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by Michael Cummins, European Well Control Forum
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USING A KICK SIMULATOR TO ANALYSE A WELL CONTROL INCIDENT by P. Wand, Anadrill
APPLICATION OF THE VOLUMETRIC METHOD by Sverre Kr. Sarskar, Smedvig IPR

RAPID GAS-INFLUX DETECTION FROM SURFACE MEASUREMENTS by B. Monaghan, D. Codazzi,
P. Till, A. Starkey and C. Lenamond, Anadrill
SUMHOLE KICK DETECTION-OPTIONS AND ANSWERS by Michael R. Taylor, Exfog
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APPLICATION OF TOPHOLE BLOWOUT PREVENTER (THB) by Jean Gardner, Smedvig
PANEL DISCUSSION: HIGHLIGHTING WELL CONTROL ASPECTS OF A SAFETY CASE

IMPROVED METHODS FOR PREDICTION WELLHEAD PRESSURES DURING DIVERTER OPERATIONS
by Adam T. Bourgoyne, Louisiana State University

17.00-17.15 Closing remarks G.J. Kreeft, Director European Operations IADC



Improved Method of Predicting Wellhead Pressure During Diverter Operations

by
- 3
Adam T. Bourgoyne, Jr., Louisiana State University -
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ABSTRACT

Diverter Systems must be designed to provide back pressures which will not resnlt in fracture at the conductor
casing seat. Calculation of the pressure at various points in a diverter system is complicated by sonic flow at the exit, by
unusually rapid fiuid acceleration in some parts of the system, by temperatire changes, and by the possible presence of more
than one phase. Previous experimental data have been available only for pipe diameters of less than 6 juches (6.152 mj. In
this study, experiments were carried out in 8 inch (0.203 m ) and 10 inch (0.254 m) model diverter systems at rates sufficient
to achieve sonic flow. A wide range of gas and liquid rates were investigated. Based on this work, improved algorithms were
developed for predicting diverter entrance and exit pressures. It is recommended that the procedure presented in this work
for estimating sonic exit pressures replace the current method adopted in API PR 64 (1991).

INTRODUCTION

In some marine environments where gas may be cncountered at very shallow depths, conventional blowout
prevention equipment and procedures are likely to be of no benefit. There have been numerous disasterous blowouts
resulting from loss of well control after encouniering unexpected formation pressures in shallow gas formations. By the time
that the crew can recognize that the well has started to flow, the gas has already traveled a considerable distance up the open
borehole. ¥f the blowout preventers are closed, the pressure at the casing seat can sometimes build to a value exceeding the
formation fracture pressure. If one or more flow paths are opened to the surface, the resulting flow can destroy the
foundations of a bottom supported structure and ultimately lead to the formation of a crater. The current solntion to this
problem is to divert the flow away from a bottom supported rig using a diverter system. However, problems can still occur
when flowing pressures are high.

A key element of shallow gas well control is the selection of appropriate conductor casing setting depth that works
well with the rig diverter system for the maximum likely formation pressure and productivity in the area of interest. Beck,
Langlinais, and Bourgoyne (1987) recommended that the diverter and casing should be designed using a systems analysis
approach that considers the gas reservoir, borehole, casing, and diverter linked together as a single hydraulic system. A
Systems Analysis procedure (Brown and Beggs,(1977), Crouch and Pack, (1980), and Clark and Perkins, (1980) permits the
simultaneons calculation of steady state pressures throughout the weil and diverter system. This approach was recently
presentedin detail in APIRP 64 (1991). -

One of the problems encountered when using a systems analysis procedure is the need for an accurate prediction of
the pressures occuring in the diverter system at potentially high gas flow rates. Calenlation of the pressure at various points
in a diverter system is complicated by sonic flow at the exit, by unusually rapid fluid acceleration in some parts of the system,
by temperature changes, and by the possible presence of more than one phase. Conventional equations and computer
algorithms used by petrolenm engineers to analyze producing wells cannot be applied with any confidence. The purpose of
this study was to obtain experimental pressure and flow rate data on a large scale model diverter system and to use this data
to evaluate alternative calculation procedures. Previous experimental data have been available only for pipe diameters of less
than 6 inches (0.152 m). In this study, experiments involving two phase (gas-water) flow were carried out in 8 inch (0.203
m ) and 10 inch (0.254 m) model diverter systems at rates sufficient to achieve sonic flow. Of primary concern was the
determination of the exit pressure of a diverter system at flow rates sufficient to cause the flow velocity to reach the sonic
velocity.

