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Abstract-Downhole heat exchangers (DHE) eliminate the problem of geothermal fluid disposal, since 
only heat is taken from the well. For this reason, as well as their low cost and simple installation, they are 
frequently used in geothermal plants. In the last few years DHEs have been provided with a natural 
convection promoter to improve the heat and mass transfer of geothermal fluid between the aquifer and 
the well. Knowledge of the interaction between the fluid in the aquifer, in the well and in the promoter is 
necessary for DHE design. The authors experimentally verified the existence of a limit in the heat flow 
obtained by the DHE, which is connected only to the aquifer-well-promoter interaction. This heat flow 
limit is due to the short-circuit effect in the aquifer between cold and warm fluids, respectively leaving and 
entering the well. The authors propose a simplified model developed to determine the main lumped 
parameters characterizing the heat and mass transfer between aquifer, well and natural convection 

promoter. 0 1997 Elsevier Science. 

DOWNHOLE EXCHANGERS 

Downhole exchangers (DHE) are specific heat 
exchangers for exploiting low and medium tem- 
perature (60 and 15O’C) geothermal reservoirs. In 
general these devices are set up by locating a coil or a 
simple U-tube in the geothermal well, through which 
the fluid of the thermal plant, generally water, cir- 
culates [l-6]. Consequently DHEs enable heat trans- 
fer without aquifer fluid being extracted from the 
ground below. The main advantages of these devices 
compared with geothermal conventional plants are 
the absence of: (i) pumps that operate in very cor- 
rosive geothermal fluids ; and (ii) the second well to 
reinject the geothermal fluid after its exploitation to 
avoid impoverishment of the aquifer. 

DHEs give rise to a number of inconveniences prin- 
cipally connected to the absence of fluid extraction 
induced flow, as result of which the heat flow rate that 
can be extracted from the well is tied only to the 
natural heat flow that occurs in the aquifer-well 
system. For low aquifer permeability, this flow can 
be particularly weak and consequently the heat flow 
withdrawn proves to be very limited ; however, even 
in favourable conditions, that is for hydraulic con- 
ductivities greater than 5 x 10m4 m s-’ (permeability 
of approximately 50 darcies), DHEs are suitable sys- 
tems for applications of moderate potential [3]. 

To improve the natural mass transfer between aqui- 
fer and well, over the last years the use of a natural 
convection promoter for DHE has spread [7, 81. In 
particular, the natural convection promoter comprises 

a simple pipe, that constitutes an external shell for the 
DHE and extends itself for almost the entire length of 
the well (Fig. 1). The length of the promoter is, 
however, less than that of the well, so that two com- 
municating sections are formed, a lower and an upper 
one. The geothermal fluid circulating in the external 
anulus communicates with the fluid inside the pipe 

natural convection 

Fig. 1. Scheme of the natural convection promoter. 
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NOMENCLATURE 

CP specific heat at constant pressure 
[kJ kgg’ “C’] 

g acceleration of gravity [m s-‘1 
H geothermal aquifer thickness [m] 
h height of the slotted section [m] 

z 

hydraulic conductivity [m SK’] 
heat flow rate [kW] 

r radius [m] 
R unperturbed aquifer radius [m] 
T temperature [“Cl 
T* dimensionless temperature 
Ii? mass flow-rate [kg h-‘1 
z vertical coordinate [ml. 

Greek symbols 

; 

dynamic viscosity [Pa s] 
volumetric thermal expansion 
coefficient [“C ‘1 

: reference temperature difference [“Cl 
6 circulation ratio 

i dimensionless length 
1 cq equivalent thermal conductivity 

[Wm -’ oc-‘l 

t dimensionless parameter defined by 
equation (40) 

P density [kg m ‘1 
z parameter defined by equation (11) 

[W ,c-‘1 

X dimensionless parameter defined by 
equation (40) 

* stream function [m” s- ‘I. 

Superscripts and subscripts 
a aquifer 
C condenser 
e evaporator 
f geothermal fluid in the well 
i input 
I liquid phase 
m average 
max maximum 
0 output 
S impermeable stratum 
W well 
z unperturbed aquifer. 

by means of these communicating sections. The fluid 
circulating in the external anulus is at a higher tem- 
perature compared to the internal fluid since the latter 
is cooled by the DHE. The difference in density 
between the two columns of water supplies the driving 
force necessary for circulating the geothermal fluid 
entering and exiting the promoter, thereby contrasting 
the formation of a strong temperature gradient along 
the well axis and assuring natural convection between 
the geothermal fluid and the external surface of the 
DHE. This circulation should also improve the exch- 
ange in geothermal fluid between the aquifer and the 
well, thereby providing favourable conditions for geo- 
thermal energy extraction [7, 81. 

