
MATERIALE PLASTICE ♦ 47♦ Nr. 3 ♦ 2010 335

Analysis of the Thermal Power Decline Extracted from a Vertical Shaft
Equipped with a Simple Polyethylene U-shaped Loop
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This paper presents the research performed in the laboratory of Renewable Energy Sources within the
Petroleum-Gas University of Ploieºti regarding the use of heat pumps for surface geothermal energy extraction.
The paper also examines the decrease of thermal power extracted via heat exchangers mounted in the soil,
due to the cooling of the surrounding soil. The results obtained for a simple U-shaped loop mounted in a
vertical shaft are presented as well.
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Numerical models and experimental research [3, 5]
have shown that in the case of heat pumps used for heating
dwellings, the thermal power extracted from the soil
through heat exchangers made of polyethylene pipe
(Geoexchange system) mounted in different geometries,
decreases with increasing the continuous run time of the
unit.

Taking into account that the heat diffusion equation (1)
is similar to the oil flow equation through porous medium
(2) and that during the exploitation of crude oil reservoirs a
decline in production occurs, this paper proposes a method
of assessing the decline of thermal power extracted from
soil similar to the methods used in the petroleum industry.

             

where:
T is temperature;
ρ - density;
cp - specific heat mass;
λ- coefficient of thermal conductivity;
ρcp - characteristic of thermal storage heat capacity;
p - pressure;
s - storage coefficient;
k - permeability environment;
τ - time.

Defining the thermal decline curves
The decline in oil industry characterizes the decrease

production (flow) rate of an oil reservoir. Let us note Q0 -
initial flow and Q - flow at a certain moment, the decline in
production or the actual decline is thus defined [2]:

                   (3)

The nominal decline is defined by the formula

                   (4)

Thus,  the nominal decline represents the gradient  of  ln
Q in time taken as positive value:
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                                 (5)

Using empirical data, ARPS (Trans AIME 1945) has
shown that the decline production graphs of the reservoirs
can be characterized according to three types of functions
for a nominal decline, functions that characterize a
constant, hyperbolic or harmonic decline.

In practice it has been found that the variation of the
decline D follows a law such as:

                                        (6)

where a and b are constant values and τ is the time.
By integrating equation (4) with separate variables and

by inserting equation (6), the function below is being
obtained:

                                                         (7)

Equation (7) expresses the hyperbolic dependence of
flow over time.

If in equation (7) the constant value b = 1 is customized,
this equation follows:

                                       (8)

This equation represents a harmonic law of flow
variation.

If in equation (7) the term b→0, this equation becomes:

                                        (9)

equation which is an exponential law of the flow in time
or a constant value D = 1 / α of the decline.

The harmonic decline is a special case of the hyperbolic
decline corresponding to b = 1 and it has the expression:

                                          (10)

Due to the similarity between the equation of oil flow
through porous media and the soil heat diffusion equation,
similar quantities for the extracted geothermal flow will
be defined.

(1)

(2)
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1. The constant thermal decline, Dt = ct.

                                       (11)

2. The hyperbolic thermal decline

                                   (12)

3. The harmonic decline

                                    (13)

where Q0 is the initial thermal flow which is extracted from
the soil at the beginning of the heat pump functioning. From
the experimental data for initial thermal flow, the value
after 15 ... 20 min of heat pump functioning can be
considered, time that is required to stabilize the functional
parameters of the heat pump.

Analysis of the thermal flow decline using the
numerical model

The thermal flow, represented by the heat extracted
from the soil via a section of the pipe, has been defined as
equal to the conductive thermal flow taken by the pipe. By
integrating the numerical model, the limit condition on the
pipe is being determined out of the equality of convective
thermal flow, taken by water and conductive thermal flow
transferred to the soil. This thing allows determining the
heat taken up by a segment of pipe only on conductive
thermal flow [1, 3].

In a section of the pipe, the thermal flow is calculated
according to the scheme in figure 1. Thus, the conductive
thermal flow is calculated using the thermal gradient of
the soil at the pipe wall. Using the notations in figure 1, the
thermal flow is:

                             
where:

A is the lateral area of the pipe segment
λ-the coefficient of thermal conductivity of soil.
In order to determine the dynamics of the thermal flow

and the curves that characterize it, the thermal flows have

been calculated in the same section of pipe at various
moments, then the results were processed with specialized
programs to determine the coefficients of the decline
curves. The numerical analysis presented in this paper was
performed for the vertical shaft equipped with a simple U-
shaped loop.

Results and discussions
Numerical results for the vertical shaft

Figure 2 shows a table with the final results of
calculations, in which the bottom presents the errors
between the actual thermal flow and the thermal flows
calculated using decline curves and heat flow effectively.

Values A and B of the decline coefficients with initial
thermal flow Qo are shown in the left box. The graphical
analysis presented in figures 3, 4, 5 and 6 is more
suggestive. Each figure presents the points which
represent the actual thermal flow and a thermal flow curve
that is resulted based on the decline variation.

The graphs show that the best decline curve, which
approximates the lowest errors for the thermal decline
flow, is the hyperbolic decline curve.

Oil extraction from well and thermal flow extraction
present similarities expressed mathematically by the
similarity of the equations describing the two phenomena,
but also differences. Thus, in the case of oil flow to the
well, more than often the porous medium around the well
is uneven, the production layer can be tilted, the water or
the gas from the reservoir influence the flow process, etc.
In the case of thermal flow transfer to the extraction well,

Fig. 1.

Fig.2.
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Fig.3.

Fig.4.

Fig.5.
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Fig.6.

Fig.7.

Fig. 8.
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the soil around it is uniform in terms of thermodynamic
properties (conductivity, specific heat, density, etc.) on large
portions, so that the environment can be considered
homogeneous and isotropic [6]. This may explain that
during the analysis of oil production wells, there are
situations in which constant or harmonic decline can be
used with minimal errors, and in the case of thermal wells,
only the hyperbolic approximates best the decrease of
thermal flow in time.

Experimental results for vertical shaft equipped with a
simple polyethylene U-shaped loop

For experimental determinations, in this case, water
was circulated through the loop mounted vertically in the
shaft for 48 min.

Time was short because the temperature of the water
circulated through the loop decreased rapidly from 16 to
5°C which led to a vaporization temperature of freon in the

Fig. 9

Fig. 10..

heat pump evaporator -2°C.
The result of processing experimental data is shown in

figure 7. One can notice that the above tendency is
maintained, the smallest errors occurring in the case of
the hyperbolic decline.

Conclusions
The experimental measurements carried out in the

Renewable Energy Laboratory polygon of the Petroleum-
Gas University of Ploieºti showed that when mounted in
soil, the polyethylene heat exchangers used to extract
thermal energy using heat pumps, the extracted thermal
power decreases in time [4, 6].

A mathematical function is useful to assess the
evolution over time of the thermal flow extracted from the
soil during the process of designing this type of systems.

A thermal decline has been defined using the analogy
with the production decline in oil wells and various decline
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curves for the extracted thermal power have been
calculated starting from this value.

Comparing the decline curves with the obtained data,
both numerically and experimentally, shows that the
decline curve method is a method that can be successfully
used to estimate the evolution of thermal power extracted
from the soil. In all cases considered the curve that best
approximates the extracted thermal power decline is the
hyperbolic decline curve.
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