EXPERIMENTAL PROCEDURE AND RESULTS
Figure 1 is a schematic of the main elements of the experimental apparatus. Air stored in a 290 bbl (46.11 ms)

temperature with time. Downstream of the ball valve, a concentric reducer was used to deerease the pipe internal diameter to
either 10.02 in. { 0.254 m) or 7.891 in. (0.203 m ), The length of the model diverter pipe downstream of the concentric
reducer was 24 ft (7.32 m) and the overall length of the piping extending from the tank was 32 i (9.75m). A 0-100 psi (0-
690 kPa) pressure transducer was located 5.5 in. (0.15 m) from the exit to determine the exit pressure. A 0-160 psi ( 0-1100
kPa) transducer was located 10 ft (3.05 m) upstream from the exit transducer. Data collection was achieved using both a
data acquisifion computer and analog charts. Table 1 gives typical experimental results achieved using the apparatus.

DETERMINATION OF SONIC EXIT PRESSURE

APIRP 64 states “ The back pressure for critical flow must be considered and is used as the initiation point for the
vent line pressure traverses. The method introdneed by Gilbert is used to predict the two phase critical flow back pressure.
This empirical technique has stood the test of time (since 1954) and reasonably approximates the laboratory values
developed by Beck, Langlinais, and Bourgoyne “ (1986). The Gilbert Equation is given in API RP 64 as Equation (A-6),
which is shown below for convenience. The two phase pressure, P‘P’ in psia is given by
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where q is the liquid flow rate in barrel per day, R is the gas-liquid ratio in thousands of cubic feet per barrel, and 8 is the

choke diameter in 64th of an inch.

We were surprised to see a choke equation recommended for use at an open pipe exit so we checked the agreement
between our 1986 data and Equation A-6. The predicted values obtained using Equation (A-6) were consistantly larger
. than lie observed values previously published (1986), often by more than a factor of 3. Equation (A-6) was also tested

using the new experimental data for the larger pipe sizes and the results were similar. Typical results are shown in Table 2.

RECOMMENDED ALGORITHM

In order to define the relationship between pressure and steady-state flow rate at any point in the diverter, it is best
to assume various flow rates and then calenlate the resulting pressure at the point of interest. In this manner, a plot of
pressure versus flow rate can be obtained. The starting point for the calculation is the diverter exit, from which one moves by
small steps to the point of interest. After assuming a flow rate, the next step is to assume the pressure is atmospheric at the exit
and determine the resulting exit velocity. If the calculated velocity is greater than sonic velocity for the fluid, then the
assumption of atmospheric pressure was incorrect and a higher pressure exists at the exit. The exit pressure will rise to a value
such that the exit velocity is equal to the sonic velocity. It is recommended that the relationship between exit pressure and
flow rate for sonic flow is determined using the following equations:
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For multiphase flow, the effective two phase density and compressibility can be calculated as shown above using the weight
fraction ¥, of the various phases. For most accurate results, the two phase effective n value shonld be obtained using the -
new correlation presented in Figure 2. However, even without this correction, the results are acceptable. Shown in Table 2 is
a comparison between calenlated and observed values of diverter exit pressures. Once the pressure p at the exit is known,
the pressure gradient is computed using the following equations:
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The acceleration component of the pressure gradient in a diverter is often the largest term and should not be neglected. The
only time the acceleration term should not be used is when a sudden decrease in diameter ocours when moving upstream.
An example of this would be at a less than full open wellhead spool. Velocity head is generally not recovered downstream of
a restriction if a diffuser is not present. Most accurate results are obtained when the upstream density is used in computing
the acceleration term. This requires an itterative approach, but this is easily done with modern spreadsheet software.

It is recommended that adiabatic flow is assumed instead of isothermal flow. Temperatmre changes associated with
the rapidly expanding gas can be significzant. The temperature change between points can be computed using:
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Convenient distance step sizes can be assumed when using the pressure gradient to move upstream in a stepwise mannper. It
is often convenient to choose a step size that will end on a fitting boundary where a diameter change or bend occurs.






.  REFERENCES

. v - .
APIRP 64, “Recommengded Practices for Diverter Systems Equipment and Operations”, First Edition, American Petroleum
Instimte, Washington, D.C., July 1, 1991

Beck, F.E., Langlinais, J.P., and Bourgoyne, A.T. :“Experimental and Theoretical Considerations for Diverter Evaluation
and Design,” SPE 15111, California Regional Meeting of SPE, Oakland, California, April 3-6, 1986.

Beck, F.E., Langlinais, J.P., and Bourgoyne, A.T.:"An Analysis of the Design Loads Placed on 2 Well by a Diverter
System,” SPE/IADC 16129, Driiiing Conference, New Orleans, La., March, 1987.

Brown, K.E., and Beggs, HD.:"The Technolbgy of Artificial Lift -- Volume I: Methods”, Penn Well Books, Tulsa, '
Oklahoma, 1977.

