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Abstract

The Geothermal Research Department at Sandia National
Laboratories, in collaboration with Drill Cool Systems, Inc.,
has worked to develop and test insulated drillpipe (IDP). IDP
will allow much cooler drilling fluid to reach the bottom of the
hole, making possible the use of downhole motors, electronics,
and steering tools that are now unusable in high-temperature
formations, Other advantages of cooler fluid include reduced
degradation of drilling fluid, longer bit life, and reduced corro-
sion rates,

The paper describes the theoretical background, labora-
tory testing, and field testing of IDP. Structural and thermal
laboratory testing procedures and results are described. Re-
sults are given for a field test in a geothermal well, in which
circulating temperatures in IDP are compared with those in
conventional drillpipe (CDP) at different flow rates. A brief
description of the software used to model wellbore tempera-
ture and to calculate sensitivity to IDP design differences is
included, along with a comparison of calculated and measured
wellbore temperatures in the field test. Analysis of mixed
(IDP and CDP) drill strings and discussion of where IDP
should be placed in a mixed string are presented.

Introduction

This project was directed at a fundamental problem — the
ddmaging effect of high formation temperature on drilling
tools, materials, and processes. When drilling fluid gets too
hot, it can irreversibly deteriorate in its ability to carry the
drilled cuttings, can increase drillpipe corrosion by orders of
magnitude, can shorten the life of bits and other downhole
tools, can prevent the use of downhole motors and electronic
instrumentation/tools, and can even affect borehole stability

and well control. Each of these problems can be attacked by
individual technology developments, but all of them can be
solved or greatly mitigated by simply cooling the downhole
environment with lower-temperature drilling fluid. IDP deliv-
ers drilling fluid to the bottom of the hole at a much lower
temperature than conventional drillpipe (CDP).

More detailed calculations and measurements are pre-
sented later, but an example of IDP’s effect in a geothermal

. well is shown in Fig, 1. In this and other fluid-temperature

plots, the right-hand side of the curve shows temperature in
the annulus and the left-hand side shows temperature in the
drillpipe. Several important points are illustrated by this cal-
culation: 1) Bottomhole fluid temperature is reduced from
401°F with CDP to 166°F with IDP — this is the temperature
that steering tools, mud motors, and other electronics must
survive. 2) Maximum fluid temperature (which is not at the
bottom of the hole) is reduced from 406°F to 214°F — this is
the maximum temperature seen by drilling fluid additives, 3)
Returns temperature is higher with IDP, 196°F versus 163°F —

this may mean that mud coolers are necessary, but it also
means that more heat is being removed from the hole, which

. will be beneficial for logging and cementing after drilling.

IDP Construction

The insulated drillpipe described in this paper was constructed
by welding a liner tube inside conventional drillpipe (Fig. 2)
and filling the annulus between the tubulars with an insulating
material. By using the compressive strength of the insulation
to support the liner tube against internal pressure, the liner
tube can be made of a thinner material, saving cost and
weight, and preserving the inside diameter as large as possible.

Two criteria, compressive strength and conductivity, drive
the choice of an insulating material. Required compressive
strength can be estimated from the diameters of the drillpipe
and liner, along with the expected internal pressure, but typical
values are less than 8,000 psi.

Conductivity of the insulation does not need to be excep-
tionally low, because there is an alternate heat-flow path
through the uninsulated tool joints. That is, below a nominal
value of conductivity, further improvement in the insulation
has little effect on the total heat flow -because of the heat
losses (gains) through the tool joints. Drilling fluid tempera-
tures are calculated for three values (¢ = 0.05; 0.3, and 1.0
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B/hr-ft-F) of insulation conductivity (Fig. 3) and it can be seen
that the variation in insulation properties has little effect rela-
tive to the difference between even the poorest insulation and
conventional pipe. A number of materials have conductivity
in the range or 0.2 to 0.8 B/hr-ft-F, and a selected frac prop-
pant was chosen as the insulation for the IDP.

