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ABSTRACT

Underground nuclear explosions in the Hoggar nuclear test site have
shown that the geological effects may increase the production of oil or
gas reservoirs.

By studying the permanent liquid flow-rate with approximate DUPUIT's
equation, or with a computer code, it is shown that the conventional well
flow-rate may be increased by a factor between 3 and 50, depending on
the medium and explosion conditions.

INTRODUCTION

The rentability of an oil-field production is related with two main
parameters 
- the permanent well flow-rate,
- the total amount of recovered oil.

In this report, the permanent flow is only considered and we show how
to evaluate the production after a nuclear stimulation.

Two methods are described, the first one is a simple analytic calculation;
the second one has a necessary computer code and it gives more infor-
mation.

Both methods are applied to hypothetic nuclear stimulation explosions in
various conditions.

STIMULAT10N FACTOR - EXPLOSION EFFECTS

1. Stimulation factor M.

In a permanent regime, with a circurn radial symmetry, the well flow-rate
is given by the DUPUIT's law which is obtained from DARCY's law 
I = - k grad cp - filtration velocity, k : kinematic permeability, :
hydraulic potential).

The DUPUIT's law is written
2

2 T h � (P-P
- --- a for gas

P T z Log R
a
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2 TT h k (P a- P

R for liquid
pB Log -

a

with

Q well flow- rate
h thickness of the reservoir rock
k average reservoir permeability between the well and the radius

of drainage area

•a pressure at well-bor.e
•r pressure at drainage radius
4 fluid viscosity
T gas temperature
z gas compression factor
B oil volumetrical factor
R radius of drainage area
a well-bore radius

If Q is the flow-rate after stimulation, and Q the natural flow-rate
without stimulation, we propose to evaluate the stimulation factor

Qf
X =- in function of the explosion conditions.

Qi
R.

Log 1
.a.

j= n r.

Log .1
rj-1

k k.

j=

with

R drainage radius

ai conventional well-bore radius (before stimulation)

k average permeability between the well bore and the drainage
radius

r radius of the zone with a permeability k

n number of zones of different permeabilities.

The stimulation factor depends for one part on parameters which are not
directly in relation with the explosion conditions (drainage radius, well-
bore radius) and for the other part, on parameters which are modified
by the explosion (created chimney, permeability, etc ... ).

We briefly recall hereafter the nuclear explosion phenomenology and
particularly the effects which are interesting for the stimulation. We
also show by using the experimental results collected on Hoggar Test Site
and those published in the foreign literature, how we have evaluated the
different parameters necessary for the calculations.
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2. Underground nuclear explosion effects ().

In the first microseconds after the zero time almost instantaneously an

enormous amount of energy 4 18 1019 ergs by kt) is released in a very

small volume (less than one cubic meter). A strong shock wave appears

in the medium which propagates and produces important medium trans-

formations.

We can successively distinguish

-a vaporised rock zone (a few meters large) and farther, a melted rock

zone.

-A fractured zone in which we can distinguish, a crushed rock zone which

looks like sand and gravel becoming more and more rough when the dis-

tance to the shot point increases. This zone stretches to about a few

tens of meters. This distance is related with the energy released and

with the medium.

At distance, the rock shows a fractured system of decreasing intensity.

- An elastic zone where the medium is in a permanent state of stress.

- A seismic zone in which there is no permanent deformation.

After the shock wave passed through, the gas of vaporised rocks expands

and pushes away the initial chamber wall until the pressure inside the

cavity is equal to the lithostatic one at the level of the explosion point.

This expansion stays during about some hundreds of milliseconds, and

the cavity radius may be calculated with a good precision by using the

experimental formula 3.

2 W 1/3

R C 1/3 y
( g + s

with :

Rc cavity radius (meters)

W explosion yield (kt)

P density
H depth of burst

C structural coefficient of the medium
s

Y adiabatic expansion coefficient of the gas created by the vaporised

medium.

It must be noticed the influence of the oil-content in the medium, which

acts upon the cavity radius by means of the gas expansion coefficient.

Table I shows the influence of the oil content on the cavity radius.

TABLE I Influence of oil content on the cavity radius,

Rate of oil (in weight) Cavity radius Cavity radius
(W = 2 kt) (W = I M t)------------------- ---------- ------------

5 % 42 m 85m

10 % 45 m 90 

20 % 50 m 100 m
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The structural coefficients calculated by means of experimental results
of different media 4 are reported on table .

