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ABSTRACT 

Geothermal energy resources such as geopressured 
geothermal brine (GGB) reservoirs and hot saline 
aquifers (HSA) can be potential clean energy 
resources provided the heat extraction from the 
subsurface is done in an economic and environmental 
friendly manner. In the proposed study, we are 
simulating the heat transfer processes around a 
downhole heat exchanger placed in a long lateral 
wellbore in a confined geothermal reservoir. Natural 
convection patterns in saturated porous media that are 
induced due to the heat extraction process influence 
the overall amount of heat extracted. Verification and 
validation studies are presented to evaluate the 
predictive capability of a thermal reservoir simulator. 
Several parametric studies (15 cases) are presented to 
quantify the role of the natural convection on the 
optimal location and the length of the downhole heat 
exchanger (DHE). 

INTRODUCTION 

During the geothermal heat extraction process, the 
fluid flow in the porous media could control the heat 
transport rate both by natural convection as well as 
forced convection. The role of natural convection is 
typically small as compared to the forced convection 
and depends on reservoir geometry as well as 
properties. However, at the time scales of long 
production life of the geothermal resource, natural 
convection could play a significant role. For 
geothermal resources such as GGB and HAS, natural 
convection may be significant during and after heat 
extraction to impact the overall heat extracted. 
 
The present simulation study focuses on the fluid 
flow and heat transfer processes around a DHE 
placed in a long lateral wellbore in a confined 
saturated geothermal reservoir. The DHE is 
represented as a horizontal heat sink with linearly 
varying specified temperature located in the saturated 

aquifer layer. Several parametric cases are studied to 
include the effect of DHE length and its vertical 
position on the heat transfer rate as well overall heat 
extracted. 

NATURAL CONVECTION SIMULATION IN A 
GEOTHERMAL RESERVOIR 

Natural Convection 
Natural convection is the fluid motion generated by 
density differences due to temperature gradients. The 
ratio of the natural convection to the conduction is 
given by a dimensionless group, Rayleigh number 
(Eq. 1).  
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In porous media, the Rayleigh number expression 
also accounts for the medium permeability (Eq. 3), 
and is als  k  the Rayleigh-Darcy number. o nown as
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x: characteristic length 
g: gravity acceleration 
ΔT: temperature difference 
μ: dynamic viscosity 
ρ: density 
α: thermal diffusivity 
β: thermal expansion coefficient 
K: permeability 
cp: specific heat capacity 
k: thermal conductivity 
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Heat Transfer in Porous Media 
Neglecting radiative effects and viscous dissipation, 
the governing equation for the thermal energy 
transport is given as follows (Eq. 4). 
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Thermal transport is solved using finite difference 
method coupled with Darcy’s law and continuity 
equation for velocity field calculation. 
  
The following equations indicate the correlations 
between fluid density vs. temperature and pressure, 
where, β and C represents thermal expansion 
coefficient and compressibility, respectively. 
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Thermal Circuit around DHE 
Temperature boundary conditions around a heat sink 
can be studied using a thermal circuit. Thermal 
resistance is defined as the temperature difference 
across a structure when a unit of heat energy flows 
through it in unit time. The heat transfer between 
DHE and its surrounding gridblocks is dominated by 
both conduction and natural convection. The thermal 
circuit can be illustrated by Figure 1, from which, the 
overall thermal resistivity can be expressed as Eq. 
(10).  

 
Figure 1: Thermal circuit around DHE. 
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The following two equations indicate the thermal 
resistivities for both conduction and convection 
(Bauer, 2010  ).
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where, Nu is Nusselt number (the ratio of convective 
to conductive heat transfer coefficient) and de is the 
effective diameter. Merkin (1978) studied the 
problem of a horizontal cylinder embedded in porous 
m a an ed following correlation. edi d provid

0.565 .
 

(13) 

Verification &Validation Tests 
The following two cases from published literature are 
compared against the simulation results for 
corresponding parameters and boundary conditions.  