IDP Structural Considerations

Because IDP is heavier (approximately 33 lb/ft) than CDP
(approximately 19.5 1b/ft), drill string weight could become a
problem in deeper wells; this tensile stress is highest at the top
of the drill string. The other controlling stress is the hoop

stress in the liner tube caused by mud weight and pump pres- |

sure; the liner stress is partially supported by the insulation
and is highest at the bottom of the drill string,

If principal stresses in the liner tube are combined and
tested by the von Mises criterion, failure conditions can be
identified. A plot of combined stress (Fig. 4) for various con-
ditions shows that, in a 20,000-ft well, failure may occur both
at top and bottom of a full string of IDP (curve A), if the liner
tube does not get full support from the insulation. On the
other hand, both a 15,000-ft string of IDP (curve B) and a
mixed 20,000-ft string with 10,000 ft of IDP at the top and
10,000 ft of CDP below (curve C) have liner stresses well
within the assumed limit of 80,000 psi. '

Laboratory Structural Test. A prototype joint of IDP was
instrumented with strain gages inside and outside and was then
pressure-tested to evaluate the support given the liner tube by
the insulation. Behavior was generally consistent with calcu-
lations, although the internal gages showed that the insulation
did not begin picking up significant load until an internal pres-
sure of about 8,000 psi.

IDP Thermal Considerations

Although the conductivity of the insulation material can be
known or estimated from the supplier, it is important to know
the effective conductivity of the complete drill string, This
value is used in modeling the effect of IDP on temperatures in
proposed wells or in evaluation of different IDP configura-
tions. A laboratory test of the composite IDP, including the
un-insulated joints, showed an effective conductivity that was
less than 10% of conventional drill pipe.

The test procedure was to enclose a section of test pipe in a
length of 9-5/8-in casing, with separate supplies of water cir-
culating through the test pipe and through the annulus between
the test pipe and the casing (Fig. 5). Test measurements were;
cold water temperatures in and out, hot water temperatures in
and out, hot and cold water flow rafes, and pressure in hot and
cold loops.

By measuring the temperature rise through the test pipe
and calculating the total heat necessary for that increase, then
given the average temperature difference between the two
water streams, the conductivity of the pipe wall could be
evaluated. (The heat-gain in the pipe was checked by also
calculating heat-loss from the annulus; this heat-loss should be
slightly greater than the heat-gain in the pipe because the cas-

ing, even though insulated on the outside, was also losing heat
to the atmosphere.)

The "test pipe" took three different configurations: (1) a
straight section of conventional 5-in, 19.5 1b/ft drillpipe, (2) a
straight section of double-walled, insulated pipe with 5-in OD
and 3.068-in ID, (3) a section of IDP with an uninsulated
NC50 tool joint in the middle. This combination allowed
comparison between the insulating value of IDP and CDP, and
then evaluation of the effect of introducing an uninsulated
section into the drill string,

When conventional drillpipe was replaced with IDP, heat
flow through the pipe wall was reduced dramatically. Effec-
tive conductivity of the insulation-layered pipe body was 0.41
B/hr-ft-F, compared to the value for steel of approximately 25.

In an actual IDP drillstring, however, the threaded connec-
tions (tool joints) between the individual pipes are not insu-

" lated. To evaluate the effect of these joints, an insulated pipe
.. was cut in half, the male and female connections were screwed

together, and this assembly was used as the test pipe. With
this configuration, the overall effective conductivity of the
IDP was 2.35 B/hr-ft-F, which was higher than calculations
had suggested. Calculating the effective length of the tool
joint showed it to be approximately 5.5 ft, which is considera-
bly more than the tool joint's actual length of approximately 2
ft. This discrepancy may be caused by the reduced thickness
of insulation where the ID of the drillpipe body necks down
near the tool joint. The total £ value for a complete drillstring
must also be corrected for the fact that an average joint of drill
pipe is approximately 32 ft long, compared with the 25-ft test
vessel. Adjusting conductivity to reflect this additional length,
the final composite conductivity value, based on pipe OD of 5
in and ID of 3.068 in, for a complete drillstring is 1.93 B/hr-ft-
F.

‘Modeling IDP Performance

An important tool in IDP development has been the wellbore
simulator' GEOTEMP2. 1t is a finite-element code that cal-
culates temperature in the flowing drilling fluid, during either
stationary circulation or drilling ahead, by including convec-

“ tion inside and outside the drillpipe, conduction through the
. drillpipe, conduction through the casing, and convection be-

tween the fluid and casing. It also calculates formation tem-
perature based on both vertical and radial conduction.

There are shortcomings in the code, related to its inability
to model some aspects of the wellbore geometry and difficulty
in specifying the initial temperature conditions for a given
calculation, but it has proven extremely usefil in evaluating
the possibilities and options in designing a string of IDP. A
sample calculation was shown in Fig. 1, but we can now use
the composite-drillpipe conductivity to examine different con-
figurations for a complete string of IDP. As an example,
drilling fluid temperatures in a mixed string of IDP and CDP
in a 10,000-ft well are shown in Fig. 6. These calculations
show the effect of using 4,000 ft of IDP at various points (top,
middle, and bottom) in the string, compared to complete
strings of IDP and CDP. Because this is a rather busy plot, a
summary of these results is also shown in Table 1. In general,
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using only partial IDP (40%) can still give significant benefit,
compared with a complete string of CDP. If using a partial-
IDP string, then placing the IDP at the top gives maximum
benefit; this is also consistent with placing the heaviest pipe at
the top of the drill string.

