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ABSTRACT 

The data from flow tests which employed two 
different production zones in a well at Fenton Hill 
indicates the flow impedance of a wellbore zone damaged 
by rapid depressurization was altered, possibly by 
pressure spallation, which appears to have mechanically 
propped the joint apertures of outlet flow paths 
intersecting the altered wellbore. The rapid 
depressurization and subsequent flow test data derived 
from the damaged well has led to the hypothesis that 
pressure spallation and the resultant mechanical propping 
of outlet flow paths reduced the outlet flow impedance of 
the damaged wellbore. Furthermore, transient pressure 
data shows the largest pressure drop between the injection 
and production wellheads occurs near the production 
wellbore, so lowering the outlet impedance by increasing 
the apertures of outlet flow paths will have the greatest 
effect on reducing the overall reservoir impedance. 
Fenton Hill data also reveals that increasing the overall 
reservoir pressure dilates the apertures of flow paths, 
which likewise serves to reduce the reservoir impedance. 
Data suggests that either pressure dilating the wellbore 
connected joints with high production wellhead pressure, 
or mechanically propping open the outlet flow paths will 
increase the near-wellbore permeability. Finally, a new 
method for calculating and comparing near-wellbore 
outlet impedances has been developed. Further modeling, 
experimentation, and engineered reservoir modifications, 
such as pressure dilation and mechanical propping, hold 
considerable potential for significantly improving the 
productivity of HDR reservoirs, 

INTRODUCTION 
The Hot Dry Rock (HDR) geothermal reservoir designed 
for mining heat at Fenton Hill, New Mexico has shown 
that thermal energy contained within large bodies of 
crystalline basement rock can be harvested for use on the 
earths surface. The Fenton Hill reservoir demonstrates 
how a large volume of hot rock at considerable depth can 
be hydraulically opened with high pressure to circulate 
water and mine heat with minimal water consumption. 
Furthermore, many months of reservoir circulation and 
heat removal have shown no drawdown in the mean 
temperature of the water produced from the reservoir. 
Therefore, the major remaining technical challenge is to 
engineer a reduction in reservoir flow impedance to. 

increase the productivity of an HIDR system to a 
commercial level. The data from Fenton Hill offers 
valuable information for designing methods for 
significant reductions in flow impedance. 

BACKGROUND 
While the creation of an HDR reservoir in deep basement 
rock is determined by the initial volume of highly 
pressurized water used to open and extend an originally 
impermeable joint and fracture system, the working size 
of a reservoir is determined by the hydraulic pressure 
maintained on the reservoir. After the initial hydraulic 
fracturing, the reservoir can be sustained at a stable 
volume by operating the reservoir below a hydraulic 
pressure which would induce microseismicity at the 
reservoir boundaries and cause reservoir growth. Below 
this seismic threshold, water pressure acts against the in 
situ stress regime to open joint systems and elastically 
deform reservoir rock to create flow paths connecting an 
injection and production wellpair. While the volume of 
the flow paths within the reservoir is strictly a function of 
pressure, the rate of fluid flow through a jointed system is 
both a function of the size of flow path apertures and the 
driving pressure difference across the system. Two 
conceptual models used to simulate the fluid flow in the 
deep Precambrian jointed system at Fenton Hill are the 
Gangi joint opening law and the cubic law for fluid flow 
through parallel plaws. 

The Gangi opening law describes the size of a flow path 
aperture as a function of pressure and is given by 

where P is the fluid pressure at the aperture, Po is the 
closure stress of the flow path joint, a,, is the initial joint 
opening at closure stress, and m is a characteristic of the 
asperity heights in the joint where ( 0 < m < 1 ).' The 
cubic flow equation relates the rate of flow through a 
joint to the cube of the joint aperture by 

where q is the flow rate, a is the joint aperture size, u is 
the dynamic viscosity of the fluid, f is the friction factor 
or joint tortuosity, and dP/dx is the pressure gradient 
across the joint.' 

