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EXECUTIVE SUMMARY

The scope of this report is to provide simulation results for drilling 10,000 ft
vertical wells utilizing supercritical fluids; Nitrogen and Carbon dioxide. The WellFlo
Version 8.013 (by SPT) under balanced drilling hydraulic program was used to perform
all modeling runs.

Operational envelopes were created based on erosion velocity limit which is 1800
ft/min. Five different coiled tubing and hole size combinations were used for all cases.
Runs were started with 1.25” coiled tubing and 2.25” hole size and a wide range of run
points were used in order to create an operational envelope.

Runs were started with using supercritical nitrogen as the drilling fluid. In this
part; nitrogen was injected to the system for three different cases, namely: 1) Nitrogen
without water, 2) Nitrogen with water addition, and 3) Nitrogen with water influx at the
bottom of the well. A high temperature drop across the nozzle occurred for all nitrogen
only injection cases. In nitrogen with water addition cases, different amount of water was
injected with the nitrogen. In these cases, the temperature drop across the nozzle
decreased significantly and also hydrate formation did not occur in the system. In the
third case, 5 gpm water influxes were allowed from the bottom of the well in the annulus
and nitrogen was injected to the well with different amount of water. In these cases, high
amount of liquid fraction after the nozzle occurred in the system which is an undesirable
condition for the efficient ASJ cutting operation.

For CO, cases, similar procedures were followed for all the runs. CO, was
injected to the system in three cases; 1) CO, without water, 2) CO, with water addition,

and 3) CO, with water influx at the bottom the well. Similar to Ny, significant



temperature drop occurred for CO, without water additions and due to the pressure-
temperature values at the bottom of the well, liquid fraction of CO, was found high after
the nozzle. Possible hydrate formations were reported on the operational envelope
graphs. In the second case, different amounts of water were added to CO, injection during
the operation. Water addition decreased the significant temperature drop and amount of
hydrate formation became less than 1%. Third case started with adding 5 gpm water
influx at the bottom of the well in the annulus. Liquid fraction after the nozzle increased
significantly due to the water influx and pressure-temperature combination at the bottom
of the well.

In the last part, runs were made in order to analyze cutting transport efficiency in
the annulus. Different casing and cutting sizes were used and cutting transport ratio
graphs plotted. These runs showed that increasing casing and cutting size effect cutting

transport efficiency negatively.
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1. Overall Approach

Drilling vertical 10,000 ft. wells were modeled using supercritical fluids (nitrogen
and carbon dioxide) under different conditions to create operational envelopes, pressure
and temperature profiles for such operations. SPT ’s WellFlo version 8.0.13 program was
used for this effort.

Runs were performed for three different conditions: 1) Only N, or CO; injection,
2) N, or CO; injection with water addition, 3) Allowing 5 gpm of water influx from
bottom of the well at the annulus.

As known, in order to provide proper FLASH ASJ™ cutting at the bottom of the
well, gas fraction should dominate after the nozzle. In all the cases 0.25 liquid fraction
was taken as a maximum liquid fraction that the operation can tolerate. Also, due to the
erosion velocity limit of 1800 ft/min, mixture velocity in the annulus should be less than
this erosion limit. In order to decrease effect of the erosion velocity problem, all runs
were performed with 4” surface pipe and 5.5°” hole size for the first top 500 ft to keep the
mixture velocity lower.

Computer runs were also performed for different coiled tubing and bore hole
sizes. For 1.25” coiled tubing and 2.25” hole size, a wide range of flow rate conditions
were used to create the operational envelope. Table 1 gives the coiled tubing and hole

sizes used for all conditions.



Table 1: Coiled Tubing and Bore Hole Sizes

Coiled Tubing Coiled Tubing Bore Hole
Outer Diameter Inner Diameter Size
(in) (in) (in)
1.25 1.08 2.25
1 0.83 2.25
1 0.83 1.75
1 0.83 2.5
0.75 0.58 1.75

WellFlo Version 8.0.13 allows the user to add coiled tubing spooled onto a peel at
the surface in order to fully calculate pressure losses of the system. In all of the 10,000 ft.
drilling simulations, total coiled length of the system was set to 15,000 ft length on a 7 ft.
spool diameter a with horizontal axle orientation. Results of the surface coil tubing losses
are given in Appendix B.

Operational envelopes were created based on erosion velocity limit which is 1800
ft/min mixture velocity in the annulus. On the operational envelopes, a vertical erosion
line was used to show the maximum injection flow rates for set erosion velocity.
Therefore, the run points on the left of the vertical erosion line are the points which the
maximum mixture velocity at the annulus does not exceed 1800 ft/min. Hydrate
percentages were also shown on the graphs near the run points. It can be noted that, an
estimation of less than 10 % hydrate formation can be chemically neutralized.

Fluids were injected into the coiled tubing with a 75 °F initial temperature.
Pressure drop across the nozzle was fixed at 4000 psi, except the nitrogen only runs. In
nitrogen only runs, 6000 psi pressure drop across the nozzle was needed to ensure liquid

nitrogen phase in the tubing. Table 2 gives the input parameters for nitrogen and CO,



with and without water injection cases. The input parameters for cases with water

influxes are same with water addition cases given in Table 2.

Table 2: Input Parameters

N2 Ny & CO, CO; &

Only Water Only Water
Depth (ft) 10,000 10,000 10,000 10,000
Formation Sandstone | Sandstone | Sandstone | Sandstone
Geothermal Gradient (°F/ft) 0.015 0.015 0.015 0.015
Surface Temperature (°F) 60 60 60 60
Injected Fluid Temperature (°F) 75 75 75 75
Return Choke Pressure (psia) 50 50 50 50
Nozzle Pressure Drop (psi) 6000 4000 4000 4000
Cutting Size (in) 0.001 0.001 0.001 0.001
ROP (ft/hour) 400 400 400 400




2. Nitrogen as Drilling Fluid

In this part, WellFlo simulation results are given for three different conditions in
which supercritical nitrogen was used as a drilling fluid. In the first condition, only
nitrogen was injected to the well. In the second condition, nitrogen was injected with
different amount of water. For the third condition, nitrogen was injected with water and 5
gpm water influxes at the bottom of the well were allowed into the annulus.

Nitrogen runs were performed with different coiled tubing and hole sizes as
previously shown in Table 1. Runs were started with 1.25” OD coiled tubing and 2.25”
hole size. In this geometry, runs were performed for a wide range of flow rate conditions
to create operational an envelope. In all runs, 4’” surface pipe for the first 500 ft was used

in order to prevent mixture velocity increase in the annulus.

2.1 Nitrogen without Water Addition Cases

Nitrogen runs started with the condition of injecting only nitrogen into the 10,000
ft deep vertical well. In these operations, significant temperature drop at the nozzle
occurred due to the Joule Thompson effect. In this depth, since possible hydrate
formation percentages were less than 1 % for all runs, they were not shown in the

operational envelope graphs.



2.1.1 Nitrogen without Water Addition Cases (CT: 1.25” —-H.S: 2.25”)

Figure 1 gives the operational envelope for nitrogen without water condition for
the given tubing and hole size. In the graph, the vertical erosion line shows the maximum
injection flow rates for the erosion velocity limit (1800 ft/min). Run points, left of the
erosion line are for the conditions where the maximum mixture velocity of fluid in the
annulus does not exceed erosion velocity limit. For nitrogen only cases, there is no liquid
fraction after the nozzle which means all the liquid phase changed to gas phase after the
pressure drop at the nozzle.

Figure 2 shows the change of injection pressure with flow rate. Increasing flow

rate of the nitrogen to 10 gpm, increased the injected pressure to 5419 psia.
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Example run monitors for tubing and annulus side of nitrogen only run with 5
gpm injection rate are given in Figure 3 and 4, respectively. As seen from the Figure 4,
liquid fraction after the nozzle at the annulus becomes zero.

An example pressure and temperature profile graph for nitrogen only case is given
for the flow rate of 5 gpm in Figures 5 and 6, respectively. As seen in Figure 5, the
pressure drop of 6000 psi occurs at the nozzle. Pressure outputs for 5 gpm are given in

Table 3.

Table 3: Output Pressure Values (N, without Water Addition, 5 gpm)

Injection Pressure (psia) 5023
BHP Upstream Nozzle (psia) 6417
BHP Downstream Nozzle (psi) | 417

Figure 6 is the temperature profile of the fluid inside the coiled tubing and
annulus with the formation temperature profile. The red line shows the temperature
profile for fluid in the pipe and annulus and blue line shows the surrounding temperature
profile. Temperature of the fluids followed the geothermal gradient until the nozzle,
where significant pressure drop occurred and then followed the formation temperature
profile as it moves up the annulus. Selected output results for all other flow rate data are

given in Appendix A.



Actual Actual
Depth: Prezsure:  Temperature: Liquid Yolurme  Gas Velocity:  Lig. Welocity: Flow
[ ft] [psia] [deqgF ) Fraction: [ ftemir ] [ ftfmin ] Pattern:

1] = = AO23 780 1.0000 0.000 105608 | S.P. Tubulent
GE0 A0z 532 1.0000 0.000 102947 5.P. Turbulent
1340 A189 782 1.0000 0.000 103 606 5.P. Turbulent
2000 sl a1 1.0000 £.000 104,244 5.P. Turbulent
2680 H385 933 1.0000 0.000 104,875 5.F. Turbulent
3340 R480 108.3 1.0000 0.000 105 466 5.F. Turbulent
4000 5575 182 1.0000 0.000 106037 5.P. Turbulent
4680 BE73 1264 1.0000 0.000 106 EOG 5P Turbulent
5340 B7EY 138.3 1.0000 £.000 107141 S.P. Turbulent
G000 REED 1482 1.0000 0.000 107 653 5.P. Turbulent
BRR0 55956 153.4 1.0000 0.000 108176 S.P. Turbulent
a0 G045 168.4 1.0000 £.000 108 BEZ 5.P. Turbulent
2000 B141 178.3 1.0000 0.000 109.135 5.P. Turbulent
aea0 B35 1885 1.0000 £.000 109,603 S.P. Turbulent
9340 G326 158.4 1.0000 0.000 110,054 5.P. Turbulent

10000 418 1204 1.0000 0.000 103,895 5.P. Turbulent
o 7 - b E ST
Z | @ 0| e BB | B ||| s X ‘
Rurn Pause Shop Skip D etails Wigw Plats tdap Enwel Veloc Exit

Figure 3: Tubing Side Run Monitor (N, without Water, CT:1.25”, H.S:2.25”, Q=5 gpm)

Actual Actual
Depth: Pressure:  Temperature: Liguid Wolume  GazVelocity:  Lig. Velocity: Flow

[ft] [pzial [degF ] Fraction: [ ftmin ] [ ftemir ] Pattern:
0 43 B85 0.0000 742,884 0.000 5.P. Turbulent
B52 E0 £8.3 0.0000 2429914 0,000 5.P. Turbulent
1332 54 78.5 0.0000 1699.723 0,000 S.P. Turbulent
1992 121 885 0.0000 1268.563 0,000 S.P. Turbulent
2652 145 99.4 0.0000 1073.189 0,000 S.P. Turbulent
3332 170 1086 0.0000 936.502 0,000 5P, Turbulent
3992 193 1185 0.0000 836,615 0,000 S.F. Turbulent
4652 216 128.4 0.0000 762.096 0,000 S.F. Turbulent
5332 240 138.7 0.0000 £98.356 0,000 S.F. Turbulent
F992 264 1456 0.0000 £46.955 0,000 S.F. Turbulent
EES2 288 158.5 0.0000 £02.231 0,000 5P, Turbulent
7332 313 168.7 0.0000 564,365 0,000 S.P. Turbulent
7992 338 1786 0.0000 531,385 0.000 5P, Turbulent
8652 364 1885 0.0000 02177 0.000 S.P. Turbulent
9332 i 198.7 0.0000 475,331 0.000 S.P. Turbulent
10000 418 '_';. 120.4 0.0000 390,422 0,000 5P, Turbulent

clalalec DR[|k =]
BHP After Nozzle b | Skip || Detak || Wiew | Piots || Map [ Enoal | Wene || Esi

Figure 4: Annulus Side Run Monitor (N, without Water, CT:1.25”, H.S:2.25”, Q=5 gpm)
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Figure 7 is the mixture velocity profile in annulus for 1.25” coiled tubing and
2.25”" hole size combination for all nitrogen flow rates. As can be seen from the graph,
due to the expansion of gas phase nitrogen in the annulus, mixture velocity shows
increase while reaching surface. Due to the 4’ surface pipe for the first 500 ft, mixture

velocity decreases in the larger annulus.