A particular type of DHE is the geothermal con- 
vector (GTC), which is a special geothermal appli- 
cation of the two-phase thermosyphon. It consists of 
a sealed vessel (usually a simple vertical tube) partially 
filled with a working fluid (usually a refrigerant fluid). 
At the bottom the working fluid evaporates, the vap- 
our rises to the top where it condenses and it transfers 
heat flow to the fluid of the user plant, then the con- 
densate returns by gravity to the evaporator section. 
Thus, heat transfer occurs by phase change with neg- 
ligible thermal gradients. In geothermal applications 
the two-phase thermosyphon works with a evaporator 
downhole and with a condenser at the ground level. 
GTC use to extract heat from geothermal aquifers 
was proposed some years ago by the authors and 
at the beginning of the 1980s a first prototype was 
designed, constructed and installed in the geothermal 

area of Naples [9, lo]. On the basis of this first experi- 
ence, in the following years research was carried out 
to understand the problems that the device gave in 
this type of application [I l] and to identify solutions 
to them [12]. In the 199Os, on the basis of experience 
gained a new GTC prototype, termed ‘second gen- 
eration’, was designed and set up [ 121. 

The second generation GTC was tested exper- 
imentally for a long time between 1989 and 1994 in a 
specially set up well in a geothermal aquifer on the 
island of Ischia with a geothermal fluid temperature 
in unperturbed conditions, T,, of 73.3”C. The GTC 
prototype comprises essentially (i) a condenser, (ii) an 
adiabatic section connecting condenser and (iii) an 
evaporator tube bundle. 

The second generation prototype also comprises a 
natural convection promoter [12]. 

EXPERIMENTAL RESULTS 

The measurement tests carried out on the Ischia 
plant have produced very interesting results about (i) 
the working of the GTC ; (ii) the thermal fluid dynam- 
ics of the geothermal fluid in the natural convection 
promoter ; and (iii) the heat and mass transfer between 
the aquifer and the well [ 12, 131. 

In this paper the authors deal with the results 
regarding point (iii). 

The experimental results gathered during the vari- 
ous measurement tests carried out on the Ischia plant, 
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Fig. 2. Heat flow rate transferred by the Ischia GTC for 
variations in condenser input temperature. 

showed there to be an upper limit to the heat flow rate 
that can be withdrawn by the GTC. 

Some of the experimental results are highlighted in 
Figs. 2 and 3, where the heat flow rate, e, transferred 
by the GTC is shown as the mass flow rate tiiz, of the 
cooling water circulating in the condenser varies in 
relation to (i) the condenser input temperatures of the 
cooling water, T,,, of the thermal plant (Fig. 2) and 
(ii) the geothermal fluid temperatures inlet to the evap- 
orator, T,, (Fig. 3). Figure 2 shows how, for ti, being 
the same, as the temperature T,, diminishes, there is a 
corresponding increase in the heat flow rate trans- 
ferred by the GTC up to a maximum value of circa 26 
kW. 

Once this maximum level has been reached, &,.X 
remains constant in an appreciably stable manner, 
independently of the decrease in condenser input tem- 
peratures T,,. Consistent diminutions of T,, give rise, 
however, to unstable operating conditions of the 
GTC-well-aquifer system which leads to thermal 
blocking of the device. Even the diagram in Fig. 3 
shows the existence of this maximum heat flow rate 
value, &,,,. It should be noted, however, that the 
geothermal thermal fluid temperature on entering the 
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Fig. 3. Heat flow rate transferred by the Ischia GTC for 
variations in the input temperature of the tube bundle input 

geothermal fluid. 

evaporator tube bundle, T,,, continues to diminish 
even when the maximum value of heat flow rate has 
been reached. This phenomenon induced the authors 
to believe that the existence of this maximum is exclus- 
ively connected to the heat and mass transfer of the 
geothermal fluid occurring between the well and the 
aquifer. 

