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FIG.1

strument includes in a computer, defining a function of neutron migration
length with respect to expected radiation detector counting rate. The function is
defined for selected values of formation porosity. The function is related to
neutron slowing down length and neutron diffusion length. The function is
weighted for formation density. An expected radiation detector counting rate is
calculated in the computer using the defined function based on an initial estima-
tion of formation porosity and density.



WO 2012/162404 A2 |00V T 0 A

(72)
(73)

74

31

UZ, Z4): PRAD RESEARCH AND DEVELOPMENT
LIMITED [GB/GB]; P.O. Box 71, Craigmuir Chambers,
Road Town, Tortola, Virgin Island, British GB 1110
(GB).

Inventors; and

Inventors/Applicants (for US only): ELLIS, Darwin, V.
[US/US]; 297 Great Hill Road, Ridgefield, Connecticut
06877 (US). CASE, Charles [US/US]; 101 Simpaug
Turnpike, West Redding, Connecticut 06896 (US).
CHIARAMONTE, Joseph, M. [US/US]; 102 Route 37
S, Sherman, Connecticut 06784 (US).

Agents: CHI, Stephanie et al,; 10001 Richmond, Room
4720, Houston, Texas 77042 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

84)

KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2012/162404 PCT/US2012/039167

FORMATION CHARACTERIZATION FOR FAST FORWARD
NEUTRON MODELS

Background

G001} This disclosure relates to systems and methods for neutron measurement analysis
of subterrancan formations. More particnlarly, the disclosure relates to fast forward

neutron models for the interpretation of measurements wade 1o subterrancan wells.

{0062} in neutron well logging, Moute Carlo methods are preferred for simulation of
neutron well logging instrument response because of their accuracy. However, Monte
Carlo methods have not been suitable for real-time neutron well logging instrument

analysis due fo the limited computational speed of present computers.

{80603 An example of a lincar-based, Monte Carlo forward modeling technique for
nuclear well logging iustroments s described in Charles . Watson, Monte Carlo
Computation of Differential Sensitivity Functions, Trans. Am. Nucl. Sec., vol. 46, page
635, 1984, and Charles C. Watson, 4 Spatial Sensitivity Analvsis Technigise for Neutron
and Gamma-Ray Measurements, Trans. Am. Nucl. Soc., vol. 65 (Suppl. 1), pp.3-4, 1992,
heretnafter referred to as “the Waison Papers.” By hoearly modeling the dormmant
gamma-~-ray interactions of Compton scattering and photoclectric  absorption, the
technique described in the Watson papers may be used to predict the detector response of
a Compton-scatter gamma ray deusity well logging tnstrument. The primary advantage of
the forcgoing method as applied to density instruments is its very fast computational
speed, 1o that it can provide calculated resulis on a sub-second scale. The basic promise
of the model assumes a lincar relationship between the instrument’s detector response
and changes in the formation density and photoelectric properties of the formation being
examined. Space around the instrument disposed in a welibore is divided into a grid of
cells, each of which 1s assigned a sensiiivity. The contribution of cach cell to the overall
instrument response estimate may be obtained from pre-calculated spatial sensitivity
maps. Further details of the density sensitivity function techuique are disclosed i U8
Patent MNo. 5,334,833 issued to Case et al.  The performance of the foregoing linear

i
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technique may include relative accuracies of a few percent in count space which must
then be converted to density space. For example, when applying the linear modeling
method to a logging while drilling ("LWD™} formation density measuring instrument,
¢.g., onc operated under the trademark VISION 475, which is a4 mark of Schlurnberger
Technology Corporation, Sugar Land, Texas, USA, modeling error in comparison to
experimental data was found to be as much as 0.1 g/ce within 17 water standoff when
covering typical spatial variations in deunsity from 1 to 3 g/ec. The hnuted performance
of the lincar method is also apparent in that the density sensitivity functions are not

wentical when calculated using different reference formations.