Mixture Velocity in Annulus (ft/min)

0 1000 2000 3000 4000 5000 6000
01 C.T:1.25"
HS:2.25"
1000 AP 107226=6000 psi
2000 T Pchoke=50 pSia
3000 1§
g 4000 ¥ ¥ ——QN2=1 gpm
S 5000 A —=—QN2=2 gpm
) QN2=3 gpm
8 6000 - QN2=4 gpm
—%— QN2=5 gpm
7000 ¥ ———QN2=7 gpm

—e—QN2=10 gpm

9000

10000

Figure 7: Mixture Velocity Profile for N, (CT:1.257-HS:2.25”, Without Water)
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2.1.2 Nitrogen without Water Addition Cases for Different Coiled Tubing and Bore
Hole Sizes

In this section, operational envelopes and injection pressure profiles are given for
different coiled tubing and borehole size combinations. Also for these size combinations,
possible hydrate formation percentages are zero for all flow rates.

In Figure 16 and 17, all the tubing and bore hole sizes combinations were plotted
in the same graph to see the effect of hole size on erosion velocity and injection
pressures. As seen from Figure 16, for the same coiled tubing size, increasing hole size
(i.e. larger flow areas) decreases maximum mixture velocity in annulus. Therefore,
operational envelopes become wider with increasing annulus size due to the lower
velocity profile in the annulus but cutting transport efficiency decreases.

As seen from Figure 17, for the same coiled tubing size, increasing hole size
decreases the needed injection pressure. Because, for smaller size annulus, due to the
higher mixture velocity in the annulus, frictional losses are higher than that of larger size
annulus. Therefore, when the mixture velocity increases in annulus, it increases the
frictional losses and results in higher injection pressure. On the opposite, for lower
velocity (due to either lower flow rates or larger annuli), cleaning the hole of solids and
liquids can become a problem. However, this concern was not found in these runs. Also,
increasing flow rate increases the needed injection pressure to ensure proper system

operation.
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Figure 9: Flow Rate vs. Injection Pressure for N, (CT:17-HS:2.25”, Without Water)
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Figure 10: Operational Envelope for N, (CT:17-HS:1.75”, Without Water)
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Figure 12: Operational Envelope for N, (CT: 17-HS: 2.5”, Without Water)
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Figure 14: Operational Envelope for N, (CT: 0.75”-HS: 1.75”, Without Water)
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Figure 15: Flow Rate vs. Injection Pressure for N, (CT:0.75”-HS:1.75”, Without Water)
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2.2 Nitrogen with Water Addition Cases

In this part, results are given for nitrogen with water cases. Nitrogen was injected
with different flow rates of water to create the operational envelope and to analyze the
injection pressure profile for nitrogen. For nitrogen with water cases, input pressure drop
at the nozzle was fixed to 4000 psi.

2.2.1 Nitrogen with Water Addition Cases (CT: 1.25” —-H.S: 2.25”)

Figure 18 gives the operational envelope for nitrogen with water addition using
1.25” coiled tubing and a 2.25” bore hole size. As seen from the graph, there is not
hydrate existence possibility for these conditions.

Run points at the right of the erosion line shows the conditions which maximum
mixture velocity in the annulus exceeds the set erosion velocity (1800 ft/min). Also, only
in one point, liquid fraction after the nozzle is higher than 0.25.

Figure 19 is the injection pressure profile of nitrogen with water addition runs. As
can be seen from the graph, increasing nitrogen flow rate increased the needed injection
pressure for the operation. Due to the density difference between nitrogen and water,
significant amount of hydrostatic pressure losses were calculated at the surface coiled
tubing facility. Amount of frictional and hydrostatic pressure losses are given in

Appendix B.
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Figure 19: Flow Rate vs. Injection Pressure for N, (CT:1.25”-HS:2.25”, With Water)
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Run monitors for the 5 gpm nitrogen and 1 gpm water are given for tubing and
annulus sides in Figures 20 and 21, respectively. As can be seen from the Figure 20,
amount of liquid fraction after the nozzle at the bottom of the well is 0.07.

An example pressure and temperature profile graphs for nitrogen are given for the
nitrogen flow rate of 5 gpm and water flow rate of 1 gpm in Figure 22 and 23,
respectively. As can be seen in Figure 22, the pressure drop of 4000 psi occurs at the
nozzle. Also due to the surface coiled tubing facility, 279 psi total pressure drop occurred

at the surface. Pressure outputs are given in Table 4.

Table 4: Output Pressure Values (N, with Water Addition, Qn2=5 gpm, Qu= 1gpm)

Injection Pressure (psia) 3501
BHP Upstream Nozzle (psia) 4843
BHP Downstream Nozzle (psia) | 843

Figure 23 is the temperature profile of the fluid inside the tubing and annulus (red
line) with the formation temperature profile (blue line). As can be seen from the figure,
the temperature drop of the nitrogen decreases significantly with water addition
condition. Selected output results for all flow rates are given in Appendix A.

Figure 24 shows mixture velocity profile in the tubing and annulus. As seen from
the graph, mixture velocity increases while reaching surface due to the gas expansion and

started to decline due to the surface pipe in the first 500 ft.
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Actual Actual

Depth: Pressure:  Temperature: Liguid Wolume  Gas Welocity:  Lig. Yelocity: Flow
[ft] [pzia] [deqF ] Fraction: [ ftdmmier ] [ ftdmin ] Patterm:
i -gm-| 3501 75.0 1.0000 0.000 132295 |2 Phase Oil'Water
EE0 - - 3330 E9.4 1.0000 [0.000 128.383 |2 Phase Oil Water
1340 - - 3436 795 1.0000 [0.000 128.045 |2 Phase Oil Water
2000 - = 3541 89.5 1.0000 [0.000 127672 |2 Phaze Oil'water
2680 - = 3E50 98.7 1.0000 [0.000 127.296 |2 Phase Oil Water
3340 - - 3756 1096 1.0000 [0.000 126.943 |2 Phase Oil Water
4000 - - 3863 113956 1.0000 [0.000 126.606 |2 Phase Oil Water
4680 = = 3573 1297 1.0000 [0.000 126.274 |2 Phaze Oil water
5340~ 4000 1396 1.0000 0.000 125.967 |2 Phase Oil'Water
EO00 - - 4187 1435 1.0000 [0.000 125.675 |2 Phase Oil Water
EEE0 - - 4293 1597 1.0000 0.000 125.391 2 Phase Oil water
7340 — = 4408 169.7 1.0000 [0.000 125130 |2 Phaze Oil water
200 — = 4514 1796 1.0000 [0.000 124885 |2 Phaze Oil'water
aE80 - -~ 4E26 189.8 1.0000 [0.000 124649 |2 Phaze Oil'water
9340 - -~ 4734 1937 1.0000 [0.000 124438 |2 Phaze Oil'water
ioopon = = 843 1885 1.0000 0.000 121,763 |2 Phaze Oil 'water
pard AT I.—"""- | ; Ko L~ wr
Run Fause Stop Skip D' etails i Flats bap Ereel. Weloo Exit

Figure 20: Tubing Run Monitor (N, with Water, CT:1.25”, H.S:2.25”, Qn2=5,Qw= 1gpm)

Actual Actual
Cepth: Pressure:  Temperature: Liquid Wolume  Gas Welocite  Lig. Yelocity: Flow
[ft] [psia] [degF ] Fractian: [ ftrmir ] [ ftrmir ] Pattern:

i - 54 T 0.0123 506,560 132,600 Annular-Mist
B50  —J- 70 £9.1 0.0701 1707754 100,783 Annular-Mist
1330 -J-| 110 796 0.0765 1116.135 92,549 Annular-Mist
1930 -J-| 146 895 0.0817 850,550 86.760 Annular-Mist
2650 183 99.4 0.0883 705,663 80,434 Annular-Mist
3330 224 109.6 0.0971 593,706 73.240 Annular-Mist
3990 267 1195 0.1050 511.955 £7.852 Annular-Mist
4650 313 1295 01130 448,652 £3.150 Arnular-Mist
5330 364 139.7 01216 396,558 58,784 Arnular-Mist
5990 418 1496 0.1303 355,998 54.909 Arnular-Mist
BE50 476 159.5 0.1397 322,071 51.330 Arnular-Mist
7330 540 169.7 01459 292710 47.914 Arnular-ist
7350 EO7 1796 0.1604 268,505 44,834 Arnular-ist
BE50 E79 189.5 01716 M7 TIT 41.967 Arnular-ist
5330 JEL., [ 1987 [ 0dER 229,236 39.222 Arnular-ist

10000 <mg3 b 18EE 4 00724 - | 179.074 99,705 Slug

= — / n I [t ‘_b«\ Liquid Volume I
BHP After Nozzle D l—t] L J

i
Dietailz

Skip

o =

e Fiats Fraction After Nozzle

Figure 21: Annulus Run Monitor (N, with Water, CT:1.25”,H.S:2.25”,Qn2=5,Qw= 1gpm)
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2.2.2 Nitrogen with Water Addition Cases for Different Coiled Tubing and Bore
Hole Sizes

In this section, the operational envelopes and injection pressure profiles are given
for different coiled tubing and borehole size combinations for nitrogen with water cases.

Hydrate formation is not a problem for these different size combinations. For a
few run points, high liquid fraction occurred after the nozzle. Brown color was used on
the operational envelope graphs in order to show run points which has liquid fraction
more than 0.25 after the nozzle.

For injection pressure versus nitrogen graphs, water flow rates were written near
the each run point on the graph. Injection pressure in the system increased with

increasing injection flow rates.
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2.3 Nitrogen with Water Influx Cases

In these simulations, nitrogen was injected with water and also 5 gpm water influx
was allowed from the bottom of the well (at 10,000 ft) in the annulus. Runs were started
with 1.25” coiled tubing and 2.25” bore hole size and performed also for other size
combinations previously shown in Table 1.

5 gpm water influxes created significant amount of liquid fraction after the
nozzle. Increasing nitrogen injecting rates decreased the liquid fraction after nozzle and

for some cases liquid fraction became less than 0.25 after the nozzle.

2.3.1. Nitrogen with Water Influx (CT: 1.25” -H.S: 2.25”)

Figure 33 gives the operational envelope for nitrogen injecting with water and 5
gpm water influxes was allowed from bottom of the well. As seen from the graph, brown
run points show the points which have more than 0.25 liquid fraction just after the nozzle.

Figure 34 gives the injection pressure profile of nitrogen with 5 gpm water influx
at 10,000 ft. Numbers near the run points are amounts of water injected with nitrogen. As
seen from the graph, with 5 gpm water influx, injection pressures increase up to 4940

psia.
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Run monitors for the nitrogen flow rate of 5 gpm, water flow rate of 1 gpm and
water influx rate of 5 gpm are given for tubing and annulus sides in Figures 35 and 36,
respectively. As can be seen from Figure 36, liquid fraction at the bottom of the well in
the annulus is 0.34.

An example pressure and temperature profile graphs for same condition are given
in Figure 37 and 38, respectively. As can be seen in Figure 37, the pressure drop of 4000
psi occurs at the nozzle. Also due to the surface coiled tubing facility, 334 psi total

pressure drop occurred at the surface. Pressure outputs are given in Table 5.

Table 5: Output Pressure Values
(N2, With Water Influx, Qn2=5 gpm, Qu= 1gpm, Qui=5 gpm)

Injection Pressure (psia) 4755
BHP Upstream Nozzle (psia) 6213
BHP Downstream Nozzle (psia) | 2213

Figure 38 is the temperature profile of the fluid inside the tubing and annulus (red
line) with the formation temperature profile (blue line). Selected output results for all

flow rates are given in Appendix A.
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2.3.2 Nitrogen with Water Influx for Different Coiled Tubing and Bore Hole Sizes

In this section, operational envelopes and injection pressure profiles are given for
different coiled tubing and borehole size combinations for nitrogen with water influx
cases. Nitrogen was injected to the tubing with water for all the conditions.

As seen on the operational envelope graphs, due to the 5 gpm water influx from
the bottom of the well, liquid fraction after the nozzle are high for almost all different
coiled tubing sizes.

Hydrate formation is not a problem for also different size combinations. Most of
the cases hydrate does not occur in the system.