= aou - (PPo)"l, 

q = a' / ( 12 u f ) * ( dP 1 dx ), 

Since the flow rate follows a cubic function of flow path 
aperture, increasing the joint aperture greatly enhances 
the flow (and reduces the impedance), while the driving 
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pressure difference across a joint has only a linear 
influence on flow. These concepts incorporated into an 
implicitly coupled finite element model have successfully' 
simulated flow test results for experiments conducted at 
Fenton Hill. 

lhiection Pressure. MPa 

To analyze HDR reservoir impedance, data from the 
Initial Closed-Loop Flow Test (ICFT), performed in 
1986, and data from the Long Term Flow Test (LTFT) 
and other recent flow tests conducted in 1992 were 
investigated. A brief history of Fenton Hill follows in 
order to explain the distinctly different wellbore zones of 
the ICFT and the LTFT, because the lower portion of the 
original well used for the ICFT was redrilled and the 
redrilled wellbore has produced the flows of the LTFT 
and subsequent flow tests. 

1" Segment 2"' Segment 
6/2/86 6/18/86 
26.8 31.5 

The original wellbore, designated EE-2, was used in 1983 
to conduct a Massive Hydraulic Fracturing (MHF) 
reservoir creation test which stimulated intense 
microseismic activity with the injection of 21000 m3 of 
water (5.7 million gallons) at rate of 106 Vs (840 gpm). 
During this injection, the wellbore was altered and a 
portion of casing was damaged when a flange at the 
wellhead failed and a rapid back-flow of water, steam, 
and about 0.3 m3 of rock fragments were ejected from the 
reservoir. In 1986, this damaged EE-2 wellbore served as 
the production well during the ICFT. 

Then in 1987, the original EE-2 wellbore was 
sidetracked and redrilled through the same fractured 
reservoir on a trajectory essentially parallel to, but 15 to 
30 meters away from the old wellbore. The redrilled well, 
designated EE-2A, serves as the current production well, 
and has carried the outlet flow for the LTFT and other 
recent flow tests. The difference in the flow behavior of 
the two wellbores suggests that a mechanism, possibly 
mechanical propping, changed the outlet flow character of 
the EE-2 well and reduced its outlet impedance. 

d 
During the MHF test when the hydraulic fracturing 
pressure was accidentally vented, the rapid 
depressurization of the wellbore flashed water to steam 
and threw shards of rock from the wellbore. The 
fragments of rock were apparently broken from the 
surface of the wellbore by pressure spallation. Pressure 
spallation is thought to occur when microcracks beneath 
the surface of a rock fill with water at a pressure higher 
than the tensile strength of the rock, then when the 
pressure at the surface is quickly released, the force of the 
pressure difference between the interior and the surface of 
a rock causes spallation. Investigation of the outlet 
impedances of the two wellbores, EE-2 and EE-2A, 
indicates distinct differences in the outlet flow 
impedances of the wellbores which may be explained by 
mechanical propping due to pressure spallation. The 
pressure spallation seems to have occurred on the surfaces 
of outlet flow paths as well as on the wellbore surface, 
which allowed fragments of rock to lodge within and prop 

open the reservoir connections to the outlet wellbore as 
flow paths were closing with the release of the pressure. 
A laboratory experiment designed to verify the principle 
of pressure spallation has been planned but has not yet 
been carried out. Therefore, pressure spallation and the 
resultant mechanical propping of the damaged wellbore 
zone remains just a hypothesis at this time, however flow 
test data strongly supports this hypothesis. 

The following paragraphs first discuss the overall 
impedance results from the ICFT, LTFT and more recent 
flow tests, then go on to analyze the outlet impedances of 
these flow tests and distinguish the differences in outlet 
impedances for the two wellbores. The results suggest 
that two methods of increasing the flow path apertures, 
pressure propping and mechanical propping, have been 
demonstrated at Fenton Hill. 

ICFT OVERALL IMPEDANCE RESULTS 
In May and June of 1986 the ICFT was divided into two 
15 day flow segments. Table 1 shows the measured 
parameters at selected times during each flow segment of 
the test, along with the calculated impedance. The flow 
impedances shown in Table 1 were calculated from the 
pressure drop between the wellheads divided by the 
produced flow rate. 