{6004} Some improvement in accuracy of the foregoing method can be obtained by
modifymng the sensitivity functions on a casc-by-case basis, but such adjustments are not
fully general. A, Mendoza, C. Torres-Verdin, and W, Preeg. Rapid Simulation of
Borehole Nuclear Measurements With Approximate Spatial Flux-Scattering Functions,
(SPWLA 4Rth Annual Logging Symposium, June 3-6, 2007) discloses a spatial flux-
scattering functions (FSF) technique to rapidly simulate neutron porosity and gamima-

gamma {Compton scatiering) density well logs.

{8065] The development of the FSF techuique (Sec also Mendoza, A, €. Torres-Verdin,
and W. E. Preeg, 2000, Linear iterative refinement method for the rapid simulation of
borehole nuclear measurements, Part I'Vertical wells: Geophysics, 78, no. 1, EO0-H29)
suggested that the technique could be applied to the generation of a fast forward neutron
porosity model. Initial tests with a generie nuclear well logging tool model using AmBe
chemical isotope source neutrons looked promising. However, upon scrutiny, the results
provided by a FSF-based fast model for a nentron logging tool with a pulsed ncutron
source {which generates 14 MeV neutrons) proved inadeguate in simulating results for
invasion of gas-saturated formations and for handling the effects of variation of formation

water salinity.

0006] What is needed is an improved technique for fast forward modeling of neutron

well logging instroment rosponse.
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Summary
G087} One aspect of the disclosure 18 a method for simulating a4 response of a neutron

well logging instrument.  The method includes, in a computer, defining a function of
neutron migration leugth with respect to expected radiation detector counting rate. The
function is defined for selected values of formation porosity. The function is related to

cutron slowing down length and neutron diffusion length. The function 1s weighted for
formation density. An expected radiation detector counting rate is calculated in the
computer using the defined function based on an nitial estimation of formation porosity

and density.
{H008] (ther aspects and advantages of the invention will be apparent from the
description and claims which follow.
Brief Description of the Drawings

{000Y] FI1G. 1 shows an exarple nuclear well logging instrument disposed in a wellbore
drilicd through subsurtace formations.

G016} FIG. 2 depicts an exarople computing system.

{8011} FIG. 3 illustrates an exampie of bow an Lim value of fresh water-filled formations
correlates with the logarithro of the detector counting rate, whereas gas-filled formations
do vot follow the same correlation.

{0012} FiG. 4 illustrates combination of Lm and formation density to represent a

cscription of the formation which has a single correlation to the logarithm of the
counting rate

{B8013] FIG. 5 illustraics cases, at formation poresity of 5 - 40 pu., where the water
sahnity varies between 100, 200, 250 kppro sabiity.

{9014} FIG. 6 shows how the data with salt-saturated formations can be reconciled with

the fresh water data by substituting a new parameter, L™, for L.
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{015} FiG, 7 shows the counting rate for water-filled, gas-filled and salt water-filled
cases as a function of L™ and density, which is called Fp, which has a single correlation

to the counting rate for all formation properties.

Detailed Description

8016} Error! Reference source not found. shows an example “neutron porosity” well
fogging tnstrument 30, The measurement components of the instrument 30 may be
disposed in a housing 111 shaped and scaled to be moved along the interior of a wellbore.
The pulsed neutron well logging instrument 30 may, in a form hereof, be of a type

escribed, for example, in U.S. Pat. No. 5,699,246,

{90171 The well logging tustroment 30 way contain a chernical or pulsed neutron source
113, and two or more neuiron detectors 116, 117 at different axial spacings from the
cutron source. The neutron source 115 (herematier “source™), when activated, will omit
controtled duration “bursts” of high energy neutrons {approximately 14 MeV, and which

may be cmitted isotropically). One exaropie of a neutron source is described m US,

Patent No. 5,293,410 wssued o Chen et al. and incorporated herein by reference.