For injection pressure versus nitrogen graphs, water flow rates were written near
the each run points on the graph. Injection pressures in the system increased with

increasing injection flow rates.
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Figure 40: Flow Rate vs. Inj. Pressure for N, (CT:1”-HS:2.25”, With Water Influx)
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Figure 44: Flow Rate vs. Inj. Pressure for N, (CT:1”-HS:2.5”, With Water Influx)

36




Operational Envelope

34 fffffffffffffffffffffffffffffffffffffffffffffff
€ |
o |
2 !
- A R R R e e R
g |
= ‘
o |
R -0 - ®- - Q-
O T T T T
0 2 4 6 8 10
Qnz (gpm)

C.T: 0.75"

Hole Size:1.75"

Pchoke =50 psia
APNoz2e=4000 psi

Water Influx:5 gpm@ 10,000ft

® Run Points

== Erosion line

® f.L.>0.25 After Nozzle

Figure 45: Operational Envelope for N, (CT:0.75”-HS:1.75”, With Water Influx)

12000
! ! ! ol !
11000 <= -seneedeneeeeeees  RCRELEI SITERELTIPS e
<
G L0000 -----noome i
&
Q
1 T E e R
A o1
i : : : :
i : : : :
L8000 - S SSEEEEE SIS ERRE o
S 1 1 ! !
o : : : :
D 7000 ---ooooooe e S SSEEEEE SRR e
C | | | |
£ ‘ . ‘ ‘
1! o : : :
6000 - 6  RCRELE SITERELTIeS e
5000 T T \ \
0 2 4 6 8
Q2 (gpm)

C.T:0.75"

Hole Size:1.75"

Pchoke =50 psia
APNozze=4000 psi

Water Influx: 5 gpm@ 10,000ft
Numbers: Quater (gPM)

©® Run Points

10

Figure 46: Flow Rate vs. Inj. Pressure for N, (CT:0.75”-HS:1.75”, With Water Influx)

37




3. Carbon dioxide as Drilling Fluid

In this part, WellFlo simulation results are given for three different conditions in
which supercritical CO, was used as a drilling fluid. In the first condition, only CO, was
injected to the well. In the second condition, CO, was injected with different amount of
water. For the third condition, CO, was injected with water and 5 gpm water influxes at
the bottom of the well into the annulus after nozzle.

CO; runs were performed with different coiled tubing and hole sizes as previously
shown in Table 1. Runs were started with 1.25” OD coiled tubing and 2.25” hole size. In
this geometry, runs were performed for a wide range of flow rate conditions to create an
operational envelope. Similar to N, runs, 4” surface pipe was used for the first 500 ft for

all COs runs.

3.1 CO, without Water Addition Cases

CO; runs started with the condition of injecting only CO; into the 10,000 ft deep
vertical well. In these operations, temperature drop was occurred due to the Joule
Thompson effect. Possible hydrate formation percentages are shown in the operational

envelope graphs near the run points.
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3.1.1 CO, without Water Addition Cases (CT: 1.25” -H.S: 2.25”)

Figure 47 gives operational envelope for CO, without water condition for given
tubing and hole sizes. In the graph, again the erosion line shows the maximum injection
flow rates for the erosion velocity limit (1800 ft/min). As can be seen from Figure 47,
maximum CO injection flow rate needs to be less than 3 gpm in order not to exceed
erosion velocity in the annulus.

As seen from the graph, for CO, without water cases, more than 0.25 liquid
fraction was occurred after nozzle in the system for the run points shown by the brown
color. Pressure and temperature values after the nozzle should have proper values to
provide gas phase CO..

Figure 48 shows the change of injection pressure for different CO, flow rates.
High hydrostatic head in the tubing resulted in lower needed injection pressures for CO,

runs.
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Figure 47: Operational Envelope for CO, (CT:1.25”-HS:2.25”, Without Water)
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Figure 48: Flow Rate vs. Injection Pressure for CO, (CT:1.25”-HS:2.25”, Without Water)
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Example run monitors for tubing and annulus side of CO; only run with 5 gpm
injection rate are given in Figure 49 and 50, respectively. As can be seen from Figure 50,
liquid fraction after the nozzle is 1. Pressure and temperature combination after the
nozzle caused high liquid fraction.

An example pressure and temperature profile graph for CO, only case is given for
the flow rate of 5 gpm in Figures 51 and 52, respectively. As seen in Figure 51, the
pressure drop of 4000 psi occurs at the nozzle. Pressure outputs for 5 gpm are given in

Table 6.

Table 6: Output Pressure Values (CO, without Water Addition, 5 gpm)

Injection Pressure (psia) 1492
BHP Upstream Nozzle (psia) 4880
BHP Downstream Nozzle (psia) | 880

Figure 52 is the temperature profile of the fluid inside the coiled tubing and
annulus with the formation temperature profile. The red line shows the temperature
profile for fluid in the pipe and annulus and blue line shows the surrounding temperature
profile. Temperature of the fluids followed the geothermal gradient until the nozzle,
where significant pressure drop occurred and then followed the formation temperature
profile as it moves up the annulus. Selected output results for all other flow rate data are

given in Appendix A.
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Actual Actual

Depth: Prezsure:  Temperature: Liquid Yolume  GasVelocihy  Lig. Welocity: Flow

[ft] [ pzia] [deaF ] Fraction: [ ftdmir ] [ ftdmmir ] Pattern:
0 -pm—- | 1492 750 1.0000 0.000 105.485 S.P. Turbulert
B30 |- 16G4 704 1.0000 0.000 100,081 S.P. Turbulert
1340 - 1914 744 1.0000 0.000 93 456 5.P. Turbulert
2000 -[-| 215 Ba.2 1.0000 0.000 1005931 5.P. Turbulert
680 -- 24 935 1.0000 0.000 102.959 S.P. Turbulert
30 |- 2549 1036 1.0000 0.000 105.002 5.P. Turbulert
000 |- 2eE3 1138 1.0000 0.000 107.019 S.P. Turbulent
4680  —M-| 3119 1243 1.0000 0.000 109.030 S.P. Turbulert
R340 —-| 3343 1345 1.0000 0.000 110,901 5.P. Turbulent
EO00  —[M-| 3564 1446 1.0000 0.000 112.686 S.P. Turbulert
BEe0 - 37ER 155.0 1.0000 0.000 114.433 S.P. Turbulert
7340 - 4002 165.1 1.0000 0.000 116.038 5.P. Turbulert
g000 —[-| 4714 175.2 1.0000 0.000 117.555 5.P. Turbulert
o580 - 1479 1855 1.0000 0.000 113.029 5.P. Turbulert
9340 |- 4534 1954 1.0000 0.000 120.327 5.P. Turbulert
o == E| 410 1.0000 0.000 82952 S.P. Turbulert

P ) = [ a2
Z | 3| @ | & | B L [ el < o ¢
Run Pause Slop Skip Details Wi Flatz tap Erweel Yeloo Exit

Figure 49: Tubing Side Run Monitor (CO, without Water,CT:1.25, H.S:2.25”, Q=5 gpm)

Acual Actual
Depth: Pressure:  Temperature: Liquid Yolume  GasWelocitw:  Lig. Welocity: Flow
[ft] [ pzia] [degF | Fraction: [ ftémin ) [ ftmmir | Patterm:
0 = = 53 T4 0.0000 105E.858 0,000 5.P. Turbulent
B47 = - 82 £9.4 0.0000 2687992 0,000 5.P. Turbulent
1327 - - 158 749 0.0000 1392.288 0,000 5.P. Turbulent
1987 = = 212 a4.0 [0.0000 1037.512 0.000 5.F. Turbulent
2847 = = 260 4.0 [0.0000 549,107 0,000 5.P. Turbulent
327 - - an7 104.5 [0.0000 723744 0,000 5.P. Turbulent
3987 - - 351 114.6 [0.0000 £36.602 0.000 5.P. Turbulent
4647 = = 396 124.8 [0.0000 RE3.809 0,000 5.P. Turbulent
SR = = 443 1352 [0.0000 h14.994 0,000 5.F. Turbulent
5987 M- 489 1453 0.0000 471.325 0.000 5 P. Turbulent
EB47 = - R36 155.3 [0.0000 434 RE2 [0.000 5.F. Turbulent
TaEE = el 1607 [0.0000 402.198 0,000 5.F. Turbulent
7987 = = E36 1758 [0.0000 374,990 0,000 5.F. Turbulent
Bed7 = - a7 1858 [0.0000 3111 0,000 5.F. Turbulent
9327 - - 742 1958 [0.0000 329.058 0,000 5.F. Turbulent
oo = = e 41.0 1.0000 0.000 I.418 5.F. Turbulent
Y -+, = =t L, 3 Eaih
713 (0 | ¢ [ B|B& |8 L a2 8
Run Fauze Stop akip Detailz Wigw Platz Map Envvel Welog, Exit

Figure 50: Annulus Side Run Monitor (CO, without Water,CT:1.25,H.S:2.25”,Q=5 gpm)
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Figure 52: Temperature vs. Depth (CO, without Water
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Figure 53 is the mixture velocity profile in annulus for 1.25”-2.25°" size
combination for different CO, flow rates. As can be seen from the graph, due to the
expansion of gas phase CO, in the annulus, mixture velocity shows significant increase

while reaching surface.

Mixture Velocity in Annulus (ft/min)
0 2000 4000 6000 8000 10000 12000
0 tg——¥7 ‘ ‘ 1 f
[ f N olxo o 4 | C.T:1.25"
1000 | J f e e HS:2.25'
: : : : : AP 1072e=4000 psi
2000 - e s oo Pchoke=50 psia
o0 44 s s
o 000 (e R R
g . L L ——QC02=1 gpm
*g 5000 —=—QCO02=2 gpm
a 6000 ,,,,,,,,,,,, ,,,,,,,,,,,, ,,,,,,,,,,,, QCO2=3 gpm
: : ! ! ‘ QCO2=5 gpm
7000 -+t e e —%—QC02=7 gom
| | | | | —e—QCO02=10 gpm
8000 I s o
9000 Pl -t e e
10000

Figure 53: Mixture Velocity Profile for CO, (CT:1.25”-HS:2.25”, Without Water)
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3.1.2 CO, without Water Addition Cases for Different Coiled Tubing and Bore Hole
Sizes

In this section, operational envelopes and injection pressure profiles are given for
different coiled tubing and borehole size combinations. For all the run points, liquid
fraction of the CO, is more than 0.25 after the nozzle. Possible hydrate formation
percentages are given on the operational envelope graphs near the run points.

In Figure 62 and 63, all the tubing and bore hole sizes combinations are plotted in
the same graph to see the effect of hole size on erosion velocity and injection pressures.
As seen from Figure 62, for the same coiled tubing size, increasing hole size decreases
maximum mixture velocity in annulus. Because, for the same flow rate, larger annulus
creates lower velocity in annulus as expected. Therefore, operational envelopes become
wider with increasing annulus size due to the lower velocity profile in the annulus. As
seen on Figure 63, for the same coiled tubing size, increasing hole size decreases the
needed injection pressure. Because, for small size annulus, due to the high mixture
velocity in annulus, frictional losses are higher than that of larger size annulus. Also,
increasing flow rate, increases the needed injection pressure to ensure the operation in the

system.
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Figure 54: Operational Envelope for CO, (CT:1”-HS:2.25”, Without Water)
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Figure 55: Flow Rate vs. Injection Pressure for CO, (CT:1”-HS:2.25”, Without Water)
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Figure 56: Operational Envelope for CO, (CT:1”-HS:1.75”, Without Water)

s CT: 1"
| | : ® H.S: 1.75"
3400 T o S AP 0721014000 psi
E P choke:50 psia
Q3000 SEEEEEEEEEREREEE S
e | | |
S | o L
n 2600 ‘ ‘ o ‘
: : :
00 e P
c ! ! !
9 | | |
81800 | g e
£
1400 | € AR RS
‘ ! ' '
1000 1 : :
0 2 4 6 8

CO, Flow Rate (gpm)

Figure 57: Flow Rate vs. Injection Pressure for CO, (CT:1”-HS:1.75”, Without Water)
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Figure 58: Operational Envelope for CO, (CT:1”-HS:2.5”, Without Water)
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Figure 59: Flow Rate vs. Injection Pressure for CO, (CT:1”-HS:2.5”, Without Water)
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Figure 60: Operational Envelope for CO, (CT: 0.75”-HS: 1.75”, Without Water)
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Figure 61: Flow Rate vs. Injection Pressure for CO, (CT:0.75”-HS:1.75”, Without Water)
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Figure 62: Flow Rate vs Velocity for CO, (Different Sizes, Without Water)
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Figure 63: Flow Rate vs. Injection Pressure for CO, (Different Sizes, Without Water)




3.2 CO, with Water Addition Cases

In this part, results for CO, with water cases are given. Water was injected with
different flow rates to create the operational envelope and to analyze the injection
pressure profile for CO,. Injecting water in the CO; drilling operation decreased the
temperature drop of CO,. Also, brown color was used to show run points which has
liquid fraction more than 0.25. Almost for most of the CO2 with water addition runs,

liquid fraction has high values.