(psi)) (38%) I (4570) 
Production Pressure. MPa I 2.4 I 3.4 

(495) 

(214) 
Production Temperature,°C 

(343) (374) 
Impedance, MPallh 2.87 2.08 

(19.0) 

Table 1. ICFT Performance Results 

A comparison of overall impedances derived from the 
first and second segments of the IClT illustrates the 
result of impedance reduction by pressure propping. 
During the second segment of the ICFT, the higher mean 
reservoir pressure reduced the overall reservoir 
impedance by pressure dilating the flow paths connecting 
the injection and production wells. Similar results are 
also seen in the data of more recent flow tests. 

ALL 
I M P E D A N C E S  
During 1992, the LTFT operated for 16 weeks with a 
steady injection pressure controlled below a seismic 
threshold of 27.3 MPa (3960 psi) while the production 
pressure was held constant at 9.67 MPa (1400 psi). After 
a pump breakdown which interrupted the test, a series of 
interim flow tests (IFT's) were conducted to continue 
gathering data until the pressure and flow conditions of 
the LTFT could be resumed. Table 2 displays the flow 
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conditions attained with various injection and production 
pressures and the resulting overall flow impedances. 

5.66 
(89.7) 

183 
(361) 

3.11 
(28.5) 

Injection Pressure, MPa 

Production Ressure. MPa 
(psi) 

3.85 5.34 5.71 
(61.1) (84.6) (90.5) 

165 177 183 
(329) (351) (361) 

3.30 2.27 2.61 
(30.2) (20.8) (23.9) 

hoduction Flow Rate, I/s 
(wm) 

Production Temperature, "C 
(91 

27.29 1 22.36 1 27.32 1 27.32 1 
(3958) (3243) (3963) (3962) 

Table 2. Recent Flow Tests and Overall 
Impedance Results 

* As the production rates vary with different pressure 
conditions, production temperatures also vary because 
more heat loss per unit of fluid is conducted away from 
the production wellbore at reduced flow rates. Density 
differences in the produced flow rates have been 
normalized. 

Again, the empirical parameters of the LTFT and ET3, 
which show similar flow rates and production 
temperatures, reveal a reduction in overall impedance due 
to the pressure dilation of flow paths. Even with a 
reduction in the pressure difference across the reservoir, 
the flow rate measured at a backpressure of 1798 psi was 
not less than the flow rate produced at 1401 psi with 
nearly the same injection pressure. That is, because the 
apertures of flow paths were dilated with a higher mean 
reservoir pressure, the overall flow impedance declined 
enough to maintain the level of production flow in spite 
of a smaller driving pressure difference across the 
reservoir. An even higher backpressure of 2200 psi, 
shown in column IFT2, further reduced the overall 
impedance of the system at LTIT conditions by about 
27% with only a 5% reduction in flow. These data 
suggest that within a certain range of wellhead pressures 
the reservoir productivity is a much stronger function of 
absolute pressure level than the driving pressure 
difference between wellheads, and that experimentation, 
modeling, and system modifications may be employed to 
optimize the system. 

IMPEDANCE ANALYSIS FROM SHUT-IN 
PRESSURE RESPONSE 
When the injection and production wellhead valves are 
rapidly closed, the pressure response at the wellheads 
displays valuable information about the magnitude and 
location of reservoir impedance. Figure 1 shows the time 

response of pressure at both wellheads when the 
wellheads were quickly closed during steady state flow 
conditions on July 31, 1992. The injection pressure 
showed a step decrease of about 100 psi followed by a 
slow pressure decline toward the mean reservoir pressure. 
At the same time the production wellhead pressure rose 
rapidly almost 1700 psi when the well was shut in and 
then slowly increased toward the mean reservoir pressure. 
These responses illustrate how the pressure gradient 
between the injection and production wells levels out 
rapidly where the gradient is steep but slowly across the 
body of the reservoir where the gradient is moderate. The 
small steep pressure drop at the injection well quantifies 
the small reservoir inlet impedance due to the pipe 
friction of the injection wellbore casing, since the 
reservoir inlet flow paths are dilated by cooling as well as 
propped open by high injection pi-essure. The magnitude 
of the pressure rise at the production well, however, 
illustrates the location of a steep gradient which defines a 
large pressure drop over a small distance near the 
production well. This sizable gradient identifies the 
largest pressure drop between the wells and therefore the 
greatest portion of the overall impedance. Finally, the 
residual pressure difference betwrm the injection and 
production wells, after the initial rapid changes, 
represents the moderate pressure drop across the body of 
the reservoir. 