Crouch, E.C., and Pack, K.J. :* ‘Systems Analysis’ use for the Design and Evaluation of High Rate Gas Wells™ SPE 9422,
Annual Fall Meeting of SPE, Dallas, Texas, September 21-24, 1980,

Clark, A.R. and Perkins, T.K.:" Wellbore and Near Surface Hydraulics of 2 Blown-out Oil Well,” SPE 9257, Annual Fall
Mecting of SPE, Dallas, Texas, September 21 -24, 1980.

Gilbert, W.E.: “Flowing and Gas-lift Well Performance”; Drilling and Production Practices » American Petroleum Instimte,
Washington, D.C.,1954.

Moody, L.F.:Friction Factors for Pipe Flow,” Trans. ASME, V66, p 671, 1944.

Santos, O. and Bourgoyne, A.T.:"Estimation of Peak Pressures Occurring when Diverting Shallow Gas,” SPE 19559,
Annual Fall Meeting of SPE, San Antonio, Texas, October 7-8, 1989.

NOMENCLATURE

Cross sectional area, m?

Compressibility, Pa-1.

Heat capacity at constant pressure, JkgjoK.

capacity at constant vHeat olume, K g/oK

Diameter, m.

Ratio of heat capacity at constant pressure to heat capacity at constant volume.
Moody friction factor.

Polytropic expansion coefficient.

Pressure, Pa. Also psia in Equation (A-6).

Volumetric flow rate, m3/s. Also liquid flow rate in Equation (A-6), bbl/d
Radius, m

Universal gas constant . Also gas-liquid ratio in Equation (A-6), Mcf/bbl
Diameter, 64th in.

Temperature, oK

Velocity, m/s

Roughness, m

Weight fraction or quality.

Viscosity, Pa-S

Vertical deviation angle, rad.

Density, kg/m3

-ocn'::xo<_;mzn.o~uu‘~sra.<n_é3n>

Supscripts:

1,2 Reference points (1 is upstream).
g Gas.

1 Liquid.

s Solid. Also standard condiiion.
tp Two-phase.






Figure 1 - Schematic of Experimental Apparatus
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Figure 2 - Multiphase Sonic Velocity Correction
d= 0.2545 m
Water Tank Entrance Middle Exit
Rate Temp Pressure Pressure Pressure
m3/s oK kPa kPa kPa
0.00000 282 1,098 289 487
0.00000 267 863 289 411
0.00000 254 679 289 322
0.00000 241 541 263 256
0.00000 231 432 207 203
0.00000 271 350 166 164
200000 M2 3ea 134 124
0.00000 204 235 111 109
0.00423 281 858 537 401
0.00321 269 704 431 307
0.00243 258 591 363 241
0.00186 250 509 318 202
0.00146 243 447 269 170
0.00118 37 401 228 145
0.00097 232 362 191 127
0.00073 228 332 170 112

Algorithm Results - d = 10.02 in. (0.253 m)

d= 0.2027 m
Gas Water Tank Entrance Middle Exit Gas
Rate Rate Temp  Pressure Pressure  Pressure Rate
m3/s m3/s oK kPa kPa kPa m3/s
4876  0.00000 295 1089 724 497
5630 0.00000 289 933 623 430 75.76
48.06 0.00000 281 799 532 368 61.53
41.77 0.00000 275 689 459 316 50.02
3578  0.00000 268 594 385 272 40.95
3182 0.00000 262 515 342 235 32.20
2823 0.00000 257 446 297 204 26.99
23.85  0.00000 252 388 259 176 23.45
20,67 0.00000 247 340 226 153 18.45
5279  0.00114 291 959 613 420 67.09
4331 0.00227 282 827 528 359 50.86
33.63 0.01374 275 729 448 301 38.58
2512  0.02623 269 653 412 256 29.54
2064 0.03339 265 602 372 230 23.15
18.43 0.03691 261 551 327 208 18.68
14.99 0.04009 257 512 304 187 15.42
13.76  0.04202 254 479 277 172 11.64
Table 1 - Experimental Resuits
Evaluation of Eqn A-6
EXTT
Pipe LD. GASRATE WATER OBS mcztisry:m GAS RATE
() (MMSCF/D)  BBL/MM  (Psia)  (Psia) MMCF m3
7891 1030 70 837 1 4 s
205 67.1
76.6 180 71 119
155 509
63.0 279 334 119
10 205.0 17 582 69 B 50.0
155.0 57 “s a1 118 386
118.0 128 350 100 982 322
10.02 %0.1 n7 293 97 90.1 295
70.6 310 246 89 706 232

LGR GaAs EXIT PRES EXAT PRES
Bbl WEIGHT Obs Cak Obs Calk

MM FRAC (psia) (psia) (psia) (psia)
17 0.93 58 56 401 384
57 0.79 45 44 307 302
0 0 37 38 256 263
128 0.76 35 35 241 244
0 0 24 24 164 161
217 050 29 29 202 200
3i% 0.41 it 24 176 ide

Table 2 - Comparison of Observed and Calculated Exit Pressures