3.2.1 CO, with Water Addition Cases (CT: 1.25” —-H.S: 2.25”)

Figure 64 gives the operational envelope for CO, with water additions using 1.25”
coiled tubing and a 2.25” bore hole size. Run points at the right of the erosion line shows
the conditions for a given injection flow rate, which maximum mixture velocity in the
annulus exceeds the set erosion velocity. For all the cases hydrate percentages are less
than 1.

Figure 65 gives the injection pressure versus CO, flow rate. Numbers near the run
points indicate the amount of water flow rate (gpm) at that condition. Increased injection

rates increased the needed injection pressure to ensure the operation.
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Figure 64: Operational Envelope for CO, (CT:1.25”-HS:2.25”, With Water)
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Figure 65: Flow Rate vs. Inj. Pressure for CO, (CT:1.25”-HS:2.25”, With Water)
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Run monitors for the 5 gpm CO, and 1 gpm water are given for tubing and
annulus sides in Figures 66 and 67, respectively.

An example pressure and temperature profile graph for CO; is given for the CO,
flow rate of 5 gpm and water flow rate of 1 gpm in Figure 68 and 69, respectively. As can
be seen in Figure 68, pressure drop of 4000 psi occurs at the nozzle. Pressure outputs are

given in Table 7.

Table 7: Output Pressure Values (CO, with Water Addition, Qco2=5 gpm, Qu= 1gpm)

Injection Pressure (psia) 1558
BHP Upstream Nozzle (psia) 5236
BHP Downstream Nozzle (psia) | 1236

Figure 69 is the temperature profile of the fluid inside the pipe and annulus with
formation temperature profile. As can be seen from the figure, temperature drop of the
CO; decreases compare with the conditions for without water.

Figure 70 shows mixture velocity profile in the tubing and annulus. As seen from

the graph, mixture velocity increases while reaching surface due to the gas expansion.
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Actual Actual

Depth: Pressurer  Temperature: Ligud Yolume  Gaz Velocity:  Lig. Velocity: Flon

[F] [pzia] [degF] Fraction: [ ftmmir ] [ Ftmir ] Fattern:
0 -gmm—-| 1559 75.0 1.0000 0.000 118136 |2 Phase Oil'Water
580 ~J-| 1695 FE.5 1.0000 0.000 112647 |2 Phase Dil'Water
1340 - 1965 781 1.0000 0.000 114.806 |2 Phase Oil'Water
2000 Q- 227 89.2 1.0000 0.000 116561 |2 Phase Oil'wiater
2680 - 2500 95.2 1.0000 0.000 118145 (2 Phase Oil'water
3340 2759 108.1 1.0000 0.000 119682 (2 Phase Oil'water
4000 3013 117.9 1.0000 0.000 121147 (2 Phase Oil'water
4520 3273 128.0 1.0000 0.000 | 122581 |2 Phase Oil'Water
5340 3521 137.8 1.0000 0.000 | 123899 |2 Phase Oil'Water
£000 3769 1476 1.0000 0.000 | 125144 |2 Phase Oil'water
BE0 4019 157.7 1.0000 0.000 126354 |2 Phase Oil'Water
7340 4260 167.6 1.0000 0.000 127461 |2 Phase Oil'water
8000 4439 177.4 1.0000 0.000 128504 |2 Phase Oil'water
8520 4744 187.5 1.0000 0.000 129517 |2 Phase Oil'water
9340 4979 197.3 1.0000 0.000 130444 |2 Phase Oil'water
10000 1236 738 1.0000 0.000 104.015 |2 Phase Oil'water

T o . g b, e s, wi L u
71 3|0 | e BB | B |5| | e 0
Run Pausze Stop Skip Details "igw Flots tap Ervel. Velor, E it

Figure 66: Tubing Monitor (CO, with Water, CT:1.25”, H.S:2.25”, Qc02=5,Quw= 1gpm)

Actual Actual

Depth: Pressure:  Temperature: Liguid Volume  Gaz Velooity:  Lig. Yelocity: Flowa

[ ft] [psia] [degF ] Fraction; [ ftmin ] [ ftdmnin ] Fatterr:

0 B4 738 0.0082 885,973 209,353 AnnularMist
£54 103 BE.E 0.0640 2269.546 110,943 AnnularMist
1314 196 778 0.0681 1191.814 105,053 AnnularMist
1994 268 8.2 0.0718 862,605 100.071 Annular-Mist
2654 332 98.0 0.0752 702,169 95,678 Annular-Mist
3314 394 107.8 0.0788 593.797 91.551 Annular-Mist
3994 458 118.0 0.0526 513.598 §7.469 Annular-iist
4654 522 127.8 0.0565 454,116 83610 AnnularMist
5314 588 1376 0.0907 406,559 79.816 Annular-Mist
5994 £58 147.8 0.0954 366.351 75.945 Annular-Mist
BE54 731 157.6 0.1004 333.635 72.209 AnnularMist
7314 807 167.4 0.1059 305,634 £8.450 Annularhist
7994 890 1775 01118 260,778 £4.814 Annularhist
8654 575 187.3 0.1181 259,684 £1.368 Annularhist
9314 1066 1971 0.1249 241,154 57.941 Annularhist
10000 1236 738 1.0000 0.000 39948 |2 Phase Oil Water

- oo = . b, o a2
F 2 I I IO = =~ -l -2 el O 4
Run Pauze Stop Skip Dietailz iew Pliats Map Ervvel Welos, Exit

Figure 67: Annulus Monitor (CO, with Water, CT:1.25”,H.S:2.25”,Qc02=5,Quw= 1gpm)
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Figure 68: Pressure vs. Depth (CO, with Water, CT:1.25”, H.S:2.25)
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3.2.2 CO; with Water Addition Cases for Different Coiled Tubing and Bore Hole
Sizes

In this section, the operational envelopes and injection pressure profiles are given
for different coiled tubing and borehole size combinations for CO, with water cases.

Hydrate formation is also not a problem for these different size combinations.
Brown color was used on the operational envelope graphs in order to show run points
which has liquid fraction more than 0.25.

For injection pressure versus CO; flow rate graphs, water flow rates were written
near the each run point on the graph. Injection pressure in the system increased with

increasing injection flow rates.
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Figure 72: Flow Rate vs. Injection Pressure for CO, (CT:17-HS:2.25”, With Water)
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Figure 74: Flow Rate vs. Injection Pressure for CO, (CT:1”-HS:1.75”, With Water)
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Figure 76: Flow Rate vs. Injection Pressure for CO, (CT:1”-HS:2.5”, With Water)
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Figure 78: Flow Rate vs. Injection Pressure for CO, (CT:0.75”-HS:1.75”, With Water)
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3.3 CO, with Water Influx Cases

In these simulations, CO, was injected with water and also 5 gpm water influx
was allowed from the bottom of the well at 10,000 ft in the annulus. Runs were started
with 1.25” coiled tubing and 2.25” bore hole size and performed also for other size
combinations previously shown in Table 1.

5 gpm water influxes caused high pressure and significant amount of liquid
fraction after the nozzle. In most of the cases liquid fraction after the nozzle were higher

than 0.25.

3.3.1 CO, with Water Influx (CT: 1.25” —-H.S: 2.25”)

Figure 79 gives the operational envelope for CO; injecting with water and 5 gpm
water influxes was allowed from bottom of the well. As seen from the graph, brown run
points show the points which have more than 0.25 liquid fraction just after the nozzle.
For this size combination, 5 gpm water influxes created high liquid fraction after the
nozzle in the annulus for all run points.

Figure 80 gives the injection pressure profile of CO, with 5 gpm water influx at

10,000 ft. Numbers near the run points are amounts of water injected with CO..

62



Operational Envelope

3
e ettt it H i i M SR R
IS
o
\S)
g
o4

e e ® - ® ® ®

0 T T T T T T T

0 1 2 3 4 5 6 7 8
Q coz (gpm)

C.T: 1.25"
Hole Size:2.25"

Pchoke =50 psia
APNoze=4000 psi
Water Influx=5 gpm@3210,000 ft

® Run Points
Erosion Line
® f.L.>0.25 After Nozzle

Figure 79: Operational Envelope for CO, (CT:1.25”-HS:2.25”, With Water Influx)

4000
T O e
e T R
wol

e e

Injection Pressure (psia)

T e e e

2800 i i i i | | |

Q co2 (Gpm)

C.T: 1.25"
Hole Size:2.25"

Pchoke =50 psia
APNoz2e=4000 psi

Water Influx=5 gpm@10,000ft
Numbers: Quater (GpM)

® Run Points

Figure 80: Flow Rate vs. Inj. Pressure for CO, (CT:1.25”-HS:2.25”, With Water Influx)

63




Run monitors for the CO, flow rate of 5 gpm, water flow rate of 1 gpm and water
influx rate of 5 gpm are given for tubing and annulus sides in Figures 81 and 82,
respectively.

An example pressure and temperature profile graphs for same condition are given
in Figure 83 and 84, respectively. As can be seen in Figure 83, the pressure drop of 4000
psi occurs at the nozzle. Also due to the surface coiled tubing facility, 124 psi total

pressure drop occurred at the surface. Pressure outputs are given in Table 8.

Table 8: Output Pressure Values
(CO,, With Water Influx, Qco2=5 gpm, Qu= 1gpm, Qui=5 gpm)

Injection Pressure (psia) 3173
BHP Upstream Nozzle (psia) 7138
BHP Downstream Nozzle (psia) | 3138

Figure 84 is the temperature profile of the fluid inside the tubing and annulus (red
line) with the formation temperature profile (blue line). Selected output results for all

flow rates are given in Appendix A.
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3.3.2 CO, with Water Influx Cases for Different Coiled Tubing and Bore Hole Sizes

In this section, operational envelopes and injection pressure profiles are given for
different coiled tubing and borehole size combinations for CO, with water influx cases.
CO, was injected to the tubing with water for all the conditions.

As seen on the operational envelope graphs, due to the 5 gpm water influx from
the bottom of the well, liquid fraction after the nozzle are high for almost all different
coiled tubing sizes.

Hydrate formation was not a problem for also different size combinations. Most
of the cases hydrate did not occur in the system.

For injection pressure versus CO; graphs, water flow rates were written near the
each run points on the graph. Injection pressures in the system increased with increasing

injection flow rates.
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4. Cutting Transport Analysis
In this part, runs were made in order to analyze cutting transport efficiency in the
annulus. In these simulations, first 10,000 ft of the well has different size of casings and
then next 100 ft drilled with 1.25” coiled tubing and 2.25” hole size combination which
becomes totally 10,100 vertical depth.
Table 9 gives different input values for casing size, cutting size and surface return

choke pressure.

Table 9: Cutting Transport Analysis Variables

Cutting Size Casing Size Surface Return Pressure
(micron) (in) (psia)
25 3 15
50 4 30
75 5 50
100 7

4.1 Cutting Transport Analysis for Nitrogen
In these cases, nitrogen was injected to the system with 3, 5 and 7 gpm injection

rates with two different surface return choke pressures which were 15 and 50 psia.

4.1.1. Cutting Transport Analysis for Nitrogen (Pc=15 psia)

In this part, simulations were made with 15 psia surface return choke pressure.
Figure 93 through 95 shows cutting transport ratio changes for different casing and
cutting sizes. As can be seen from the graphs, increasing casing and cutting size in the

system decreases cutting transport ratio. WellFlo notes for drilling applications proposed
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that a fluid can be considered to provide adequate hole cleaning if the minimum value of
the CTR is found to be:
e Greater than 0.55 for vertical sections
e Greater than 0.9 for horizontal sections
It needs to be noted that, for gas drilling application further attention needs to be
concerned for cutting transport ratio analysis.
In Figure 93, nitrogen injection rate is 3 gpm. As can be seen from the graph,
increasing casing size to 7°” and cutting size to 100 micron made cutting transport ratio
around 0.55. As expected increasing nitrogen injection rates increased cutting transport

ratio which are shown in Figure 94 and 95.
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4.1.2 Cutting Transport Analysis for Nitrogen (Pc=50 psia)

In these simulations, return choke pressure was increased to 50 psia. Similar to 15
psia choke pressure, increasing casing and cutting size decreased cutting transport ratio.
Moreover, increasing choke pressure also affected cutting transport ratio negatively.
Figure 96 through 98 gives cutting transport ratio graphs for 3, 5 and 7 gpm nitrogen

injection rates.
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Figure 96: CTR vs Casing ID (Nitrogen Only, Q2= 3gpm, Pc=50 psia)
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Figure 97:

CTR vs Casing ID (Nitrogen Only, Qn2=5 gpm, Pc=50 psia)
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4.2 Cutting Transport Analysis for CO,

In these part, only carbon dioxide was injected to the system and similar to
nitrogen cutting transport analysis, different casing and cutting sizes were used. Also, two
different surface return choke pressures were used for simulations which were 30 and 50
psia. Injection flow rates used for simulations are 5 and 7 gpm. For 3 gpm carbon dioxide

injection rate, simulation did not converge and software did not give result.