The formation-temperature profile used in this calculation
is one that is typical of geothermal wells, which often reach
high temperature at relatively shallow depth. An alternative
scenario, with the inflection point in the bi-linear formation
temperature at 7,000 ft instead of 3,000 ft, was also calculated.
Results of that calculation are shown in Table 2, in the same
format as in Table 1. In general, IDP has less effect on fluid
temperatures in this case, which is reasonable, because the
fluid is exposed to a lower average temperature during its cir-
cuit though the wellbore. Placement of IDP in a mixed string
is also less critical, but strength considerations still argue for
putting it at the top.

IDP Field Test

In May 1999, a field test on a 3,500-ft string of IDP was con-
ducted in a geothermal well in the Imperial Valley of Southern
California, The well had the undisturbed temperature profile
shown in Fig. 7 (temperature profiles in the well before the
CDP and IDP tests are also shown.) )

Test Plan, The summary test plan was to first circulate
through the CDP at two different flow rates, then pull out of
the hole, wait for it to return to approximately the same begin-
ning temperature profile as for the CDP, run in the hole with
IDP, and circulate through the IDP at the same two flow rates
as with the CDP. Another important objective of the test was
to collect data for verification of GEOTEMP2. At the time of
the test, the well had casing/liner set to approximately 4100 ft
but had not had the plug drilled out (i.e., there was no open
hole, and no possibility of lost circulation,) Temperature was
measured before and after each test with Sandia’s resistance
temperature tool and logging truck, and was measured during
circulation with fiber-optic sensors both inside the drill pipe
and strapped to the outside of the drill pipe. Other test pa-
rameters measured at the surface were flow rate, fluid tem-
perature into the mud pumps, fluid temperature out of the flow
line, and standpipe pressure while pumping. The optical fibers
were encased and protected by capillary tubing, and the cap
tubing inside the drill pipe was also used to suspend a Sandia
pressure/temperature memory tool that stored bottomhole data
for retrieval after each test.

Test Results. About 34 hours after the last drilling activity in
the hole (cleaning out cement after liner was cemented and
turning hole over from mud to water) a temperature log of the
hole was done and the conventional (4-1/2-in, 16.6 Ib/ft) drill
pipe was run in to 3600 ft (the pipe did not go all the way to
the bottom of the liner because two 4000-ft pieces of optical
fiber were not available.) Circulation was begun at 300 gpm
until one wellbore volume was displaced and then reduced to
150 gpm, After circulating at this rate for 2.5 hours, the flow
rate was increased to 500 gpm for 2.8 hours. Results of this

test are shown in Fig. 8 (in each curve, the left-hand side is
temperature in the drill pipe and the right-hand side is the an-
nulus,) This figure also shows a comparison between actual
temperatures measured by the fiber-optic sensors and pre-
dicted values calculated by GEOTEMP2; this agreement is
generally good.

Following this series of circulations, the CDP was pulled
out and logs were taken to verify temperature recovery. After
the wellbore temperature came back to approximately the
same profile as before the CDP test, the IDP was run into the
hole. The same test procedure as for the CDP was followed,
although circulation was not maintained for as long a time
because temperature variation was less with the IDP.

When beginning circulation at 150 gpm, the slug of hot
water at the bottom of the hole moved up the annulus without
the cooling effect normally contributed by the cool down-
going fluid in the drill pipe. This meant that the much higher
return temperatures caused some of the annular flow to flash
to steam before temperatures stabilized. With the optical-fiber
temperature profile measured in the annulus, however, it was
possible to see the “bubble” of hot fluid moving up the annu-
Ius in real time, so that the driller could be aware of ap-
proaching boiling-point water. A time-lapse snapshot of an-
nular temperatures is shown in Fig. 9. If a drilling situation
dictates that excess return temperatures after resuming circu-
lation are not acceptable, a few stands of conventional drill
pipe could be placed at the top of the drill string to cool the
returns as they near the surface; the CDP could then be
quickly removed and replaced with IDP for drilling.

The critical aspect of performance, however, is comparison
of temperature with CDP and IDP at the same flow rate, hav-
ing started at roughly the same wellbore temperature profile
and circulated for comparable times. This is shown in Fig, 10.
After approximately one hour of circulation, bottom-hole tem-
perature is 224°F with CDP compared to 112°F with IDP at
150-gpm flow rate, which is similar to flow rates used with
downhole motors. This bottomhole temperature is that which
would be seen by downhole motors, steering tools, or meas-
urement-while-drilling (MWD) instrumentation — even in this
relatively cool well the temperature reduction is substantial.

