/H. Inserting in (1.7) and (1.8), we find for temperature profiles of optimal regime

     
[image: image18.wmf],

414

,

2

414

,

0

)

(

414

,

0

414

,

2

/

414

,

0

/

414

,

2

0

1

e

e

e

e

Н

z

T

z

T

Н

z

Н

z

+

-

G

-

G

+

=

-

-

                         (2.2)   

     
[image: image19.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

-

-

G

+

G

+

=

-

-

414

,

0

414

,

2

/

414

,

2

/

414

,

0

0

2

414

,

2

414

,

0

086

,

0

914

,

2

1

2

)

(

e

e

e

e

Н

z

T

z

T

Н

z

Н

z

                      (2.3)

The numerical quantity in denominator is equal 3,689. The denominator we have preserved in a such of form to understand of it’s obtaining, to make easy of repeating the calculations with other starting data. In the Fig.5 the profiles of temperature are given from depth through annulus and string. For comparison it is represented the geothermal profile too, i.e. the natural temperature of formation is given. How it is seen from the graphs, temperature of water in the heat exchanger increases only several grads, 10 ˚C at the best at depth 500 m. But it is enough for obtaining the power of several kilowatts.
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Fig.5. The comparison of the temperature increment for different depths.

Let us comment else the formula (1.10). For assumed optimal regime with the dimensionless parameters α=2 and β=0,5 this formula gives for the temperature removal ΔТ=0,467ГН, i.e. extracted with the heated water thermal energy is proportional to the depth of the heat exchanger. The long-term experience of application of the underground heat exchangers will show only really necessary depths of their construction, depending on required capacity. 

We have obtained the solution also for the case, when the temperature of injected water T0=T1(0) doesn't coincide with the temperature of neutral layer Tn. In  winter the temperature of injected water is lower than the temperature of a neutral layer, but in summer it is higher. For water, coming from well, the temperature is determined by formulae
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How it is obvious from this formula the temperature increment summarizes of two parts. The first one corresponds to the case, when the temperature of water on inlet is equal to the temperature of the neutral layer of ground. The second item in the parenthesis shows the addition to the increment, which is caused by difference of the inlet temperature and the temperature of a neutral layer. The second item is positive in winter at inlet temperature less than the temperature of a neutral layer. By this item it is approved the fact that for injection through annulus of low temperature water it can be removed more heat. Both of the items may be represented as surfaces of functions of the dimensionless parameters α and β. The analogical representations in a form of surfaces can be given and for bottom-hole temperature. 

Influence of an insulation on changing the temperature of injected water  T -T0 is caused by the dimensionless parameter β=βH. Values of β depend both on water discharge and geometric sizes of heat exchanger construction and also on selection of insulating material. The formula (2.4) gives quantity of total increment of temperature. In a case of ideal thermal insulation, when β=0, it requires in correction. The temperature on the bottom-hole and in outlet will be the same for this case. It is determined by the parameters α and Δ:
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In the Fig. 6 the family of graphs is represented of this function, depending on the parameter α for different values of Δ. One may judge from them about those values of the dimensionless parameter α=αH, for which the underground heat exchanger will be rather promising. More than half of a maximally possible heat removal it may be obtained for α>2. In winter, when Δ>0, the larger removing of heat takes place. In summer when Δ<0 the heat can accumulate in formations. For more effective work of the well heat exchanger it is preferably to have such a combination of values of intensity of injection volumes and depths of well, when α>2. 
[image: image24.emf] 

Removal of heat from rocks in case of complete thermal insulation of a string

-2

-1,5

-1

-0,5

0

0,5

1

1,5

2

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

a

The removed share from a geothermal increment of 

temperature 

D=1

D=0,5

D=0

D=-0,5

D=-1


Fig.6. Share of removal of heat from geothermal increment of temperature in a case of full thermal insulation of a lifting string when β=0. The negative values correspond to heat transfer to ground from warm water in the summer period.