4.2.1. Cutting Transport Analysis for CO, (Pc=30 psia)

In this part, simulations were made with 30 psia surface return choke pressure.
Figure 99 and 100 shows cutting transport ratio changes for different casing and cutting
sizes. As can be seen from the graphs, increasing casing and cutting size in the system

decreases cutting transport ratio.
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Figure 99: CTR vs Casing ID (CO, Only, Qco2= 5 gpm, Pc=30 psia)
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Figure 100: CTR vs Casing ID (CO; Only, Qco2= 7 gpm, Pc=30 psia)
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4.2.2 Cutting Transport Analysis for CO, (Pc=50 psia)

In these simulations, return choke pressure was increased to 50 psia. Similar to 30
psia choke pressure, increasing casing and cutting size decreased cutting transport ratio.
Moreover, increasing choke pressure also affected cutting transport ratio negatively.
Figure 101 and 102 gives cutting transport ratio graphs for 5 and 7 gpm CO; injection

rates.
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Figure 101: CTR vs Casing ID (CO; Only, Qcoz=5 gpm, Pc=50 psia)
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5. CONCLUSIONS
Simulations of drilling operation with supercritical fluids; N, and CO, have been
carried out utilizing WellFlo Version 8.0.13 for 10,000 ft. wells. The following specific
outcomes have been accomplished in this report for each of the three topics studied.

Important output results for the software runs are given in Appendix A and B.

Nitrogen Cases
Nitrogen runs were performed for three different cases: 1) Nitrogen without

Water, 2) Nitrogen with Water Addition, and 3) Nitrogen with Water Influx.

1. Nitrogen without Water Addition Cases:

e Only Nitrogen was injected into the system with 75 °F initial temperature
and 6000 psi pressure drop set as an input to keep the nitrogen in
supercritical liquid state in the tubing.

e Nitrogen phase in the tubing was liquid in the tubing and all the
liquid phase changed to gas phase in the annulus.

e Operational envelope, temperature and pressure profiles were created for
five different coiled tubing and bore hole size combinations.

e Operational envelopes were created based on erosion velocity which is set
at 1800 ft/min maximum mixture velocity (anywhere).

e For the same coiled tubing size increasing holes size decreased the
maximum mixture velocity in annulus and decreased the injection

pressure.
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Needed injection pressure increased with increasing flow rate.
Temperature drop at the bottom of the well did not cause hydrate problems
due to higher temperature at 10,000 ft.

4>’ surface pipe for the first 500 ft in the well decreased the mixture

velocity in the annulus while the fluid reaching surface.

2. Nitrogen with Water Addition Cases:

Different amounts of water were injected with nitrogen and resulted in
decrease of temperature drop across the nozzle.

Operational envelope, temperature and pressure profiles were created for
five different coiled tubing and bore hole size combinations.

Increasing injection flow rates increased the injection pressures.
Temperature drop across the nozzle decreased significantly to that of
nitrogen only conditions. Also for water addition conditions, hydrate

formation did not occur in the system.

3. Nitrogen with Water Influx Cases

5 gpm water influxes were allowed at the bottom of the well in the
annulus.

Nitrogen was injected to the well with water.

Operational envelope, temperature and pressure profiles were created for

five different coiled tubing and bore hole size combinations.
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CO, Cases

Water influx created significant amounts of liquid fraction after the nozzle
in annulus. Increasing nitrogen flow rates decreased the liquid fraction

amount for larger annulus coiled tubing-hole size combinations.

Carbon dioxide runs were performed for three different cases: 1) Carbon dioxide

without Water, 2) Carbon dioxide with Water Addition, and 3) Carbon dioxide with

Water Influx.

1. CO, without Water Addition Cases:

Only CO, was injected to the system with 75 °F initial temperature and
4000 psi pressure drop occurred at the nozzle.

Operational envelope, temperature and pressure profiles were created for
five different coiled tubing and bore hole size combinations.

For the same coiled tubing size increasing holes size decreased the
maximum mixture velocity in annulus and the needed injection pressure
decreased.

Needed injection pressure increased with increasing flow rate.

Significant temperature drop occurred across the nozzle and possible
hydrate formation percentage amounts were reported on the graphs as if
CO, was saturated with water.

Due to the pressure-temperature combination bottom of the well, liquid

phase CO; after the nozzle was found significantly high for all cases.
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2. CO, with Water Addition Cases:

Different amounts of water were injected with CO, and resulted in
decrease of temperature drop across the nozzle.

Operational envelope, temperature and pressure profiles were created for
five different coiled tubing and bore hole size combinations.

Increasing injection flow rates increased the injection pressures.

For the same CO, flow rate, increasing water flow rate increased injection
pressure due to the frictional pressure losses.

Temperature drop across the nozzle decreased significantly to that of CO,
only conditions and possible hydrate formation amount became less than

1%.

3. CO, with Water Influx Cases

5 gpm water influxes were allowed at the bottom of the well in the
annulus.

CO;was injected to the well with of water.

Operational envelope, temperature and pressure profiles were created for
five different coiled tubing and bore hole size combinations.

Water influx created significant amounts of liquid fraction after the nozzle
in annulus. Almost all runs showed that, for given conditions, liquid
fraction equals to one. In addition to water influx which can be prior
reason for high liquid fraction, also the pressure and temperature values at

the bottom caused by the influx helped high liquid fraction result due to
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the liquid phase CO,. Water influx caused high hydrostatic head in the

annulus.

Cutting Transport Ratio Analysis

1. Nitrogen Cases

In these simulations, first 10,000 ft of well has different size of casings
and then next 100 ft with 1.25°" coiled tubing and 2.25’" hole size
combination which becomes totally 10,100 vertical depth.

Graphs are plotted with different casing and cutting sizes.

Increasing casing and cutting sizes decreased the cutting transport ratio
Increasing surface return choke pressure has negative affect on cutting

transport ratio.

2. CO, Cases

In these simulations, CO, was used as a drilling fluid for cutting transport
analysis

Similar to Ny, increasing casing and cutting size decreased the cutting
transport ratio.

For CO, runs, there were two injection rates used for simulations which
were 5 and 7 gpm. At 3 gpm injection rate simulation did not converge

and software did not give result.
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Nomenclature

BHP = Bottom Hole Pressure (psi)
CO; = Carbon dioxide

C.T = Coiled Tubing

CTR = Cutting Transport Ratio (CTR)
D. Stream = Downstream

f.L. = Liquid fraction (-)

N> = Nitrogen

I.D. = Inner Diameter (inch)

Inj. = Injection

Pc = Surface Return Choke Pressure (psia)
ROP = Rate of Penetration (ft/hour)

Q = Flow Rate, gpm

Qw = Water flow Rate (gpm)

Qui = Water Influx Flow Rate (gpm)
O.D. = Quter Diameter (inch)

T = Temperature (°F)
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APPENDIX A

Table A-1: Output for N, Drilling without Water Addition Cases

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction - Solid
. Velocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)
1 - 534 44.75 0 21.58 - -
2 - 1066 177.05 0 42.04 - -
3 - 1634 287 0 63 - -
4 - 2224 351 0 83.6 - -
5 - 2877 390.4 0 104.22 - -
7 - 4053 433 0 145.74 - -
10 - 5340 469 0 210 - -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 - 5329 6837 837 188 157 0.901
2 - 4950 6378 378 177 134 0.973
3 - 4932 6344 344 171 127 0.983
4 - 4969 6373 373 167 122 0.986
5 - 5023 6417 417 164 120 0.987
7 - 5155 6524 524 160 118 0.989
10 - 5419 6718 718 157 118 0.99
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction . Solid
. Velocity Hydrate
N> Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000 ft)
2 - 919 171 0 81.9 - -
3 - 1409 300 0 109 - -
4 - 1875 379 0 145 - -
5 - 2251 426 0 180 - -
7 - 3427 488 0 255 - -
10 - 4952 529 0 368 - -
Q Q Injection BHP BHP T T
Upstream D.Stream Upstream | D.stream CTR
N, Water Pressure o
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
2 - 4939 6335 335 175 130 0.972
3 - 4934 6281 281 168 121 0.983
4 - 4997 6293 293 163 116 0.987
5 - 5091 6324 324 160 11 0.988
7 - 5358 6406 406 153 106 0.99
10 - 5934 6560 560 147 103 0.99
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Table A-1: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction - Solid
. Velocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)
1 - 898 119 0 35 - -
2 - 2001 268 0 71 - -
3 - 2743 325 0 106 - -
5 - 4509 379 0 176 - -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 - 5039 6483 483 184 145 0.961
2 - 5013 6423 423 176 134 0.98
3 - 5133 6521 521 172 131 0.985
5 - 5474 6776 776 168 133 0.988
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction . Solid
. Velocity Hydrate
N> Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000 ft)
2 - 697 110 0 72 - -
3 - 1081 237 0 109 - -
5 - 1773 408 0 181 - -
6 - 2182 460 0 216 - -
7 - 2629 500 0 259 - -
10 - 3992 563 0 376 - -
Q Q Injection BHP BHP T T
Upstream D.Stream Upstream | D.stream CTR
N, Water Pressure o
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) °F)
2 - 4996 6405 405 176 134 0.957
3 - 4928 6275 275 168 121 0.979
5 - 5039 6261 261 159 109 0.987
6 - 5133 6276 276 155 105 0.989
7 - 5276 6304 304 151 101 0.99
10 - 5813 6400 400 143 94 0.991
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Table A-1: Continuation

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction . Solid
. Velocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)

1 - 736 112 0 73 - -
2 - 1472 291 0 147 - -
3 - 2711 388 0 232 - -
5 - 4049 446 0 376 - -
Q Q Injection BHP BHP T T

Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o

(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)

1 - 5034 6422 422 181 140 0.955
2 - 5101 6317 317 171 126 0.977
3 - 5459 6377 377 165 120 0.987
5 - 6503 6562 562 159 116 0.989
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Table A-2: Output for N Drilling with Water Addition Cases

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Veloci Solid
. elocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000 ft)

2 1 789 55 0.14 69 - -
2 3 620 50 0.45 108 - -
3 1 1135 93 0.1 90 - -
4 1 1546 135 0.08 111 - -
4 2 1480 111.5 0.14 135 - -
5 1 1862 173 0.07 132 - -
5 2 1920 144 0.11 156 - -
6 1 2304 215 0.16 153 - -
7 1 2607 250 0.14 173 - -
7 2 2539 212 0.22 197 - -
7 3 2585 189 0.12 219 - -
10 1 4298 331 0.1 237 - -
10 2 4142 304 0.15 262 - -
Q Q Injection BHP BHP T T

Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o

(gpm) (gpm) (psi) Noz;le Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)