Case I (Costa, 2006): 
In the first case, left boundary is maintained at a high 
temperature and right boundary at a low temperature 
(Figure 2). Top and bottom boundaries are insulated. 
Figure 3 presents the results on temperature profile 
(left) and velocity field (right) for RaD=100. 
Comparison of the isotherms as well as streamline 
between our results and Costa’s results is 
satisfactory.  

 
Figure 2: Boundary conditions for Case I. 
 

 
Figure 3: Comparison of isotherms (left) and 

streamline (right) [Top row: Present 
work; Bottom row: Costa (2003, 2006)]. 

 



 

Case II (Sathiyamoorthy et al. 2007): 
In the second case, the bottom wall is uniformly 
heated with constant temperature, right wall is 
maintained at cold temperature, top wall is adiabatic 
and the left wall is linearly heated (Figure 4). Figure 
5 displays the comparison of present work with 
Sathiyamoorthy et al. (2007) on isothermal contours 
for RaD=100. 
 

 
Figure 4: Boundary condition for Case II. 
 

 
Figure 5: Comparisons of isotherm contours from 

present work (left) and Sathiyamoorthy, 
2007 (right). 

RESULTS  

Natural Convection around DHE in GGB 
Flow in a simple homogenous geothermal reservoir 
model with constant properties is presented to assess 
the natural convection effects on the heat extraction 
(Figure 6).  
 

 
                            (a) 
 

 
  (b) 

Figure 6: (a) Dimensions of geothermal reservoir 
model; (b) Temperature B.C. around 
DHE.  

 
The downhole heat exchanger (DHE) is represented 
as a heat sink with linear temperature distribution 
(from 120 oF at one end to 240 oF at the other end) 
located at the center of the confined reservoir along 
the lateral and transverse directions. The vertical 
location as well as the length of DHE is varied to 
study different natural convection patterns generated 
during the heat extraction process. All six faces of the 
reservoir are subjected to impermeable flow 
boundaries. Temperatures at top and bottom are 
based on a vertical geothermal gradient and no heat 
flux is specified at the other four faces. 
 
Parameters are used for all simulations are listed in 
Table 1. The depth of top surface is assumed to be at 
11000 ft. The surface temperature is assumed to be 
80 oF with a vertical geothermal gradient of 2 
oF/100ft and thus temperature at the top surface is 
calculated to be 300 oF. Both top and bottom surfaces 
are maintained under constant heat flux 
corresponding to this geothermal gradient. 
 
Table 1: Parameters values used in the simulations. 

Viscosity (cp) 0.15 
Fluid density @ [14.7 psia, 100 oF] 62 
Rock density (lbm/ft3) 168 
Rock specific heat capacity 
(BTU/lbm-oF) 0.2 

Fluid specific heat capacity 
(BTU/lbm-oF) 1 

Rock thermal conductivity 
(BTU/ft-day-oF) 30 

Fluid thermal conductivity 
(BTU/ft-day-oF) 5 

Thermal expansion coefficient (oF-1) 0.0006 
 
Various parametric studies with different vertical 
placement locations of DHE (DH) {0.05, 0.25, 0.55, 
0.75 and 0.95} and its lengths (DL) {0.2, 0.333 and 
0.467} are simulated to achieve maximum heat 
extraction rate for a given temperature distribution.  

Isotherms 
Figure 7 shows temperature contours on the x-z plane 
at y/Ly=0.5 for the select cases after 2000 days and 
8000 days.  
 
The asymmetric contours are the result of linearly 
varying temperature along DHE. For a given vertical 
DHE location, the differences between isotherms 

 



 

 

results from the changes in the heat transport around 
different length DHEs (hence different drainage 
areas). 
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DL=0.2 

   

DL=0.47 

  
 After 8000 days 

DL=0.2 

  

DL=0.47 

   
Figure 7: Contour plots of temperature field with DH= {0.25, 0.55 and 0.75} and DL= {0.2 and 0.47} at 2000 days 
and 8000 days. 
 
At later times (8000 days), the temperature gradients 
are much larger below the DHE as compared to the 
shallower depths irrespective of the vertical locations. 
From the case with DH=0.75, one can see that the 
large temperature gradients are confined near the 
reservoir bottom while the top part has only vertical 
geothermal gradient. 