It is important to note that the bottom-hole cannot be signifi-
cantly cooled by only lowering the mud inflow temperature; in
the (calculated) case of CDP at 150 gpm illustrated by Fig. 8,
for example, lowering the inflow temperature by 20°F would
only lower the bottom-hole temperature by 5.8°F.

Hydraulics. Because the IDP has a smaller average ID than
the CDP (3.068-in constant versus 3.826-in pipe with 2.812-in
tool joints), there is greater pressure drop through the IDP at
equivalent flow rates. Frictional pressure loss can be meas-
ured by combining standpipe and bottomhole pressures with
static head of water at the appropriate temperature. At 500
gpm, pressure drops were 0.204 psi/ft in the IDP and 0.156
psi/ft in the CDP. This difference is less than might be ex-
pected from consideration of the diameters, but the tool-joint
diameter reduction apparently has a substantial effect on pres-
sure drop in the 4-1/2-in drill pipe.
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Conclusions )

There are three major questions to be answered about insu-
lated drill pipe: how does it perform, can we predict the per-
formance, and how should it be constructed?

Performance. The thermal performance has been good. It is
close to calculated values and shows significant effect on
drilling fluid temperature even in a relatively cool, shallow
well. Structural performance has not yet been statistically
confirmed through extensive field use, although several pro-
totype joints used in drilling and workovers have shown no
failure,

Prediction. The GEOTEMP2 code was effective in predict-
ing IDP performance in the field test, It has also enabled ex-
trapolation of IDP’s effect in deeper wells. An improved
wellbore simulator would be an asset to this development.

Fabrication. In considering the general concept of insulated
drill pipe, there are three basic approaches: single-wall tube
with insulation coating on the inside; single-wall tube with
insulation on the outside; and double-wall tube with insulation
in the annulus, or volume, between the tubes, Advantages and
disadvantages of each method are summarized in Table 3.
Although there are clear advantages for a single-wall tube
(most likely with insulation inside), pursuit of that goal has
been deferred until the value of IDP has been demonstrated to
and accepted by industry.

Nomenclature
k = thermal conductivity, B/hr-ft-F
ID = inside diameter, inches
OD = outside diameter, inches
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Sl Metric Conversion Factors

B/hr-ft-F x 1.731 E+00 = w/m-K
ft x 3.048 E-0l1=m
gpm X 6.309 E-05 =m®/s
in x2.54 E+00=cm
psi x 6.895 E+00 =kPa
psi/ft x 2.262 E+00 = kPa/m

Table 1 — Drilling fluid temperatures for different IDP
configurations
All All 4K of | 4K'of | 4K' of
CDP IDP |IDP@ | IDP@ | IDPin
top bottom | middle
Retums 163 196 182 170 175
temp., F
BH fluid 401 165 232 278 250
temp., F
Max fluid | 406 215 244 306 261-
temp., F
Table 2 — Drilling fluid temperatures for different IDP
configurations
All All 4K' of | 4K'of | 4K'of
CDP | IDP |IDP@ | IDP@ | IDPin
top bottom | middle
Returns 136 154 146 140 142
temp., F
BH fluid 290 146 196 203 192
temp., F
Max fluid | 297 177 205 225 206
temp., F
Table 3 - Comparison of IDP construction
Fabrication Advantages Disadvantages
method
Single-wall, light weight; insula- | failed insulation
insulation inside tion protected from could plug bit or
abrasion wear and downhole motor;
impact with casing or | difficult to instal,
wellbore; minimum | repair or replace

erosion from cut-
tings; could insulate
tool joints

insulation; requires
tough, strong insula-
tion

Single-wall, light weight; in- insulation vulnerable to

insulation outside sulationeasyto | erosion and impact;
apply; insulation | probably could not in-
failure would not | sulate tool joints or pipe-
have serious handling areas of pipe
effect on circula- | body; requires tough,
tion strong insulation

Double-wall reliable protection for pipe is heavy,
insulation; no strength fabrication and
(except compressive) or | material are
toughness requirement | expensive; re-
on insulation; insulation | duced inside
material development diameter affects
not required hydraulics
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Fig. 1 - Comparison of temperatures in IDP and CDP
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Drilling Fluid Temperatures
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Fig. 10 — Comparison of fluid temperatures in IDP and CDP at two
flow rates
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