2 1 3813 5309 1309 218 221 0.973
2 3 3326 6302 2302 238 246 0.988
3 1 3608 5010 1010 209 209 0.981
4 1 3526 4892 892 200 197 0.985
4 2 3577 5230 1230 220 223 0.986
5 1 3501 4843 843 192 188 0.988
5 2 3536 5138 1138 215 217 0.988
6 1 3483 4790 790 183 177 0.994
7 1 3512 4780 780 176 169 0.994
7 2 3549 5021 1021 205 204 0.995
7 3 3624 5250 1250 219 221 0.991
10 1 3719 4843 843 163 152 0.995
10 2 3770 5014 1014 191 188 0.995
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Table A-2: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)
2 1 632 52 0.15 118 - -
3 1 932 96 0.11 155 - -
3 2 975 80 0.16 196 - -
5 1 1674 196 0.07 228 - -
5 2 1620 160 0.1 270 - -
6 1 2000 235 0.12 262 - -
8 1 3103 337 0.09 361 - -
8 2 3358 314 0.13 409 - -
10 1 4475 396 0.08 449 - -
Q Q Injection BHP BHP T T
N2 Water Pressure Upstream | D. Stream Upstream | D.Stream | CTR
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
2 1 3608 5174 1174 217 220 0.973
3 1 3371 4826 826 205 204 0.983
3 2 3431 5151 1151 225 229 0.983
5 1 3465 4621 621 182 176 0.989
5 2 3588 4851 851 209 210 0.989
6 1 3585 4604 604 172 164 0.993
8 1 4010 4610 610 152 141 0.995
8 2 4303 4750 750 183 179 0.995
10 1 4517 4679 679 142 128 0.995
Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
N> Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000 ft)
2 1 1425 93 0.14 120 - -
2 2 1358 86 0.3 155 - -
3 1 2119 138 0.09 157 - -
5 1 3535 236 0.19 230 - -
5 2 3900 201 0.13 271 - -
7 1 5525 295 0.14 306 - -
Q Q Injection BHP BHP T T
N, Water Pressure Upstream D.Stream Upstream | D.stream CTR
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
2 1 3870 5442 1442 219 222 0.984
2 2 4001 5985 1985 233 240 0.99
3 1 3894 5348 1348 211 212 0.987
5 1 4041 5232 1232 197 194 0.993
5 2 4537 5793 1793 220 223 0.992
7 1 4568 5459 1459 190 186 0.995
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Table A-2: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction . Solid
. Velocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)

2 1 464 34 0.18 114 - -
3 1 778 70 0.14 154 - -
3 2 750 60 0.18 195 - -
5 1 1324 167 0.09 231 - -
5 2 1268 136 0.12 511 - -
7 1 1891 268 0.07 311 - -
8 1 2117 306 0.06 345 - -
8 2 2400 302 0.07 419 - -
10 1 3501 403 0.07 461 - -
10 2 3171 387 0.09 508 - -
Q Q Injection BHP BHP T T

Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o

(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)

2 1 3847 5440 1440 220 223 0.964
3 1 3417 4875 875 206 205 0.98
3 2 3462 5184 1184 225 229 0.979
5 1 3414 4556 556 178 171 0.989
5 2 3518 4761 761 207 207 0.988
7 1 3672 4479 479 155 145 0.992
8 1 3806 4470 470 148 136 0.993
8 2 4193 4585 585 175 170 0.993
10 1 4400 4498 498 127 111 0.995
10 2 4784 4594 594 160 152 0.995
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Table A-2: Continuation

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Veloci Solid
. elocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000 ft)

2 1 1213 99 0.11 250 - -

2 2 1391 103 0.2 345 - -

3 1 1923 168 0.08 337 - -

4 1 3169 266 0.15 444 - -

4 2 3485 259 0.2 534 - -

5 1 4540 336 0.12 551 - -

7 1 7269 398 0.1 713 - -

Q Q Injection BHP BHP T T

N2 Water Pressure Upstream | D. Stream Upstream | D.Stream | CTR

. %)
(gpm) (gpm) (psi) Noz;le Nozz_le Nozzle Nozzle (
(psi) (psi) (°F) (°F)

2 1 4032 5056 1056 215 217 0.983
2 2 5217 5430 1430 230 235 0.988
3 1 4624 4940 940 203 201 0.988
4 1 5536 4860 860 184 179 0.993
4 2 7368 5138 1138 209 210 0.995
5 1 6956 4959 959 173 166 0.995
7 1 10301 5305 1305 166 157 0.995
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Table A-3: Nitrogen with Water Influx Cases

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction - Solid
. Velocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)
3 1 1427 90 0.48 88 - -
4 1 2013 110 0.4 110 - -
5 1 2417 129 0.34 132 - -
7 1 3534 165 0.27 174 - -
9 1 4338 202 0.22 220 - -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
3 1 4875 6463 2463 210 215 0.994
4 1 4778 6286 2286 210 212 0.994
5 1 4755 6213 2213 210 211 0.994
7 1 4796 6180 2180 209 208 0.995
9 1 4936 6233 2233 208 205 0.995
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction . Solid
. Velocity Hydrate
N> Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000 ft)
3 1 1155 83 1155 83 - -
5 1 2116 133 2116 133 - -
7 1 2904 184 2904 184 - -
8 1 3426 214 3426 214 - -
0 0 Injection BHP BHP T T
Upstream D.Stream Upstream | D.stream CTR
N, Water Pressure o
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
3 1 4556 6040 2040 210 213 0.994
5 1 4444 5628 1628 209 207 0.994
7 1 4607 5472 1472 208 203 0.994
8 1 4797 5454 1454 207 200 0.994
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Table A-3: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction - Solid
. Velocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)
2 1 1741 114 1 110 - -
3 1 2888 136 1 146 - -
5 1 5053 188 1 232 - -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
2 1 5890 7755 3755 211 218 0.995
3 1 6048 7745 3745 211 217 0.995
5 1 6524 7894 3894 211 215 0.995
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction . Solid
. Velocity Hydrate
N> Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000 ft)
3 1 871 68 0.43 155 - -
5 1 1525 112 0.26 231 - -
6 1 1971 138 0.21 270 - -
9 1 3128 228 0.14 391 - -
Q Q Injection BHP BHP T T
Upstream D.Stream Upstream | D.stream CTR
N, Water Pressure o
(gpm) (gpm) (psi) Noz;le Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
3 1 4404 5863 1863 210 213 0.992
5 1 4215 5379 1379 209 206 0.992
6 1 4257 5259 1259 208 203 0.992
9 1 4636 5071 1071 205 194 0.993
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Table A-3: Continuation

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction . Solid
. Velocity Hydrate
N, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000 ft)

2 1 1414 101 0.6 234 - -
3 1 2340 126 0.48 310 - -
5 1 5107 193 0.32 506 - -
7 1 7085 245 1 645 - -
Q Q Injection BHP BHP T T

Upstream | D. Stream Upstream | D.Stream | CTR
N2 Water Pressure o

(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)

2 1 5867 7000 3000 211 217 0.995
3 1 6358 6849 2849 211 215 0.996
5 1 8736 6973 2973 210 212 0.996
7 1 11395 7184 3184 210 210 0.994
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Table A-4: CO, without Water Addition Cases

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000ft)
1 - 753 6.2 1 20 0.255 -
2 - 1508 11.5 1 42 0.76 -
3 - 2335 17.6 1 62 1.225 -
5 - 4036 314 1 105 0.125 -
7 - 6125 45 1 147 0.05 -
10 - 7961 68 1 211 0 -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
CO, Water Pressure %
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 - 1320 4717 717 68 47 0.888
2 - 1197 4520 520 35 25 0.954
3 - 1259 4600 600 39 28 0.966
5 - 1492 4880 880 55 41 0.974
7 - 1789 5186 1186 62 48 0.974
10 - 2338 5656 1656 72 59 0.981
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000ft)
1 - 660 5.2 1 34 0.255 -
2 - 1357 9.5 1 72 0.785 -
3 - 2051 14 1 107 1.25 -
5 - 3368 26 1 179 2.395 -
7 - 5241 39 1 254 0.205 -
Q Q Injection BHP BHP T T
coO2 Water Pressure Upstream D.Stream Upstream | D.stream CTR
. %)
(gpm (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (
(psi) (psi) °F) °F)
1 - 1290 4650 650 58 41 0.878
2 - 1187 4415 415 19 13 0.953
3 - 1292 4463 463 24 16 0.967
5 - 1692 4669 669 41 30 0.979
7 - 2313 4922 922 52 39 0.979
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Table A-4: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000ft)
1 - 1264 10 1 35 0.26 -
2 - 2665 21 1 71 0.05 -
3 - 4257 33 1 107 0 -
5 - 7007 60 1 180 0 -
7 - 9922 90 1 253 0 -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
COo2 Water Pressure o
(gpm (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 - 1270 4608 608 54 38 0.94
2 - 1438 4794 794 57 42 0.964
3 - 1720 5083 1083 65 49 0.967
5 - 2486 5720 1720 81 65 0.978
7 - 3560 6448 2448 99 85 0.984
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000ft)
2 - 1029 7 1 72 0.76 -
3 - 1621 11 1 108 1.2 -
4 - 2111 15 1 142 1.7 -
5 - 2635 20 1 183 2.38 -
7 - 3802 30 1 259 3.905 -
10 - 5989 47 1 380 0.335 -
Q Q Injection BHP BHP T T
coO2 Water Pressure Upstream D.Stream Upstream | D.stream CTR
. %)
@pm) | (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (
(psi) (psi) °F) °F)
2 - 1177 4403 403 18 12 0.939
3 - 1241 4382 382 12 7 0.961
4 - 1375 4428 428 18 12 0.969
5 - 1590 4505 505 26 19 0.974
7 - 2159 4680 680 40 30 0.978
10 - 3534 5009 1009 51 39 0.982
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Table A-4: Continuation

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000ft)
1 - 1152 8 1 73 0.355 -
2 - 2266 17 1 152 0.9 -
3 - 4042 28 1 229 0.16 -
5 - 6524 54 1 394 0 -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
CO2 Water Pressure o
(gpm (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 - 1270 4447 447 31 21 0.939
2 - 1729 4563 563 36 26 0.968
3 - 2567 4779 779 51 37 0.974
5 - 5689 5331 1331 64 51 0.977
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Table A-5: CO, with Water Addition Cases

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total

Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)

(ft/m) 10,000 ft (10,000ft)

1 1 792 20 0.37 40 - -

1 2 791 27 0.56 61 - -

2 1 1437 25 0.29 60 - -

2 2 1543 39 0.38 81 - -

3 1 1975 59 0.13 80 - -

3 2 2342 47 0.32 99 - -

3 3 2334 54 0.41 122 - -

5 1 3227 40 1 118 - -

5 2 3254 51 1 140 - -

5 4 5351 76 1 180 - -

7 2 4983 68 1 180 - -

7 3 7424 82 1 203 3 -

Q Q Injection BHP BHP T T

Upstream | D. Stream Upstream | D.Stream | CTR
CO2 Water Pressure %
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)