4615 
31 7 

-5 5 15 25 35 45 55 65 75 85 95 

Time, minutes 

Figure 1. Wellhead Shut-in Pressure 
Responses 

The nature of this pressure response allows the overall 
reservoir impedance to be divided into three impedances, 
an inlet impedance, a body impedance, and an outlet 
impedance. Thus, the pressure mea.surements in Figure 1 
show the LTIT reservoir conditions where a small 
percentage of the pressure drop between the wellheads 
occurs on the injection side while the majority of the 
pressure drop occurs near the production well, leaving a 
moderate amount of the pressure drop to occur within the 
body of the reservoir. This asserts that a reduction in the 
production well impedance will have the greatest impact 
on reducing the overall reservoir impedance. Therefore, 
further analysis of the outlet impedance follows. 
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PRODUCTION WELL SHUT-IN PRESSURE 
ANALYSIS 
In order to more precisely quantify the pressure drop near 
the production well, the method illustrated in Figure 2 is 
being developed. Further work in modelling the 
buoyancy, compressibility, and heat transfer of the water 
in the wellbore and near wellbore region will be presented 
in a subsequent paper. Figure 2 plots the pressure rise at 
the production wellhead when the production valve is 
quickly closed. 
During the initial transient pressure rise, the slope of the 
curve reflects wellbore and near-wellbore phenomena 
such as the compressibility of water and heat transfer 
from the wellbore, but after the short steep rise the 
pressure at the wellhead shows the gradual relaxation of 
the pressure gradient across the body of the reservoir. At 
the same time, flow paths connecting the production 
wellbore to the body of the reservoir are dilating and 
storing water due to the increasing pressure. The 
combination of all these phenomena yields the pressure 
response measured at the wellhead. Accordingly, the 
contributions of these influences allow the curve to be 
divided into two regions, one which follows the steep 
transient behavior, and a second which follows the 
gradual long term pressure rise. For the purpose of 
analysis these two regions of the pressure rise have been 
modeled with curve fits. The initial slope, which is 
highly influenced by compressibility and wellbore heat 
transfer, is nearly linear for a brief few minutes. 
Therefore, the initial transient is modelled with a linear 
curve fit whose slope depends upon the initial 
temperature, pressure, and flow conditions. The 
subsequent slow pressure rise, which is determined by the 
relaxation of the pressure gradient across the reservoir 
and the increasing storage of water in dilating joints near 
the production wellbore, correlates well with a geometric 
equation of the form P = C1 (t)O, where the pressure P 
is a function of time, C1 is a large constant with the 
magnitude of the steep transient pressure rke, t is time, 
and C2 is a very small constant which delineates the long 
term gradual pressure rise. 

3RM 21 I 

e 17-  

B I5 e 
11 

9 

--l near-wellbore reservoir pressure - Jpgh 

' I  
I B  wellhead pressure 

geometric curve fit 
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il' initial slope linear fit 
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3000 

I . . . . I . ~ . . I . . ~ . , . . . ~ I . . ~ . , . . . , , . . ~ ~ I  
-5 0 5 10 15 20 25 30 

Time, minutes 

Figure 2. Production Wellhead Shut-in 
Pressure Analysis 
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Figure 2 shows the intersection of a linear curve fit 
following the initial slope of the pressure rise and a 
geometric curve which models the long term pressure 
response. The intersection of these curves determines a 
pressure which represents the reservoir pressure a small 
distance from the production wellbore. This small 
distance defines the production zone of steep pressure 
gradient in a consistent manner for different shut-in 
curves. Thus, when added to the pressure of the fluid 
column in the production well, this determined pressure 
represents the near-wellbore reservoir pressure, which can 
be used to quantify the pressure drop from the reservoir to 
the production wellbore in a way that allows comparison 
of outlet impedances at different production wellhead 
backpressures. 