Heat Extraction Rate and Cumulative Production 
Figure 8 shows that the heat production rate increases 
with increasing DHE length at a fixed height.  
 
For the very deep DHEs, the heat production rate is 
declining even after 8000 days. However, for 
shallower DHEs, the production rate reaches a steady 
state after the initial transient. Further, the heat 
production rates are higher shallower DHEs and 
increasing DHE length contributes more for the 
shallower DHEs. 
 
It can be argued that deeper DHE could have higher 
heat production rate initially due to geothermal 
gradients (higher temperature at deeper zone). 
However, natural convection effects must contribute 
significantly in the heat production for shallower 
DHEs to offset the drawback of lower temperature 
difference between shallower zone and DHEs.  
 

 
 



 

 
Figure 8: Heat production rate with DH=0.25(top) 

and 0.95 (bottom). 
 
 

 
 

 
Figure 9: Heat production rate with DL=0.2(top) 

and 0.47 (bottom). 
 
Figure 9 shows that DHE located at vertical depth of 
DH=0.55 has the highest heat production rate at 3000 
days. If the designed production time is as short as 
500 days, DH=0.75 would be the best choose. 

However, if the period extends to 8000 days, the 
DHE should be setup at DH=0.25. 
 
For long-term development consideration, shallower 
DHE presents its advantage completely. Even after 
20 years production, the heat extraction rate remains 
steady without observable decline compared to the 
deeper DHE scenarios considered.  

Optimal Vertical Location 
As noticed in Figure 9, DHE at shallow vertical 
location may not be the best strategy. When DHE 
vertical location is near the top boundary of the 
reservoir (DH=0.05), a significant drop in heat 
extraction rate is observed during the first 1000 days 
and this drop is not compensated by any 
contributions due to natural convection induced heat 
flux even in a long time durations. Figure 10 shows 
that the optimal vertical location exists and changes 
over the operation time. 
 

 

 
Figure 10: Heat production rate (top)/Cumulative 

heat productivity (bottom) vs. locations 
with DL=0.2 (1TJ=1012J). 

 
Table 2 presents the relationship between optimal 
dimensionless vertical location and the designed 
production period for heat production rate and 

 



 

cumulative productivity for two different 
dimensionless DHE lengths.  
 
Table 2: Optimal vertical location vs. designed 

production time for different DHE lengths. 

Total 
Time 
(days) 

Heat Production 
Rate (kw) 

Cumulative Heat 
Productivity (TJ) 

DL=0.2 DL=0.47 DL=0.2 DL=0.47 
2000 0.439 0.419 0.56 0.544 
4000 0.368 0.349 0.453 0.428 
6000 0.331 0.314 0.402 0.381 
8000 0.311 0.296 0.373 0.354 

 
Note that the optimal vertical location of DHE is 
deeper if maximizing cumulative heat productivity 
(integral of the heat extraction rates over the designed 
production time) instead of maximizing the heat 
production rates. 

CONCLUSIONS 

On the basis of several parametric simulation results 
of natural convection around a linear temperature 
variation DHE in a confined GGB, following 
conclusions can be drawn: 
 
• For given vertical location, longer DHE can 

influence large areas of thermal gradient 
resulting in enhanced heat extraction rate. 
However, longer DHE would also require 
increased capital investment.  
 

• Compared to the shallower DHE which produces 
heat from the whole reservoir, deeper DHE 
influences the thermal gradients near the bottom 
zone in the reservoir only.  
 

• Designed production life is also a critical factor 
for determining optimal vertical location of 
DHE. For period less than 10 years, DHE should 
be located at middle. For long-term (about 20 
year), shallower DHE is desired.  

 
• For a given DHE length, the optimal vertical 

location for maximum heat extraction rate is 
shallower than that for the maximum cumulative 
heat productivity. 

 
• Optimal vertical location becomes shallower for 

both heat production rate and accumulative 
productivity with increasing DHE length. 
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