INTRODUCTION

Completions for thermal recoveryv installations
are closely related to the many new and sophisti-
cated approaches to well design which have come
of age during the last decade. This writer likes to
compare them with completions in the 15,000 -
20,000 ft range, to high pressure gas completions
in corrosive environments. perhaps to wells on
platforms in deep water or completed by TFI.
methods. This comparison is made not because
the magnitude of engineering difficulty in each
instance is equal. but because the total problem
content of each of these completion techniques
represents a distinct engineering challenge and
required unique solutions. Finding these solu-
tions in turn required the use of classical meth-
ods and theories mixed with original thinking.
Let us then examine why thermal vecovery wells
qualify for a position amongst difficult and sophi-
sticated technological accomplishments.

Environmental Considerations

Very few completions are engineered for tem-
peratures exceding 300°F. As a matter of fact,
this temperature level has been accepted as a de-
sign objective for most retrievable down hole e-
quipment, although drillable tools and special e-
quipment will perform at temperatures up to and
sometimes exceeding 375°F. It is then safe to

make the statement that conventional comple-
tions are generally made in an environmental
range from 100°F to 400°F. Since 400°F is just
about the starting point of the thermal recoverv
range. and specifically the steam injection tem-
 perature range, we find that little problem over-
lap exists. Thus the new technology is of the na-
;ture of a second or third generation of methods
and techniques. What, mayv we ask. is the upper
temperature limit of this new technologv? We do
know that several distinct levels of technique

exist:
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(1) 400°F - 700°F: Hot water or saturated

steam.
(2} 700°F - 1050°F: Superheated steam.

(3) Above 1050°F: Exotic recovery methods.

Most thermal recovery work has heen done in
the arca of the first level of technique in the hot
water or saturated steam injection temperature
range. The third temperature range must he con-
stderved inin situ combustion processes for parts
of the ignition well, but we shall consider this o
special case. Designing completions for patential
eXOtic recovery processes is certainly going to he
a challenge. since even conventional steam power
plant technology stops hetween 1000°F and 1100
I*. However is appears that. going from first level
techniques to second level techniques. exceeding
the critical point of water. would he possible has-
ed on available technology. Tt must be said. how-
ever, that one will find a considerahle economic
harrier at 700°F and therefore this analvsis will
be confined to the first level of technique. 400°F
to 700°F.

Thermal Stress

Temperature changes. such as the one from
geothermal to injection equilibrium. result in
thermal expansion of the completion components.
Since these components, such as casing and tub-
ing. are often restrained. and thus prevented
from expanding. they are subjected to an increase
in stress level. This increase in stress level is the
result of thermal stresses. which under pure com-
pressive conditions are the same as would be re-
quired to shorten the members to their original

length had they been free to expand under the in-



fluence of the temperature change. Mathemati-
cally this condition can be analvzed as follows:

L
Z&L = J.—
CE

Where AL = FExpansion or Contraction
L = Length of Member
E = Modulus of Elasticity

g. - Average Stress Level
C . y .
in Cross-Section

Thermal Expansion:
AL=Lf M
Where: Al = Expansion
L = Length of Member

At = Temperature Change of Mem-
ber

Based on the equivalence of trermal and elastic
displacements. we can equate the two terms

% ‘lé‘_= LP At
- and hence
O/‘Chermal -E P At [l]

Analyzing Eq. 1 dimensionally we find that
E=-30-10° (psi)

B-6.9+10° in/in °F

therefore:

Othermal = 200 At (psi) (2]
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This condition is illustrated in Fig. 1. Since long
tubular members, such as tubing and casing, do ¢
not behave in an elastically stable manner, Eq. 2
not adequatelv describe the thermal stress condi- .
tions in steam injection environments. When =
thev expand thermally under restrained condi-
tions. thev buckle helically against the surround-
ing structure. Mathematically this condition can
he analvized as follows:
not adequatelv describe the thermal stress cond-
itions in steam injection environments. When
they expand thermally under restrained condi-
tions, thev buckle helically against the surround-
ing supporting structure. Aathematically this
condition can be analvized ax follows:

Tt can he proven that the strain in a helix at

anv depth  of a string is 2 ,
62_ = — FZ
Where £, = Strain at Depth 4E1
r = Radial Clearance
E = Modulus of Elasticity
| = Moment of Inertia

F = Force on Bottom Unit

Helix Under Constirruction
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Fig. 2 illustrates such a system. It is evident that
the total AL is the summation of all unit strains
z

as a function of Fz' = F

L 2 _
aL-[ & dy - E/' 2dz
n-1 4El n Jna

From this results the following approximation

Ll
AL—E(A+4I)F 3
Where Al = Contraction

r = Radiual Clearance

E = Modulus of Elasticity

[ = Monment of Inertia

A = Cross-Section of Member
L = Length of Member

F = Force on Bottom of String

F However, the compressive stress in the tubular
T - p cross-section is . 4]
: and the bending stress at the outer fibre of the
member is

o, - 94—!’ [5]

Where D= OD of Member

For other nomenclature, see Eqs. 3 and 5.
Combining Eqs. 3.4 and 5. we find an expression
for the maximum combined stress at the bottom
of the string as a function of the temperature

change At (1 +Dr)
A" 4]
Sthe rmal =( N E pat (6]
A" 1)

[ 6 was used to analyze strings of various geo-
metrical configurations and the plot illustrated
in Fig. 3 resulted. As a further approximation, it
was found that the combined thermal stress can
be described hv . 7 for elasticallv instahle

conditions: Ghermal = 260 At (psi) (7]

A radial clearance of one in. was used for this
aproximation. Increase of this clearance due to
wash-outs or change in pipe or hole size will lead
to higher stresses. as predicted bv Ref. 14, Stress
conditions along the length of the string can he
evaluated by the obvious means of evaluating
Fat any depth and proceeding hv means of
Fqgs. 3, 4, and 5.

So (PS)) MAXIMUM COMBINED STRESSES
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CONCLUSIONS

This summary of down hole thermal stress
analvsis is based on the reference material list-
ed. The theoretical concept presented has been
verified by some field experience. although much
correlative work remains to he done. Manyv ap-
proximations had to be used. some in this paper.
more in the original work used for reference pur-
poses. Iingineering concepts are often a com-
promise hetween phvsical phenomena and the
mathematical techniques describing them. As
long as the accuvacy of the final result is not
unduly diluted such methods are valid. and it is
felt that the method of thermal stress analvsis
described here should result at least in good
knowledge of the order of magnitude of the proh-
lem. Good quantitative approximations or mea-
surements of the average change of temperature
of the members considered are required and the
reader is again referred to the list of references.
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