1 1 1845 5888 1888 168 156 0.973

1 2 2415 6600 2600 206 206 0.987

2 1 1355 5144 1144 115 96 0.98

2 2 1661 5616 1616 144 131 0.987

3 1 1378 5085 1085 126 92 0.985

3 2 1596 5421 1421 132 114 0.988

3 3 1955 5810 1810 145 136 0.991

5 1 1558 5236 1236 83 73 0.977

5 2 1771 5505 1505 100 92 0.99

5 4 2668 6360 2360 156 150 0.994

7 2 2464 6180 2180 119 110 0.991

7 3 3369 7080 3080 158 152 0.993
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Table A-5: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000ft)
1 1 660 10 0.34 68 - -
1 2 649 25 0.53 104 - -
2 1 1211 48 0.14 101 - -
2 2 1281 35 0.36 137 - -
3 1 1528 79 0.09 133 - -
3 2 1689 52 0.25 173 - -
4 1 2060 108 0.08 170 - -
5 1 2713 125 0.07 207 - -
5 2 3087 102 0.13 245 - -
7 2 4273 56 1 316 - -
0 o) Injection BHP BHP T T
coO2 Water Pressure Upstream | D. Stream Upstream | D.Stream | CTR
. %)
(gpm (gpm) (psi) Noz;le Nozz_le Nozzle Nozzle (
(psi) (psi) (°F) (°F)
1 1 1667 5598 1597 156 140 0.969
1 2 2306 6275 2275 200 198 0.984
2 1 1262 4900 900 112 77 0.981
2 2 1689 5258 1258 122 106 0.985
3 1 1367 4829 829 108 71 0.985
3 2 1737 5091 1091 115 92 0.982
4 1 1552 4829 829 107 71 0.989
5 1 1804 4879 879 107 76 0.991
5 2 2282 5055 1055 120 90 0.991
7 2 3131 5372 1372 85 78 0.987
Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch
Maximum Mixture Liquid Liquid
Q Q Mixture Velocity Fraction Velocity Total Solid
CO, Water Velocity Annulus After Tubing Hydrate | Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%) (%)
(ft/m) 10,000 ft (10,000ft)
1 1 1379 33 0.38 68 0 -
1 2 1498 44 0.58 104 0 -
2 1 2808 43 0.29 102 0 -
3 1 4034 52 1 136 0 -
3 2 4424 73 1 171 0 -
5 1 8101 84 1 204 0 -
Q Q Injection BHP BHP T T
Upstream D.Stream Upstream | D.stream CTR
COo2 Water Pressure o
@pm) | (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 1 2058 6058 2058 172 162 0.984
1 2 2893 6888 2888 211 212 0.992
2 1 1941 5733 1733 134 120 0.986
3 1 2217 5910 1910 121 110 0.988
3 2 3309 6920 2920 174 169 0.922
5 1 3879 7359 3359 162 152 0.992
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Table A-5: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000ft)
1 1 519 14 0.37 68 0 -
2 1 967 40 0.13 101 0 -
2 2 1006 29 0.34 137 0 -
3 1 1495 90 0.09 140 0 -
3 2 1469 64 0.16 173 0 -
4 1 2026 125 0.07 174 0 -
5 1 2573 151 0.06 206 0 -
5 2 2614 126 0.09 247 0 -
7 2 3987 153 0.08 320 0 -
9 3 5038 60 1 428 0 -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
COo2 Water Pressure o
(gpm (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 1 1931 5910 1910 168 156 0.96
2 1 1238 4865 865 110 74 0.979
2 2 1618 5173 1173 117 100 0.98
3 1 1260 4644 644 98 52 0.987
3 2 1532 4865 865 104 74 0.986
4 1 1413 4620 620 97 49 0.99
5 1 1616 4637 637 98 52 0.991
5 2 1998 4776 776 99 66 0.991
7 2 2764 4857 857 102 74 0.993
9 3 4505 5393 1393 84 77 0.988
Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000ft)
1 1 1144 30 0.35 143 0 -
2 1 2264 32 1 216 0 -
3 1 3875 42 1 291 0 -
3 2 4062 66 0.31 365 0 -
5 1 6740 88 1 513 3 -
0 0 Injection BHP BHP T T
coO2 Water Pressure Upstream D.Stream Upstream | D.stream CTR
. %)
@pm) | (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (
(psi) (psi) (°F) (°F)
1 1 2316 5469 1469 142 125 0.981
2 1 2649 5209 1209 94 86 0.986
3 1 3743 5284 1284 88 80 0.982
3 2 5594 5723 1723 137 123 0.991
5 1 10702 7167 3167 156 149 0.993
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Table A-6: CO, with Water Influx Cases

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000ft)
2 1 1497 62 1 59 0 -
3 1 2341 75 1 79 0 -
5 1 3830 94 1 118 0 -
7 1 5385 107 1 157 3.1 -
Q Q Injection BHP BHP T T
coO2 Water Pressure Upstream | D. Stream Upstream | D.Stream | CTR
(gpm (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
2 1 3137 7256 3256 205 196 0.995
3 1 2998 7045 3046 201 186 0.995
5 1 3173 7138 3138 196 179 0.995
7 1 3871 7819 3819 197 183 0.995
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000ft)
2 1 1340 58 0.67 102 0 -
3 1 2067 74 0.52 135 0 -
5 1 3765 99 0.39 205 0 -
7 1 4735 103 1 273 0 -
0 0 Injection BHP BHP T T
coO2 Water Pressure Upstream D.Stream Upstream | D.stream CTR
@pm) | (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
2 1 2711 6580 2580 203 186 0.995
3 1 2552 6210 2210 195 168 0.994
5 1 2940 6170 2170 183 152 0.995
7 1 4053 6863 2863 187 165 0.995
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Table A-6: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch

Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000ft)
1 1 1228 86 1 69 0 -
2 1 2638 102 1 102 0 -
3 1 4647 118 1 137 0 -
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream | CTR
co2 Water Pressure Nozzle Nozzle Nozzle Nozzle (%)
(gpm | (gpm) (psi) : :
(psi) (psi) (°F) (°F)
1 1 4376 8498 4498 209 211 0.995
2 1 4427 8507 4507 207 205 0.996
3 1 4708 8654 4654 206 202 0.996
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (fm) (%)
(ft/m) 10,000 ft (10,000ft)
2 1 1038 46 0.65 101 0 -
3 1 1532 66 0.45 136 0 -
4 1 2235 92 0.33 171 0 -
5 1 2686 115 0.26 205 0 -
7 1 3656 133 0.22 278 0 -
Q Q Injection BHP BHP T T
coO2 Water Pressure Upstream D.Stream Upstream | D.stream CTR
. %)
@pm) | (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (
(psi) (psi) (°F) (°F)
2 1 2515 6352 2352 201 182 0.993
3 1 2223 5808 1808 191 153 0.993
4 1 2171 5512 1512 178 129 0.993
5 1 2282 5372 1372 165 114 0.993
7 1 2904 5413 1413 147 108 0.994
Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Maximum Mixture Liquid Liquid Total
Q Q Mixture Velocity Fraction Velocity Hydrate Solid
CcoO, Water Velocity Annulus After Tubing (%) Phase
(gpm) (gpm Annulus (ft/m) Nozzle (f/m) (%)
(ft/m) 10,000 ft (10,000ft)
1 1 1086 72 1 143 0 -
2 1 2349 87 1 211 0 -
3 1 3604 102 1 287 0 -
Q Q Injection BHP BHP T T
Upstream D.Stream Upstream | D.stream CTR
COo2 Water Pressure o
@pm) | (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle (%)
(psi) (psi) (°F) (°F)
1 1 4825 7932 3932 209 208 0.995
2 1 4810 7661 3661 206 200 0.995
3 1 5949 7717 3717 203 194 0.996
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Table B-1: Total Pressure Losses at Surface Coiled Tubing Unit (N, without Water)

Appendix B

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
1 - 0.0001067 0.00001 0.00012
2 - 0.0003667 0.00001 0.00038
3 - 0.0007933 0.00001 0.000807
4 - 0.0013733 0.00001 0.001387
5 - 0.0021067 0.00001 0.00212
7 - 0.0039867 0.00001 0.004
10 - 0.0083467 0.00001 0.00838
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 - 0.00143 0.00001 0.00145
3 - 0.00315 0.00001 0.00316
4 - 0.00547 0.00001 0.00549
5 - 0.00839 0.00001 0.00841
7 - 0.01694 0.00002 0.01696
10 - 0.03583 0.00002 0.03585
Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
1 - 0.00037 0.00001 0.00039
2 - 0.00141 0.00002 0.00143
3 - 0.00306 0.00001 0.00307
5 - 0.00854 0.00002 0.00856
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 - 0.00142 0.00001 0.00143
3 - 0.00315 0.00001 0.00316
5 - 0.00845 0.00001 0.00847
6 - 0.01198 0.00001 0.01199
7 - 0.01713 0.00001 0.01715
10 - 0.03637 0.00001 0.03639
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Table B-1: Continuation

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch

Q Q Frictioal Hydrostatic Total Pres.

N2 Water Pres. Loss Pres. Loss Loss
(gpm) (gpm) (psi/ft) (psi/ft) (psi/ft)

1 - 0.00236 0.00001 0.00237

2 - 0.00905 0.00001 0.00907

3 - 0.02217 0.00001 0.02218

5 - 0.05915 0.00001 0.05917

Table B-2: Total Pressure Losses at Surface Coiled Tubing Unit(N, with Water Addition)

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss

(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.00853 0.03760 0.04613
2 3 0.00875 0.00079 0.00954
3 1 0.00943 0.02424 0.03367
4 1 0.01019 0.01422 0.02441
4 2 0.01550 0.01920 0.03470
5 1 0.01073 0.00787 0.01860
5 2 0.01637 0.01070 0.02707
6 1 0.01109 0.00393 0.01503
7 1 0.01153 0.00208 0.01361
7 2 0.01753 0.00314 0.02067
7 3 0.02327 0.00373 0.02699
10 1 0.01433 0.00033 0.01466
10 2 0.02078 0.00063 0.02141

Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss

(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.01667 0.02072 0.03739
3 1 0.01823 0.00600 0.02423
3 2 0.02994 0.00619 0.03613
5 1 0.02142 0.00059 0.02201
5 2 0.03504 0.00085 0.03589
6 1 0.02425 0.00025 0.02451
8 1 0.03663 0.00003 0.03667
8 2 0.05507 0.00007 0.05514
10 1 0.05271 0.00001 0.05272
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Table B-2: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch

Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.01673 0.02107 0.03779
2 2 0.02451 0.01869 0.04320
3 1 0.01940 0.00865 0.02805
5 1 0.02413 0.00113 0.02525
5 2 0.04018 0.00209 0.04225
7 1 0.03345 0.00018 0.03363
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.01627 0.02380 0.04007
3 1 0.01831 0.00655 0.02487
3 2 0.02999 0.00660 0.03658
5 1 0.02130 0.00051 0.02181
5 2 0.03485 0.00070 0.03555
7 1 0.02907 0.00007 0.02915
8 1 0.03347 0.00004 0.03351
8 2 0.05549 0.00006 0.05555
10 1 0.05347 0.00002 0.05350
10 2 0.07487 0.00002 0.07487
Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.05129 0.00179 0.05308
2 2 0.10800 0.00160 0.10960
3 1 0.06899 0.00026 0.06925
4 1 0.10094 0.00000 0.10093
4 2 0.18067 0.00000 0.18067
5 1 0.14927 0.00000 0.14927
7 1 0.26271 0.00000 0.26271
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Table B-3: Total Pressure Losses at Surface Coiled Tubing Unit (N, Water Influx)

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
3 1 0.00881 0.02348 0.03229
4 1 0.01009 0.01619 0.02627
5 1 0.01133 0.01093 0.02227
7 1 0.01367 0.00460 0.01827
9 1 0.01647 0.00147 0.01793
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
3 1 0.01940 0.01213 0.03153
5 1 0.02567 0.00153 0.02720
7 1 0.03340 0.00020 0.03360
8 1 0.04000 0.00004 0.04004
Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.01473 0.02233 0.03707
3 1 0.01893 0.01300 0.03200
5 1 0.03031 0.00247 0.03277
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
3 1 0.01967 0.01100 0.03067
5 1 0.02487 0.00127 0.02613
6 1 0.02820 0.00040 0.02860
9 1 0.04480 0.00007 0.04487
Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Q Q Frictioal Hydrostatic Total Pres.
N2 Water Pres. Loss Pres. Loss Loss
(gpm) (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.05493 0.00560 0.06053
3 1 0.07420 0.00080 0.07507
5 1 0.15440 0 0.15440
7 1 0.24773 0 0.24773
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Table B-4: Total Pressure Losses at Surface Coiled Tubing Unit (CO, without Water)

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
CcoO2 Water Pres. Loss Pres. Loss Loss
(gpm) (gpm) (psi/ft) (psi/ft) (psi/ft)
1 - 0.00022 0.00003 0.00025
2 - 0.00083 0.00003 0.00086
3 - 0.00179 0.00003 0.00182
5 - 0.00508 0.00003 0.00511
7 - 0.01007 0.00004 0.01011
10 - 0.02115 0.00004 0.02119
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Frictioal Hydrostatic
C%Z Wgter Pres. Loss Px:’es. Loss Total Pres. Loss
(gom) | (gpm) | (psifft (psilft) (psi/tt)
1 - 0.00127 0.00005 0.00132
2 - 0.00493 0.00005 0.00498
3 - 0.01070 0.00005 0.01075
5 - 0.03026 0.00006 0.03032
7 - 0.06180 0.00006 0.06186
Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch
Frictioal Hydrostatic
c%z Wgter Pres. Loss P):’es. Loss Total Pfes- Loss
(gom) | (gpm) | (psifft (psilft) (psi/tt)
1 - 0.00085 0.00003 0.00089
2 - 0.00342 0.00003 0.00346
3 - 0.00773 0.00002 0.00775
5 - 0.02212 0.00003 0.02216
7 - 0.04527 0.00003 0.04530
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Frictioal Hydrostatic
c%z Wgter Pres. Loss P):’es. Loss Total Pfes- Loss
(gom) | (gpm) | (psifft (psilft) (psi/tt)
2 - 0.00329 0.00003 0.00333
3 - 0.00720 0.00003 0.00723
4 - 0.01240 0.00003 0.01243
5 - 0.02047 0.00003 0.02050
7 - 0.04173 0.00004 0.04177
10 0.09347 0.00004 0.09353
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Table B-4: Continuation

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch

Q Q Frictioal Hydrostatic Total Pres.
CcoO2 Water Pres. Loss Pres. Loss Loss
(gpm) (gpm) (psi/ft) (psi/ft) (psi/ft)