/fABLE �2, Structural coefficients for different media.

Medium Structural coefficient C s
in bars---------------- -------------------------

Tuff < C < 15
s

Alluvium < < 40
s

Salt 20 < < 35
s

Granite 120 < < 320
s

(Hoggar Test Site)

Dolomite About I 0

For deep enough explosions there is no crater, and after a few minutes
to a few hours, the fractured rocks above the cavity fall down.

The formation of a chimney (5) is stopped by an equilibrium of the new
vault in the undisturbed rock, or by complete filling with rubble. Generally
50 to 60 of the rubble has dimensions less than 20 centimeters. We can
consider that the permeability of the chimney is infinite.

Experimentally, we established that the chimney has an ellipsoidal shape.

Its height, Hl is expressed in cavity radius unit, R c

H =kR
c C

Table 3 givessomeexperimentalresultsfor k indifferentmedia.

TABLE 3 /

Medium k-------- -------

Salt 1
Dolomite 3. 
Granite 3 6 to 6
Sandstone 4
Tuff 3. 8 to 6 

Table 3 shows that, for the same medium, the height of chimney may
be different.

These differences are partially in connection with

- the initial fracturation state of the medium
- the medium stratigraphy
- the vault effect for large yields.

Figure I describes the zones created by a contained underground
nuclear explosion.

The scheme was established after the study of the Hoggar experimental
underground nuclear tests, and various results from foreign countries.
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The dimensions of the zones and their permeability are those observed
on the Hoggar Test Site (figure 1).

The particular fractured shapes around the chimney are present in most
of the media. This zone is produced by the chimney formation.

The vaporised and melted zones are created by the waste heat left by the
shock wave.

In a hard rock (granitic rock) it is calculated that within 3 meters, for
I kt yield, 70 of energy is lost in the medium by the shock wave. On
the whole, 90 of the yield is put in the medium by the shock wave into
heat, inside a few meters radius zone. (8).

A thermal gradient is created after the cavity and chimney formations.
(9). Its evolution is related with the thermal conductibility of the rock in
the different zones around the cavity. The results of the Hoggar Test Site
are in agreement with those observed in other Test Sites.

The oil contained in a reservoir ay support cracking reactions, but the
temperature gradient at the vicinity of the chimn ey, in the crushed rock,
may favourably influence the flow at the beginning of production.

ANALYTICAL CALCULATION OF THE STIMULATION FACTOR (10)

In order to calculate easily the average permeability, k in the stirnu-
lation factor, we must consider that the oil-field, after the explosion,
has the same characteristics all along a cylinder, with vertical axis pass-
ing hrough the zero point.

We have calculated the stimulation factor variations in relation with the
explosion yield on the pattern drawn on figure which is the figure I
scheme.

We have studied the influence of the following parameters

-Radius of drainage area of the stimulated well (figure 3)
-Permeability of the various zones (figure 4)
-Depth of burst (figure 4)
-Characteristics of the edium (water content, oil content, density,

etc . . . ) (figure 
-Reclosed fractures (figure 4)
Effects of successive explosions.

Figure 3 shows a very important increase of the factor X , for yield
greater than 100 or 00 kt in the case of a radius of drainage area equals
400 m, because the selected drainage area is supposed to be entirely
fractured. For small radius 400 m), the stimulation factor is twice the
corresponding ones for usual drainage radius, and there is no large dif-
ference for 800, 1200, and 1600 meters drainage radius stimulation
factor.

With ahypothetical but probable effect of reduction of permeability due to
fracture closing under the lithostatic pressure, figure 4 shows that the
stimulation factor may not be too much affected by the depth of burst.

Figure reports that for media of low permeability (k :r 5 md), the
effect of nuclear stimulation is almost constant. The stimulation factor
is maximum for these sall permeabilities and the nuclear stimulation
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interest appears clearly. The explosion yield does not change the stimu-

lation factor when initial permeability is high.

We see that this analytical calculation gives interesting results on the

stimulation factor variations in unction of some important parameters.

In the case of a prospective study, a common problem is that of reduction

of the number of wells by the nuclear stimulation of the oil-field.

We shall investigate this problem by use of the analytical method (10).

When the reservoirs are deep, the drilling conditions are difficult, and

of course, the expenses grow up.