1. Propagation of thermal disturbances in formations.

Taking of heat from rock and propagation through it of thermal disturbances is very slow and long-term process. The exact and approximated methods of solution of problems of thermal conductivity are well known [8,9]. For example, if in a semi-unlimited rod with the initial temperature T0 and ideal thermal insulation of a  lateral surface to reduce the temperature of a butt end to zero and to maintain it, the wave of thermal disturbance will spread through the rod and from butt end one can remove the heat. The exact solution gives for heat flow from unit of area the formula
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The similar formula can be obtained also with the approximated method of integral correlations, if the temperature profile would be represented as a parabola with moving boundary, and using the heat equilibrium. Then for a heat flow and a zone of temperature disturbance propagation one can obtain the expressions
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For the heat flow the similar to (3.1) expression is came out; the approximated solution gives 2,5% exceeding of heat flow in that problem. The conventional front of heat propagation is proportional to the square root from time. For formation with a2 ~20m2/year the conventional front of the thermal disturbance in such a rod for the month will pass 4,5 m. For one year and 10 years this front will spread to 15,5 and 49,0 m accordingly. Round of wells the process of heat propagation will be significantly slower in time due to increasing of volume.
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Fig.7. The comparison of the heat flows for the old and new approximated solutions. 

In the quasi-steady case, when the temperature profile along radial coordinate is assumed as a logarithmic, we had for the heat flow the other dependence, indicated by the first of the formulae (1.1). For comparison let us rewrite it also in the dimensionless form
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In the Fig. 6 for comparison the heat flows are given for the logarithmic profile and the exact solution, obtained by Van Everdingen and Hurst in 1943 [7]. They agree well. But translation of the good approximated solution for the rod (3.2) with quadratic temperature profile in rocks to the case of a well results in big errors and doubts in applicability of the method of integral correlation. The long-term forecasting of stable work of the underground heat exchangers is impossible without the reliable and exact computing methods. The asymptotic methods are developed in the theory of elastic regime of filtration, and they may be applied to solution of the geothermal problems successfully [7]. The exact solutions are known and in the theory of thermal conductivity for the sufficiently different boundary conditions [5, 8].

2. About recovery of a temperature field in rocks       

It is supposed that the well heat exchanger will be work for extraction of geothermal energy only in winter heating period of 5 months, but the last 7 months will be idle or accumulate the reserves of geothermal energy due top injection of heated water and extraction of cooled one in process of its circulation in the well. It is interesting to realize how much of the temperature field in rocks will be recovered due to continued influx of the heat into vicinity of a well from distant areas for a summer period. During the time of heat exchanger function the gradient of temperature is formed, providing inflow of the heat to the well. After cessation of injection and output the heat flow will be continue to move to the well, becoming slower, on "inertia". When recovering the temperature field close to the well this flow will weaken and for a long time, in principle, the initial temperature field must recover due to heat discharge of distant areas of formation. We are interesting in the annual cycle: what recovery one can wait for the summer period.

Let us simplify the considered above problem about a heat exchanger in a well as it is assumed in the underground hydrodynamics, particularly, in the theory of elastic regime of filtration [7]. Assume the well as a source with continue removal or injection of heat q(t), situated in the beginning of coordinates and for simplicity the temperature of rock assume equal to zero. The disturbance of the temperature field is determined by the formula [5,8]
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Here q(t) is the intensity of output or injection of the heat on unit of formation thickness for given depth. In our case one can consider that during the first 5 months at 0<t<t1 the intensity of heat flow was constant and equal to q0 but further 7 months at t1<t<t2 it was equal to zero. At this stage the solution may be expressed in a form  
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Substituting in the first of these formulae t=t1, we obtain the picture of temperature field disturbance to the end of the heating period. Substituting to the second formula t=t2, we will have the form of the temperature disturbances to the beginning of the new heating period. Their relation
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is the rest, non-recovered portion of temperature disturbances at the stage of extraction. Eliminating (4.3) from unit and multiplying by 100, we obtain the recovery coefficient (%). In the Fig.7 the dependences of the values of the recovery coefficients on the distance to axis of the well in meters are represented. For the calculations it is assumed a2=20m2/year, t1=5/12, t2=1.

[image: image32.emf] Recovery of a temperature field for  7 months and 5 months.
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Fig.8. Recoverability of temperature disturbances in rocks for a summer period in work of the well heat exchanger.

The graph shows that in vicinity of the well (2-3m) the temperature field is nearly recovered. At distance 4,88 m there are not recovery. Further the heat continues to inflow to the surrounding of the well, the primary process of temperature reduction is went on at distances more than 5 m from well. The summer interval is told on the work of the heat exchanger favorably.

Summarizing the above we note that the authors are recommended to develop the technologies of extraction of low-potential geothermal energy and reliable methods of forecast of long-term exploitation of elaborated plants.  