1 - 0.00541 0.00003 0.00545

2 - 0.02293 0.00003 0.02297

3 - 0.05360 0.00004 0.05364

5 - 0.16920 0.00007 0.16927

Table B-5: Total Pressure Losses at Surface Coiled Tubing Unit

(CO, with Water Addition)
Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
CO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
1 1 0.00185 0.00351 0.00535
1 2 0.00297 0.00058 0.00355
2 1 0.00333 0.00373 0.00707
2 2 0.00533 0.00173 0.00707
3 1 0.00500 0.00213 0.00713
3 2 0.00720 0.00180 0.00900
3 3 0.01187 0.00033 0.01220
5 1 0.00867 0.00040 0.00907
5 2 0.01260 0.00033 0.01293
5 4 0.02253 0.00007 0.02260
7 2 0.01873 0.00007 0.01880
7 3 0.02500 0.00007 0.02507
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
CO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
1 1 0.00560 0.00207 0.00767
1 2 0.01147 0.00013 0.01160
2 1 0.01033 0.00227 0.01260
2 2 0.02027 0.00040 0.02067
3 1 0.01600 0.00073 0.01673
3 2 0.02740 0.00027 0.02767
4 1 0.02320 0.00007 0.02327
5 1 0.03187 0.00007 0.03193
5 2 0.04773 0.00000 0.04773
7 2 0.07680 0.00007 0.07687
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Table B-5: Continuation

Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch

Q Q Frictioal Hydrostatic Total Pres.
CcO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)

1 1 0.00560 0.00100 0.00660

1 2 0.01220 0.00007 0.01227

2 1 0.01033 0.00060 0.01093

3 1 0.01613 0.00007 0.01620

3 2 0.02773 0.00000 0.02773

5 1 0.03147 0.00007 0.03153

Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch

Q Q Frictioal Hydrostatic Total Pres.
CcO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)

1 1 0.00560 0.00133 0.00693

2 1 0.01033 0.00240 0.01273

2 2 0.02027 0.00047 0.02073

3 1 0.01727 0.00073 0.01800

3 2 0.02713 0.00047 0.02760

4 1 0.02373 0.00013 0.02387

5 1 0.03127 0.00000 0.03127

5 2 0.04747 0.00007 0.04753

7 2 0.07660 0.00007 0.07667

9 3 0.13433 0.00007 0.13440

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch

Q Q Frictioal Hydrostatic Total Pres.
CO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)

1 1 0.03893 0.00013 0.03907

2 1 0.06173 0.00007 0.06180

3 1 0.10333 0.00007 0.10340

3 2 0.16420 0.00007 0.16427

5 1 0.32120 0.00007 0.32127
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Table B-6: Total Pressure Losses at Surface Coiled Tubing Unit
(CO, with Water Influx)

Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
CcO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.00260 0.00007 0.00267
3 1 0.00407 0.00007 0.00413
5 1 0.00820 0.00007 0.00827
7 1 0.01333 0.00007 0.01340
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch
Q Q Frictioal Hydrostatic Total Pres.
CcO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.01000 0.00007 0.01007
3 1 0.01580 0.00007 0.01587
5 1 0.03347 0.00007 0.03353
7 1 0.05553 0.00007 0.05560
Coiled Tubing O.D: 1 inch —Bore Hole Size: 1.75 inch
Q Q Frictioal Hydrostatic Total Pres.
CO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
1 1 0.00767 0.00020 0.00787
2 1 0.00913 0.00007 0.00920
3 1 0.01553 0.00007 0.01560
Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.5 inch
Q Q Frictioal Hydrostatic Total Pres.
CO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
2 1 0.01013 0.00007 0.01020
3 1 0.01613 0.00007 0.01620
4 1 0.02360 0.00007 0.02367
5 1 0.03260 0.00007 0.03267
7 1 0.05827 0.00007 0.05833
Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch
Q Q Frictioal Hydrostatic Total Pres.
CcO2 Water Pres. Loss Pres. Loss Loss
(gpm) | (gpm) (psi/ft) (psi/ft) (psi/ft)
1 1 0.05260 0.00007 0.05267
2 1 0.05727 0.00007 0.05733
3 1 0.10187 0.00007 0.10193
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APPENDIX C
Additional Runs to Fill the Gaps
In this part, WellFlo simulation results are given for drilling 10,000 ft wells with
injecting nitrogen with water addition. Three different coiled tubing-hole size
combinations are used for simulations. These combinations are: CT: 1’’-HS: 2.25”", CT:
1.25°-HS: 3" and CT: 0.75”’-HS: 1.75°. Simulations were made two different cutting
size which are 50 and 100 micron.

Table C-1 gives input conditions for the runs.

Table C-1: Input Parameters (10,000 ft)

N, &

Water
Depth (ft) 10,000
Formation Sandstone
Geothermal Gradient (°F/ft) 0.015
Surface Temperature (°F) 60
Injected Fluid Temperature (°F) 75
Return Choke Pressure (psia) 50
Nozzle Pressure Drop (psi) 4000
Cutting Size (micron) 25-100
ROP (ft/hour) 400

113



Figure C-1 is the operational envelope for CT: 0.5°’-HS:3’” combination. In the
graph, the vertical erosion line shows the maximum injection flow rates for the erosion
velocity limit (1800 ft/min). Run points, left of the erosion line are for the conditions
where the maximum mixture velocity of fluid in the annulus does not exceed erosion
velocity limit.

Figure C-2 is injection pressure profile for the runs. Increasing injection flow

rates increased the injection pressure in the system.
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Figure C-1: Operational Envelope for N, with Water (CT: 17-HS:2.25”, 10,000 ft)
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Figure C-2: Flow Rate vs. Inj. Pressure for N, with Water (CT: 1”-HS:2.25”, 10,000 ft)
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Example pressure and temperature profile graph for nitrogen with water addition
case is given for 5 gpm nitrogen and 1 gpm water flow rate in Figures C-3 and C-4,
respectively. As seen in Figure C-3, the pressure drop of 4,000 psi occurs at the nozzle.

Pressure outputs are given in Table C-2.

Table C-2: Output Press. Values (Nitrogen with Water, Qn2=5 gpm,Qw=1 gpm,10,000 ft)

Injection Pressure (psia) 3465
BHP Upstream Nozzle (psia) 4621
BHP Downstream Nozzle (psi) | 621

Figure C-4 is the temperature profile of the fluid inside the coiled tubing and
annulus with the formation temperature profile. The red line shows the temperature
profile for fluid in the pipe and annulus and blue line shows the surrounding temperature

profile. Selected output results for all other flow rate data are given after conclusions.
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Figure C-4: Temperature vs Depth ( CT:1”, H.S:2.25”, Qn2: 5 gpm, Qw: 1 gpm, 10,000 ft)
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Figures C-5 through C-8 are operational envelopes and injection pressure profiles
for CT: 1.25”-HS:2.25” and CT:0.75”-HS:1.75” combinations. As can be seen from the
injection pressure profile graphs, due to the higher frictional pressure loss in smaller size

coiled tubing, injection pressures are higher for 0.75” coiled tubing size.
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Figure C-5: Operational Envelope for N, with Water (CT: 1.25”-HS:2.25”, 10,000 ft)
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Figure C-6: Flow Rate vs. Inj. Pressure for N, with Water (CT: 1.25”-HS:2.25”,10,000 ft)
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Figure C-8: Flow Rate vs. Inj. Pressure for N, with Water (CT: 0.75”-HS:1.75”,10,000 ft)
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CONCLUSIONS

Nitrogen with water addition:

v

v

Nitrogen is injected with different amount of water into the system.
Three different coiled tubing-hole size combinations were used for
the simulations.

Nitrogen is in liquid phase after the nozzle at the bottom of the
well for few runs.

Cutting transport ratio is higher than 0.8 for all the runs.

Increasing flow rates increased the injection pressures.
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Table C-3: Output for Nitrogen with water addition (10,000 ft)

Coiled Tubing O.D: 1 inch —Bore Hole Size: 2.25 inch

Maximum

Liquid

Q Q Mixture Fraction \I/_ell%lé:(tjy CTR CTR
N> Water Velocity After - (50 (100
Tubing . .
(gpm) (gpm Annulus Nozzle (f/m) Micron) Micron)
(ft/m) (10,000 ft)
3 1 925 0.11 156 0.941 0.882
5 1 1669 0.01 229 0.966 0.931
8 1 2543 0.1 338 0.982 0.964
5 2 1611 0.1 270 0.963 0.927
5 3 1650 0.14 313 0.964 0.929
8 2 3080 0.13 409 0.983 0.967
8 3 3141 0.16 462 0.984 0.969
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream
N2 Water Pressure
(gpm) (gpm) (psi) Noz;le Nozz_le Nozzle Nozzle
(psi) (psi) (°F) (°F)
3 1 3371 4826 826 205 204
5 1 3465 4621 621 182 176
8 1 3902 4606 605 157 147
5 2 3588 4853 853 210 210
5 3 3874 5069 1069 223 226
8 2 4310 4754 754 185 181
8 3 4775 4896 896 200 199
Coiled Tubing O.D: 1.25 inch —Bore Hole Size: 2.25 inch
Maximum Liquid Liquid
Q Q Mixtu_re Fraction Velocity CTR CTR
N, Water Velocity After : (50 (100
Tubing . N
(gpm) (gpm Annulus Nozzle (fm) Micron) Micron)
(ft/m) (10,000 ft)
3 1 1118 0.1 90 0.938 0.875
5 1 1842 0.07 132 0.961 0.922
8 1 2861 0.12 200 0.982 0.964
5 2 1874 0.11 156 0.961 0.922
5 3 1802 0.17 179 0.966 0.931
8 2 2871 0.18 224 0.983 0.966
8 3 2850 0.1 246 0.975 0.95
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream
N2 Water Pressure
(gpm) (gpm) (psi) Nozgle Nozz_le Nozzle Nozzle
(psi) (psi) (°F) (°F)
3 1 3608 5013 1013 209 209
5 1 3501 4844 844 192 188
8 1 3586 4795 795 170 162
5 2 3538 5142 1142 215 217
5 3 3580 5380 1380 226 231
8 2 3620 4994 994 198 196
8 3 3708 5208 1208 214 216
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Table C-3: Continuation

Coiled Tubing O.D: 0.75 inch —Bore Hole Size: 1.75 inch

Ma?(imum Liqu_id Liquid
Q Q Mixture Fraction Velocity CTR CTR
N> Water Velocity After - (50 (100
Tubing . .
(gpm) (gpm Annulus Nozzle (f/m) Micron) Micron)
(ft/m) (10,000 ft)
3 1 2029 0.23 346 0.978 0.956
5 1 4759 0.12 529 0.984 0.969
8 1 7827 0.09 761 0.987 0.975
5 2 4619 0.16 633 0.986 0.972
5 3 4592 0.11 688 0.982 0.964
8 2 9636 0.07 819 0.984 0.968
8 3 9434 0.1 892 0.985 0.969
Q Q Injection BHP BHP T T
Upstream | D. Stream Upstream | D.Stream

N2 Water Pressure

(gpm) (gpm) (psi) Noz;le Nozz_le Nozzle Nozzle

(psi) (psi) (°F) (°F)

3 1 4682 4926 926 202 200
5 1 6621 4925 925 175 168
8 1 11657 5441 1441 166 157
5 2 9257 5245 1245 201 199
5 3 11695 5592 1592 218 220
8 2 15230 6187 2187 204 203
8 3 19827 7015 3015 224 227
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APPENDIX D

Combined Plots
In this part, relevant part 2.2 graphs (Nitrogen with water addition) are updated
with additional runs from Appendix C. Figure D-1 through D-6 give operational
envelopes and injection pressure profiles for given coiled tubing and hole size

combination.
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Figure D-1: Operational Envelope for updated N, with Water (CT: 1.25”-HS:2.25”)
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Figure D-2: Flow Rate vs. Inj. Pressure for updated N, with Water (CT: 1.25”-HS:2.25™)
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Figure D-3: Operational Envelope for updated N, with Water (CT: 17-HS:2.25”)
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Figure D-4: Flow Rate vs. Inj. Pressure for updated N, with Water (CT: 17-HS:2.25”)

126




Operational Envelope
6 C.T:0.75"
Hole Size:1.75"
Pchuke =50 pSia
APy 0z21.=4000 psi
%=Hydrate
- 4
g
k=) P ® ® Run .Pom.ts
s e Frosion line
2 e fL>0.25
a2 @ @ @ 9
@ T @ @ [ ) ®
0]
0 2 4 6 8
Qnz (gpm)

Figure D-5: Operational Envelope for updated N, with Water (CT: 0.75”-HS:1.75”)
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Figure D-6: Flow Rate vs. Inj. Pressure for updated N, with Water (CT: 0.75”-HS:1.75™)
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