{018} The nentron detectors 116, 117 may detect neutrons arriving at the detector as a
function of time.  Such measurements may be used to provide hydrogen index (HI)
measurement of the formations 119 surrounding the instrament. In some cxamples, the
detectors 116, 117 may be “He proportional counters. In other cxamples, the source 115

may be a chemical isotope source such as aroeniciurn 241 ina berylhum “blanket.”

{B019] The well logging instrument 30 maybe coupled to an armored electrical cable 33
that may be cxtended mnto and retracted from the wellbore 32, The wellbore 32 may or
may not include metal pipe or casing 16 therein. The cable 33 conducts electrical power
to operate the mstrument 30 from a surface 31 deployed recording system 7, and signals
from the detectors 116, 117 woay be processed by suitable curcuitry TIR for transtmssion
along the cable 33 to the recording system 7. The recording system 7 may include a
computer as will be explained with reference to FIG. 2 as well as devices for recording

with respect to depth and/or time the signals communicated aloung the cable 33 from the
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instrument 30, Those skilled in the art will recognize that the instrument shown in FIG. 1
may also be configured to be conveyed by a dridl string used to dall the wellbore 32, and
thus form part of a logging while drifling ("LWD”) mstrument. Such LW instruments
may include devices therein for recording signals detected by the various sensors and
detectors in the mstrument, and may include a communication sabsyster for transmitting
sorac or all of such signals to the rccording unit 7 at the surface, for exaraple, by
modulating pressure of drilhing fliid pumped into the dridl stting. The cable conveyance
shown in FIG. 1 is therefore not to be construed as a limit on the scope of the present

disclosure.

{60261 FI(3. 2 depicts an example computing system 100 in accordance with some
cmbodiments. The computing system 100 can be an mdividual computer systern 101A or
an arrangement of disiributed coroputer systems. The coroputer system 101A wclodes
one or more analysis modules 102 that are configured to perform various tasks according
to some embodiments, such as the tasks whose results are depicied in FIGS. 3 through 7.
To perform these various tasks, an analysis module 102 executes independently, or in
coordination with, one or more processors 104, which is {or are} connected o one or
more storage media 106, The processor(s) 104 is {or are} also connected to a network
mterface 108 to allow the computer system 101A to communicate over a data network
110 with one or more additional computer systems and/or computing systems, such as
1018, 101C, and/or 101D (note that computer systems 1018, 101C and/or 101D may or
may not share the same architecture as compuier systern 181A, and may be located 1o
different physical locations, e.g. computer systems 101A and 1018 may be on a ship
anderway on the ocean, in a well logging unit disposed proximate a wellbore drilling,
while 1o commuuication with one or more computer systers such as 1810 and/or 101D
that arc located in one or more data centers on shore, other ships, and/or located in
varying couniries on different continents).

160211 A processor can include a microprocessor, microcontroller, processor module or
subsystern, programmable integrated circuit, programmable gate array, or another control

or computing device.

N
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1680221 The storage media 106 can be implemented as one or more non-transitory
computer-readable or machine-readable storage media. Note that while in the exemplary
embeodiment of FIG. 1 storage media 106 is depicted as within computer system 101A, in
sorac embodiments, storage media 106 may be distributed within and/or across multiple
imternal and/or external enclosures of computing system 101A and/or additional
computing systems. Storage media 106 may include one or more different forms of
memory including semiconductor memory devices such as dynamic or static random
access memories {(DRAMS or SRAMS), crasable and programmable read-only memories
(EPROMSs), clectrically erasable and programmable read-only memories (EEPROMas)
and flash memorics; magnetic disks such as fixed, floppy and removable disks; other
magnetic media meluding tape; optical voedia such as compact disks (CDs) or digual
video disks (DBVDs}), or other types of storage devices. Note that the instructions
discussed above can be provided on one cornputer-readable or machine-readable storage
medium, or alternatively, can be provided on multiple computer-readable or machine-
cadable storage mcedia distributed 1n a large system having possibly plural nodes. Such
computer-readable or machine-readable storage vocdium or wedia is {are) considered to
be part of an article {(or article of manufacture). An article or article of manufacture can
refer to any wanufactured single compouent or multiple components.  The storage
medium or media can be located either in the machine running the machine-readable
nstructions, or located at a remote sife from which machine-readable instructions can be

downloaded over a network for execution.