Figure 3 shows a shut-in pressure rise at the production 
wellhead from an initial backpressure of 2200 psi, 
considerably higher than the initial backpressure of 1400 
psi shown in figure 2. The effect of the higher 
backpressure, which dilates the flow paths connecting the 
production wellbore to the reservoir, is to decrease the 
near-wellbore outlet pressure gradient. Since the 
difference between the reservoir body pressure and the 
wellbore pressure is reduced, the near-wellbore 
impedance is also reduced. This is evidenced by the 
smaller pressure rise recorded at the production wellhead 
when the production well is shut in. 

3400 

3000 

m 'j: 
a 

wx) 

1SDO 

8 15 

& 13 

Figure 3. High Backpressure Shut-in 
Response 

Table 3 records the calculated near-wellbore outlet 
impedances from the earlier ICFT test, with the 
mechanically propped production outlet, and recent flow 
tests with the redrilled production well where the outlet 
impedance is highly dependent upon backpressure. Once 
again, ongoing work which models compressibility, 
buoyancy, and heat transfer will refine these numbers, but 
the qualitative differences in outlet impedances of the two 
wellbores is evident. 
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Date 

31.51 1 3.41 1 10.13 
(4570) (495) (1469) 

13.63 
(216) 

5.85 
(92.7) 

5.25 
(83.2) 

Table 3. Comparison of Near-Wellbore Outlet 
Impedances 

Outlet 
Impedance 

0.743 
(6.8) 

0.743 
(6.8) 

(16.8) 

0.785 
(7.18) 

The impedances shown in Table 3 attest to the 
dependence of outlet impedance upon backpressure for 
the redrilled wellbore EE-2A, while the ICFT production 
zone, which connects the reservoir to the EE-2 wellbore, 
exhibits a considerably reduced and constant outlet 
impedance. In fact, the constant outlet impedance 
supports the hypothesis that outlet flow paths of EE-2 
were mechanically propped at a fixed aperture when the 
fluid pressure was below the in situ closure stress of the 
joints. The composite of all the preceding information 
allows a number of conclusions to be drawn. 

CONCLUSIONS 

1. The fluid flow character of the two wellbores, EE-2 
and EE-2A, is distinctly different and the reason for 
the difference is hypothesized to have been caused by 
pressure spallation and the resultant mechanical 
propping of EE-2 outlet flow paths by rock fragments. 

2. A laboratory experimental verification of pressure 
spallation should be carried out. (LANL has planned 
an experiment for summer '93) 

3. Two of the potential methods for increasing the size of 
production flow path apertures are mechanical 
propping (possibly by pressure spallation) and 
pressure propping (by holding an elevated 
backpressure on the production wellhead). 

5. HDR reservoir productivity is a stronger function of 
the mean reservoir pressure level than the driving 
pressure difference across the reservoir within a range 
of the operating pressures employed at Fenton Hill. 
This is due to the dependence of the flow rate upon the 
size of the apertures of flow paths, which are a 
function of pressure. 

6. Maintaining a high backpressure reduces both the 
body impedance and the outlet impedance by pressure 
dilating flow path apertures throughout the reservoir. 
In fact, a low backpressure at the production well 
allows the in situ stresses to pinch off production flow, 
unless the outlet flow paths are mechanically propped 
open. 

7. The optimization of HDR productivity may be 
accomplished through modeling, experimentation, and 
system modific:ations such as mechanical and pressure 
propping. 

8. Finally, a new method for calculating and comparing 
near-wellbore outlet impedances at different 
production wellhead backpressures has been 
developed. 
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4. Because the largest portion of the pressure drop across 
the reservoir occurs near the production well, reducing 
the near-wellbore outlet impedance will have the 
greatest impact on reducing the overall reservoir 
impedance. 
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