A physically plausible explanation of this phenom- 
enon is reported in ref. [14], and is based on the con- 
cept that, near to the casing tube, the flow of the 
geothermal fluid short circuits as illustrated in Fig. 
4(a) and (b). In this hypothesis the mean temperature 
of renewed fluid entering the slotted section of tube 
casing, T,,, is not equal to the aquifer unperturbed 
temperature T,, since it transfers heat and mass to 
part of the well output fluid, ti,, that is at a lower 
temperature. Thus, it follows that the temperature of 
the renewed fluid will depend, in fact, on the short 
circuit effect that occurs near the slotted section of 
tube casing. Consequently the mean temperature of 
the geothermal fluid inlet in the well is less than the 
unperturbed aquifer temperature, in particular, when 
the heat flow rate transferred by DHE increases r,, 
diminishes. 

Two fluid-dynamic limit conditions can be delin- 
eated : the first in which the mass flow rate circulating 
in the well, ti,, is greater than the renewed mass flow 
rate, I$,, of the aquifer [Fig. 4(a)] ; and the second in 
which vice versa &, is greater than rir, [Fig. 4(b)]. The 
hypothesis assumed in case (a) is supported by the 
temperature profile obtained experimentally at the 
Ischia well [lo, 13, 141. 

A simplified model with lumped parameters taking 
into account the short circuit phenomenon was 
developed by the authors in order to design a DHE 
with a natural convection promoter. 

THE THERMAL AND FLUID DYNAMIC 

SIMPLIFIED MODEL OF AQUIFER-WELL- 

PROMOTER 

With reference to Fig. 5 it is, therefore, possible to 
formulate the following simplified balance equations 
with lumped parameters. The mass balance of the 
renewed geothermal fluid entering into the well is 
given by the following equation : 

ha, +r& = ti&. (1) 

Defining the short circuit ratio and the circulation 
ratio respectively as : 

equation (1) becomes 

l-cr=m,,, 
ti, 

(2) 

(3) 

(4) 
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Fig. 4. Geothermal fluid flow between well and aquifer. 

slotted section of 
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Fig. 5. Sketch of the lumped thermal and flow model of the DHE with annular convection model 
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The energy balances (adiabatic mixings) of: (i) the 
well input renewed geothermal fluid and (ii) the geo- 
thermal fluid on the slotted section are, respectively : 

rita2cpTa +riz,,c,T,, = Ij?,cpT,, (5) 

case (a) ti, < ti, [6 < 1, Fig. 4(a)] we can assume that 
T,, = T,, 

cpti,T,, + c&h-&)T,, = c,rhfT,, (6) 

case (b) ri?, > ti, [6 > 1, Fig. 4(b)] we can assume that 
Ti, = T,, 

c&Toe + cp (ri?, - rh,) T,, = c,ti, To,. (7) 

Moreover the energy balance of the geothermal fluid 
in : (i) the DHE ; (ii) the complete slotted section and 
(iii) the aquifer-well control volume are, respectively : 

C? = %c,V’x - TeeI (8) 

e = %cp(T,w - To,) (9) 

0 = hi?,,c,(T, - To,). (10) 

The momentum equations are then reported in an 
unusual form. They were obtained by considering that 
the fluid driving forces are equal to the friction losses 
only from viscous effects and that these driving forces 
are directly proportional to the difference of fluid den- 
sity, the latter being directly proportional to the 
difference of fluid temperature. Consequently, the 
momentum equation with lumped parameters on : (i) 
the slotted section of the tube casing and (ii) and 
aquifer-well control volume can be expressed, respec- 
tively, as : 

r&c, = r,(T, - T,,) (11) 

%cp = M-,, - TcJ (12) 

where T,, is the mean temperature of the geothermal 
fluid on the complete slotted section of the tube casing 
and r, and rr are parameters characterizing the heat 
capacity rate for the unit difference of geothermal fluid 
temperature in the aquifer and in the well, respec- 
tively. These parameters are obviously connected to 
the thermophysical and geometrical parameters of the 
aquifer (permeability, thermal conductivity, length of 
the slotted section of the tube casing, etc.). 