In these conditions, the nuclear timulation may be interesting.

Suppose that the cost of the nuclear stimulation is known, and equals to

the price of x conventional wells.

The nuclear stimulation is interesting when

Nuclear stimulated production > production of x conventional wells

This is written Q > x Q.
f 1.

The x conventional wells draining the same surface as one nuclear well

give us 

R = R �_T

with R 1 and R2 , respectively drainage radii of the conventional well and

of the nuclear well.

A slightly different formula has been used, taking into account that the

circular draining areas are tangent.

We have calculated the nuclear stimulated well flow rate in taking drain-

age radii equal to conventional well drainage radii.

Calculations have been made when the following stimulation conditions

are so chosen:

- Depth of burst 1 500 m

- Radius of drainage area I 0 m.

In these conditions, if

W > 60 kt then Q nuclear > Q 4 conventional wells

When the conventional drainage radius is 300 m, and if

W > 0 kt then Q nuclear > Q conventional wells

W > 3 Mt then Q nuclear > Q 12 conventional wells

This method has a limited application because it allows us only to consi-

der a simplified model (cylindrical zones on the whole height of the bed).

For an optimisation study, it is often necessary to consider a more

accurate model.
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We now show a calculation method which allows us to consider more
realistic geometrical shapes for chimney and fractured zones.

NUMERICAL METHOD OF FLOW STIMULATION (II)

We consider only permanent flow, but a similar method may be used for
a transient flow calculation.

The question is to solve, by'use of a computer, the equations of flow for
uncompressible fluid.

- Continuity equation

div (V" = 

- DARCY's law

V = k grad p

These two equations lead to A�o 0

(LAPLACE's equation).

In these conditions

V = fluid parcel velocity vector

k = kinematic permeability
CP = hydraulic potential.

The LAPLACE's equation A p = is solved by taking into account the
boundary and continuity conditions.

The boundary conditions are 

- Dirichlet cp = constant(filtration surface, at the drainage radius)

- Neuman - = (impervious surface, top and bottom of the reservoir).
'6 n

The continuity condition is related to the flow conservation through two
different permeability zones.

For the computer calculations, LAPLACE's equation and the limit condi-
tions are discretised and a Gauss-Seidel method is used.

The explosion effects zones are netted and, at each knot, the potential is
calculated.

The values of the potential, cp, give the flow characteristics at each point,
especially the flow rate which is written

dq = T7 k r T dl
t

Choice f the grid----------

All the dimensions of the chimney and fractured zones are expressed in
the cavity radius unitas shown.

We have chosen a square cell whose side length, L, is equal to a fraction
of the cavity radius, chosen in function of the calculation needs and in the
following numerical results, is constant and equals I 

Rc 3
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In that case, the calculation gives almost the same stimulation factor as

by the analytical method. However, it may be noticed that, with these

calculations, we can see the influence on the flow of the shape and charac-

teristics of zones.

We use this possibility in the study on the flow by using the parameters,

- height of the chimney

- position of the shot point.

Both studied cases are shown in figures 6 to 11.

Generally flow lines are concentrated at the bottom of the chimney. It

seems interesting to make explosions deeper than the reservoir, and to

use medium heterogeneities.

Figures 7 8. show that fracture permeability can modify the flow, but

less the stimulation efficiency.

The influence of the yield appears figures 10. 11 which are of interest

for operational safety and production considerations,

CONCLUSION

The study of mechanical effects of underground nuclear explosion and

particularlythose of the explosions at the Hoggar Test Site, shows that

the medium transformations due to nuclear explosions are favourable

for oil-field stimulation.

The chimney and fractured zones dimensions, and permeabilities after

the explosion are very much greater than those observed after any conven-

tional stimulation.

Nuclear stimulation can multiply flow rate by 10, 50 or even more than

100 with large yields (some hundreds or thousands of kt). This cannot

be reached by conventional means.

For great depth of explosion (deeper than 2 00 m) the fractures created

by shock wave may be closed by the lithostatic pressure. In the case of

about 10 kt, the production may be decreased by 10 per cent.

If the nuclear stimulation objective is to decrease the number of wells on

the field, the calculations show that for yield equal or greater than 100 kt,
one nuclear well may be equivalent to 4 or conventional wells with a

2 000 meters spacing in a low permeability rock.
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