           5. The new technologies of two-contour geothermal power plant

A. The technological diagram of a two-contour GeoPP of a small capacity. 

The peculiarity of this scheme (Fig.9) it is the fact that high-temperature thermal water from the producing well is directed to the injection well with  the down-hole heat exchanger and reinjected into bed. The well countercurrent heat exchanger is simultaneously a heater and an evaporator. The low-boiling working medium from condenser comes to the heat exchanger through the annulus. When lifting it is heated, evaporated and overheated due to heat transfer from high-temperature water, injected into bed through the central string. For intensification of the heat-transfer process and decreasing the heat exchanger dimensions on the outside surface of the central string all over its height it is installed the longitudinal ribs from the steel plates. The  height of ribs and their quantity are designed for the every specific case. This scheme is the most expedient for capacities up to 1,5 MWt. 
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Fig.9. The key diagram of two-contour GeoPP

1 – the producing well; 2 – the injection well; 3 – the circulating pump of the primary contour; 4 – the well heat-exchanger; 5 – the turbine; 6 – the generator; 7 – the condenser; 8 – the pump of the secondary contour; 9 – intake if cooling water.

B. The technological scheme of a GeoPP of a large capacity

The technological scheme for the two-contour GeoPP of a large capacity is represented in the Fig.10. Here the well heat exchanger serves only for heating of a working medium to the temperature of saturation. Further evaporation and overheating occurs in a surface evaporator. For successful exploitation of the GeoPP it is necessary to solve the problems, connected with corrosion and salt deposition, which, as a rule, intensify with increase of water salinity. The most intensive salt depositions are produced due to decontamination of thermal water results in unbalance of the carbon dioxide. 

In the suggested diagram the primary heat carrier circulates through a closed contour, where the conditions for water decontamination are minimized. It is necessary to follow such thermobaric conditions in the surface part of the primary contour, which prevent decontamination and carbonate sedimentation. Depending on temperature and salinity, the pressure must be maintain at the level 1,5 MPa and higher.
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Fig.10.The technological diagram of a two-contour GeoPP

1 – the producing well; 2 – the injection well; 3 – the injection pump; 4 – the well heat exchanger; 5 – the evaporator; 6 – the turbine; 7 – the generator; 8 – the condenser; 9 – the circulating pump of the secondary contour; 10, 11 – intake and removing the cooling water; 12 – the producing aquifer.

However reduction of the temperature of thermal water results in formation of solid phase and non-carbonate salts that was confirmed by the investigations, carried out in the geothermal proving ground Kajasula (Russia, Northern Caucasus). The weakest point in the technological diagram of the GeoPP it is the primary heat exchanger, serving for heating the working medium to the temperature of saturation and where the temperature of the primary heat carrier drops up to the minimal value.

Use of the down-hole heat exchanger instead of common shell-and-tube one will allow to avoid salt depositing inside the heat exchanger.
C. Optimization of the Rankin cycle

The investigations have been conducted on optimization of thermodynamic cycle, realized in the secondary contour of the Geo PP. The power parameters of the plant are designed for the large range of temperatures of obtained water and the different regimes of its work. 

It is established that the optimal parameters of function of a steam-power plant exist, which depend on the temperature of water, the inflow to the primary contour of a steam generator - heat exchanger. With increasing the evaporation temperature of the working medium Ts the capacity NE produced by the turbine on 1kg/s of discharge of the secondary heat carrier growths. As the increase Ts the quantity m of evaporated medium to 1kg/s of discharge of thermal water reduces. Under these conditions at the given temperature of thermal water Tm the optimal value of Ts exists, corresponding to maximal NE.

The optimal temperature of evaporation of working medium Tsopt depends on the temperature of thermal water Tm, the temperature of condensation TK of medium and the least temperature head in the heat exchanger – evaporator. On the base of the computed data the dependence is obtained for determination of the optimal temperature of isobutene evaporation, corresponding to the maximal capacity of the power plant

                       ТSopt  = 2,17 – 0,35 ΔТ +0,6Тт +0,35Тк                                   (5.1)

In the Fig. 11 the graphs of dependence of the specific capacity on the temperature of isobutene evaporation are represented. The essential influence on the efficiency of the power plant exercises the temperature TK. Reduction of TK up to 10 – 15 ˚C in the cold seasons allows to obtain the significant seasonal rise of capacity of the Geothermal power plant.    
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Fig.3. The dependence of the specific capacity of the turbine NE on the temperature of evaporation ТS of isobutene at the temperature of thermal water Тt = 130 0С.
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