We can assume that : 

Tmw = To, + (T,, - To,)o (13) 

where the dimensionless parameter w is an unknown 
function of the circulation ratio 6, which meet the 
following conditions : 

for 6 K 1 + T,,,, z To, (14) 

for 6 >> 1 * T,,,, E Ti,. (15) 

Consequently, we can assume that w has the following 
properties 

: 

w=o for 0 < 6 c< 1 

(a) w=1/2 for6=1 

Wgl for 6 >> 1 

w =f(S) E [0, l] with 

df (b)w’=ds>O 6# I 

(16) 

Substituting equation (2) into (5) gives : 

T,, = oT,,+(l-a)T, 

from which one obtains : 

(17) 

(19) 

From equation (19), equation (9) becomes : 

e = rh,c,(l--o)(T,-To,). (20) 

In hypothesis (a) using equation (3) equation (6) can 
be modified as : 

Te = Toe+6(Tw_Toe). (21) 

While in hypothesis (b) using equation (3), equation 
(7) can be modified as : 

Tow = T, - ;K, - To,). (22) 

Substituting equation (12) into equation (8) we have : 

(23) 

Moreover, substituting equation (13) into equation 
(11) and using equations (9) and (lo), we can obtain : 

(c,~a)* 
Q= 17a 

( > 
(24) 

I_o-w 

Equations (5) (23) and (24), and knowledge of func- 
tions w(6) [equation (16)] and o&J constitute a non- 
linear equation system with six unknowns 0, rizr, ti,, 
6, w and 0 ; using one as an independent parameter, 
the remaining five quantities are univocally deter- 
mined. The model is completed by knowledge of a 
set of parameters, some of which being imposed as 
functions of the thermal plant design and some of 
which being aquifer properties. Among the latter 
quantities it was noted that parameters 7f e 7, had to 
be determined experimentally or by difficult numerical 
simulation of the aquifer-well-promoter system. Even 
if their bonds with thermophysical and geometrical 
characteristics of the aquifer, the well and the pro- 
moter are determined, it is even more complex to 
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determine the function that correlates the various par- 
ameters. 

By analysing the properties of function (I) [see equa- 
tion (16)] and from equation (24), we can see that e 
is even more sensitive to variations of (r than of w. 
Hence in the present paper the authors have focused 
their attention to the function cr(ri?,). This function 
must satisfy the following properties : 

IT = q(@,) E [0, I] with 

dq (b)o'=T>OVtft,>O. 
dw 

(25) 

It should be emphasized that the conditions expressed 
in equation (25) are not sufficient to demonstrate the 
existence of a maximum heat flow rate taken from 
DHE. Hence, in this first phase, by means of a numeri- 
cal simulation, the authors will determine a number 
of characteristic values of (r for a number of types 
of geothermal aquifers and then will determine the 
function c(@J. 

THERMAL AND FLUID DYNAMIC SIMULATION 

OF A GEOTHERMAL AQUIFER 

The thermal and fluid dynamic simulation of a geo- 
thermal aquifer was carried out adopting the sim- 
plifying hypothesis that the flow induced in the aquifer 
by a hydraulic gradient is much lower compared to 
the natural flow that occurs in the aquifer as a result 
of DHE heat transfer. In this hypothesis, adopting a 
system of cylindrical coordinates, the thermal and 
fluid dynamic fields prove to be independent of the 
angular coordinate. Assuming the Boussinesq 
approximation, the energy equation and the Darcy’s 
law are [ 151 : 

(1) aquifer 

(26) 

1a*f!?r* ia*ar* 
r dz ar r ar aZ 

(2) impermeable stratum under aquifer 

(28) 

where (i) $ is the stream function ; (ii) P = (T(r, z) 
- T,,)/( T, - To,) is the dimensionless temperature ; 
(iii) pep, p and fi are, respectively, the thermal capacity, 
the dynamic viscosity and the volumetric thermal 

expansion coefficient of the geothermal fluid ; (iv) ;le4 
is the equivalent thermal conductivity of the aquifer 
[16] ; (v) y = (T, - To,) and (vi) g is the acceleration 
of gravity. With reference to the geothermal aquifer 
shown in Fig. 6 the boundary conditions imposed by 
the numerical simulation are : 
thermal boundary conditions 

T*(r,z) = 1 for(r= RandO<:< H>,+H,) 

and(-= H>,+H,andO<rd R) (29) 

C 

h 
T*(r,z)=O for r=r,andd,<,-<h 

2 1 
(30) 

f?T*(r,z) 
~ = 0 with II = z for (rw < r d R and z = 0) 

&l 

and (0 < r < r, and z = h) 

withn=rfor(r=Oandh<:dHS,+H,) 

( 

h 
and r=r,VandO<;<p 

2 1 
(31) 

Tc+(r,z) = T+(r,z) and 
(lr” ?Tc 

i, Y = ieq _ 
C’Z (72 

for 0 < r < R and z = Ha (32) 

fluid dynamic boundary conditions 

Mr, z) 
~ = 0 with n = r for (r, < r < R and z = 0) an 

and (0 < r < r, and z = h) and 

for (0 < r < R and z = H,,) 

withn==for(r=RandO,<:<H,) 

and (r = 0 and h < z < Ha) (33) 

+!f(r, z) 
-= [s(;-1)1forr=r,andO<;<h 

c7Z 

(34) 

where : (i) r, is the well radius ; (ii) h is the height of 
the slotted section of the tube casing ; (iii) R is the size 
of the geothermal aquifer in which the thermal and 
fluid dynamic disturbance induced by heat transfer 
is not felt; (iv) Ha and H, are the thickness of the 
geothermal aquifer and of the lower impermeable stra- 
tum, respectively ; (v) 1, is the thermal conductivity of 
the lower impermeable stratum. 

The boundary condition (34) imposing that the rad- 
ial velocity component along the slotted section of the 
tube casing is a linear function of the height Z, was 
derived in relation to a simple mass exchange model 
between the well and the aquifer based on the fluid 
momentum equation, the undisturbed aquifer hydro- 
statics equation and on the mass transport equation 
using some simplifying hypothesis ; from all these one 
derives that the renewed mass flow rate at the fluid 
input is a parabolic function of Z. 
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Fig. 6. Layout of geothermal aquifer for thermal and fluid dynamic numerical simulation. 

Compared to the numerical simulation discussed in 
ref. [14], an impermeable soil under the aquifer is 
considered in the geothermal reservoir scheme. This 
variation is made in order to identify the influence of 
boundary conditions on the thermal and fluid 
dynamic fields. In fact in ref. [14] an adiabatic bound- 
ary condition on the bottom of the aquifer were 
assumed. This boundary condition is realistic only for 
high aquifer thickness and when the slotted section of 
the tube casing is positioned immediately below the 
top of the aquifer. When these conditions are not 
satisfied the heat transfer from the depth of the geo- 
thermal reservoir is not well represented and conse- 
quently the heat flow rate withdrawn by the DHE 
is underestimated. The new scheme with boundary 
condition expressed by equation (29) taking account 
that the geothermal reservoir is an infinite heat 
capacity system compared to the part of the aquifer 
perturbed by heat flow transferred by the DHE. 

Numericul procedure 
The system of differential equations (26)-(28), with 

boundary conditions (29)-(34) were resolved using 
the finite element method. In particular, to resolve the 
numerical problem an iterative procedure was applied 
to determine the thermal and fluid dynamic fields in a 

separate manner until the solution converges. 
Assuming that heat and mass flux at the element inter- 
faces are preserved [17], the primary variables (stream 
function and temperature) can be interpolated with 
linear functions [18]. A number of isoparametric 
quadrangular elements were used to discretize the geo- 
metrical domain. The mesh is not uniform but a gre- 
ater number of elements (approximately 600) was 
used to discretize the domain near the well compared 
to the remaining part of the aquifer. The number of 
elements used near the well was in relation to the 
stability of the thermal and fluid dynamic fields solu- 
tions. To estimate the accuracy of the numerical pro- 
cedure. the exact solutions of one-dimensional and 
two-dimensional separate thermal and fluid dynamic 
problems were compared with the corresponding 
numerical solutions obtaining a maximum percentage 
error of T and $ less than 2%. 

For high hydraulic conductivity values the iterative 
method is modified due to convergence problems. In 
particular, the temperature field used as boundary 
conditions to solve the fluidodynamic field at thej- 
iteration, is the average of the temperature values 
determined at the (j- 1) and,j-interactions. An anal- 
ogous scheme for $-boundary conditions is used to 
solve the temperature field at thej-iteration. 
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Fig. 7. Short-circuit factor trend vs aquifer hydraulic con- 

ductivity variations. 

In this first phase the numerical simulations carried 
out were limited to the case of the slotted section of 
tube casing being positioned beginning from the upper 
position of the geothermal aquifer. Furthermore, the 
height of the slotted section of tube casing h and the 
well radius Y, were maintained constant, respectively 
at 3 and 0.175 m, the thermal conductivity of the 
impermeable soil and the equivalent conductivity of 
the aquifer were supposed to be equal and moreover 
the impermeable soil thickness under the aquifer was 
3 m. The following parameters, instead, were allowed 
to vary, in the following intervals : 

50 < ~j?, < 2000kgh-’ 0.5 < ieq < 2.5 Wm-’ “C’ 

Determining the field of temperature and the stream 
function in the aquifer proved the existence of geo- 
thermal fluid short-circuiting near the well. Deter- 
mining the field of temperature, in particular in the 
upper part of the slotted section of tube casing, 
allowed the mean geothermal fluid input temperature 
in the well to be determined as follows : 

* ,2y o 
IW h s T*(r,,,,z)dz-To,. (36) 

Substituting the value obtained from equation (36) 
in equation (18) we can determine the value of the 
geothermal fluid short circuit factor for each case of 
the numerical simulation. 

Results 
Some of the most significant results obtained 

through numerical simulation are shown in Figs. 7- 
10. As reported in ref. [ 141 from these diagrams it can 
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Fig. 8. Short-circuit factor trend vs aquifer equivalent ther- 
mal conductivity variations. 

be seen that the short circuit factor g trend is shown 
as a function of the renewed fluid mass flow rate as 
the characteristic aquifer parameters vary. In these 
figures the short circuit factor tends asymptotically 
towards unity when the renewal fluid mass flow rate 
increases. This verifies the hypothesis that T,, # T, 
on the basis of the model proposed by the authors. 

From Figs. 7-10 it can be seen that the short circuit 
factor 0 : 

(i) Increases as the hydraulic conductivity of the 
aquifer, k, diminishes (Fig. 7). In fact, for every other 
parameter, and in particular for riz, being equal, the 
decrease in k gives rise to an increase in geothermal 
fluid velocity with a consequent increase in the short 
circuit effect. 

(ii) Increases as the equivalent thermal con- 
ductivity of the aquifer, &,, diminishes (Fig. 8). In 
fact, for every other parameter being equal, the 

1.0 

0.8 

0.6 

b 

0.4 

0.2 

800 1200 

ma&g h-l) 

Fig. 9. Short-circuit trend vs the ratio between the height of 
the slotted section of tube casing and the aquifer thickness. 
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Fig. 10. Short-circuit factor trend vs variations in the output temperature of well geothermal fluid. 

decrease in A,, determines a decrease in aquifer heat 
transfer with a consequent decrease in the temperature 
of the geothermal fluid input to the well, T,,, and, 
therefore, of the short circuit factor 

(iii) Increases as the dimensionless thickness of the 
aquifer < tends to one (Fig. 9), since elevations of z 
geometrically tie the convective cell extension induced 
by the removal of energy, thereby increasing the resist- 
ance to movement of the renewed fluid and favouring 
short circuit formation. < also increases when it tends 
to low values. This depends to the high distance of the 
slotted section of the tube casing from the zone of 
the heat transfer from the depth of the geothermal 
reservoir. Consequently, the slotted section position 
is very important to optimize the design of DHE, 
and this position is a function of the thickness of 
the aquifer. Specified studies must be carried out to 
investigate this problem. 

(iv) Increases as the output temperature To, of the 
geothermal fluid from the slotted section of tube cas- 
ing increases (Fig. 10). The influence of this parameter 
can to a good approximation be considered as being 
negligible. 

We also want to underline that if the numerical 
procedure is the same as that reported in Ref. [14], 
the results are different, since (i) the simulation scheme 
of the geothermal reservoir is different; (ii) the heat 
and mass flows are greater, and so consequently a 
wider range of ti, is considered. 

Comparing the numerical results of G obtained 
using the adiabatic boundary condition on the bottom 
of the aquifer reported in ref. [14] with the results 
determined considering the impermeable soil under 

the aquifer, it is evident that the values of cr in the first 
case are less than the corresponding values of the 
second case for low aquifer thickness, whereas for 
high thicknesses the values are practically equal. 

As reported in ref. [14], the results of cr obtained by 
numerical simulations were interpolated as a function 
of riz, by means of the minimum square technique, 
thereby obtaining the following relationship for all 
examined conditions of the aquifer that were char- 
acterized by the combination of Ha, A,,, To, and k : 

0 = 1 -exp [-a(c,,m$]. (37) 

Equation (37) allows (r to be determined in the interval 
defined by equation (35) with a maximum error of 
2%. Now we want to emphasize that the function 
a(&) expressed by equation (37) determines a 
maximum value of heat flow rate [see equation (19)] 
as discovered experimentally by the authors. 

A trend of the values of the dimensional coefficients 
a and b are given in Fig. 11 as the hydraulic per- 
meability varies and for a characteristic set of <, &, 
y. From this figure it can be seen that the trend of 
coefficients a and b can be assumed to be almost linear 
and in particular, coefficient b is almost constant as k 
varies and is independent of the value of equivalent 
thermal conductivity. Tables l-3 show some values of 
a and b for some combinations of [, &,, 7 and k. 
Analogous values for the case of the aquifer with the 
adiabatic boundary condition on the bottom of the 
aquifer are reported in ref. [14]. 

Substituting equation (37) into equation (20) one 
obtains : 

e = ti,c, exp [ - a(c,riz,)“] (T, - To,) (38) 
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Fig. 11. Values of a and b coefficients vs aquifer permeability 
variations. 

deriving the same equations to riz, and making it equal 
to zero. Expressing equation (38) for em,,, one can 
obtain : 

cpti,~gm,~x~ = (ab) ’ ‘h (39) 

where %(gmAXj is the renewed geothermal fluid rate 
corresponding to the heat flow rate transferred by the 
DHE. 

Introducing the dimensionless parameters : 

and substituting equation (40) into equation (39) we 
obtain 

,=cexp[-91. (41) 

Figure 12 shows the values of x as 5 varies for a 
number of values of b. It can be seen from this diagram 

0.0 OS 18 1S 20 

5 
Fig. 12. x = &f&,, trend vs 5 = ti,/ti,,g,,,,zl as a function of 

parameter h. 

that the function ~(5) does not increase monotonically 
but is at a maximum. Hence, as ti, increases beyond 
the value corresponding to this maximum, the heat 
flow rate transferred by the DHE tends to diminish, 
in accordance with the experimental findings of the 
lschia plant where 0 diminished as T,, diminished. It 
is evident, however, that within the well temperature 
is interconnected and therefore as T,, diminishes, there 
is a corresponding decrease in the temperature of the 
geothermal fluid at the input of the evaporator tube 
bundle T,% and at the output of the slotted section of 
tube casing r,,,. 

Comparing the numerical results obtained using the 
adiabatic boundary condition on the bottom of the 
aquifer reported in ref. [14] with the results determined 
considering the impermeable soil under the aquifer, it 
is evident that the maximum heat flow transferred by 
the DHE in the first case is less than the corresponding 
values of the second case for low aquifer thickness, 
whereas for high thicknesses the values are practically 
equal. 

CONCLUSIONS 

In their study the authors have verified both exper- 
imentally, and by means of numerical simulation, that 
the heat flow rate that can be transferred from a geo- 
thermal aquifer by a DHE with a natural convection 
promoter are tied to a maximum value. The presence 
of this maximum value depends on a short circuit 
effect in the flow of the geothermal fluid that occurs 
near the slotted section of tube casing. In order to 
consider this effect in the heat and mass transfer, the 
authors developed a simplified thermal and fluid 
dynamic model with lumped parameters to design a 
DHE with a natural convection promoter. In this 
model the authors introduced some characteristic par- 
ameters of the aquifer-well-promoter system. In par- 
ticular, in this paper they examined the most sig- 
nificant parameter defined as the short-circuit factor. 
This factor is a function of(i) the aquifer and the well 
geometrical characteristics ; (ii) the permeability and 
equivalent thermal conductivity of the aquifer; and 
(iii) the difference in temperature between the unper- 
turbed aquifer and the temperature of the geothermal 
fluid downstream of the heat transfer. Some short 
circuit factor values were obtained by the authors 
for variations of the above-mentioned parameters by 
means of a numerical simulation of a geothermal aqui- 
fer using the finite element method. 

The numerical simulation and the experimental 
tests carried out on particular type of DHE have 
allowed the authors to understand that the maximum 
value of DHE is a function of the characteristics of 
the thermal plant, the aquifer and the well con- 
figuration and, in particular, of the dimensions and 
position in the aquifer of the slotted section of tube 
casing, and the natural convection promoter. 
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