{023} It should be appreciated that computing system 100 18 only onc exampie of a
computing systern, and that computing system 100 may have more or fewer components
than shown, may combine additional components not depicted in the embodiment of FIG.
2, and/or cornputing systern 100 may have a different configuration or arrangement of the
components depicted in FIG. 2. The various components shown in FIG. 2 may be

implerocnted in hardware, sofiware, or g combination of both hardware and software,

mnechading one or more signal processing and/or application specific integrated circuits.

{8024} Further, the steps in the methods described above may be implemented by

running one or more functional modules i imformation processing apparatus such as

6
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general purpose processors or application specific chips, such as ASICs, FPGAs, PLDs,
or other appropriate devices. These modules, combinations of these modules, and/or their
combination with general hardware are all included within the scope of protection of the

mvention.

{8025] In explaining example rocthods herein, an example of a spatial flux-scattering
functions {FSF} technique for a neutron well logging instrument model is first reviewed.
The starting point s to compuie a st of FSFs for a particular veutron tool geometry and
source configuration. See, e.g., FIG. 1. The mstrument muay be disposed in a subsurface
formation (119 1 FIG. 1) having a certain set of physical propertics {c.g., fractional

volame of pore space {“porosity”), pore fluid type, etc.

0026} The FSFs may be generated from the Meonte Carlo program known as “MOUNP”
and essentially correspond to the importance of cach diserete {specified ahead of tirac in
the modeling geometry) spatial e¢lement. The FSF then represents a three dimensional
map of the mportance that provides g way to obtain an average value of the formation
property from the values specified in cach spatial clement of the formation. Initially, the

neutron migration length, Lm, defined as the quadratic sum of the slowing-down length,
N

Ls and the diffusion length Ld { L, = \}!Ls?‘ + L4% ), was taken to represent the complete

formation description. Thus, an intermediate output of the fast forward model may be the
importance weighted average of all the L values from cach volume cloment in the
formaation.  The deswred guantity of the fast forward neutron mwodel, however, 1s the
expected detector counting rate.  For cach detector, a separate set of Monte Carlo
stmulation prograra runs may be performed to define, for a given wellbore envivonment,
the counting rate variation as a function of the formation Lm values in uniform
formations.  The foregoing procedure will work correctly as long as Lm, by itself,
adequately correlates to the counting rate variations measured by the instrument in an

experimental set up or as computed by the Monte Carlo simulation

180271 FIG. 3 shows a graph of an cxample of how the Lm value of fresh water-filled
porous formations correlates with the logarithm of the far detector counting rate. The

fresh water-filled formation porosity values are indicated by the symbols at 200 through

7
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210 in FIG. 3, with a best {it curve joining the symbols. From the results displayed in
FIG. 3, one can conclude that the detector counting rate can be readily predicted from the

L.m value of the formation in fresh water filled porous formations.

{H028] A limitation to using Lm as the sole estimator of formation properties becomes
froroediately apparent when considering gas filled porous formations. To FIG. 3, the gas-
filled porous formation detector counting rates do not fall on the fresh-water best fit
curve. Simulated detector count rates for varvious gas filled porosity values are shown by
symbols at 212-220 in FIG. 3. As porosity values increase {Im values decrease), the
simulated detector counting rates can be observed to be considerably lower than the
corresponding fresh water-filled detecior counting rates. Thus, independent of the shape
of the FSF surfaces, because they are normalized to unity, using FSF in conjunction with
Lm may not adequately predict the detector counting rate i gas-filled formations becaunse

the averaged Lm values for gas-filled cases will be generally too large.

{6029] The fresh water-filled and gas-filled data points shown i FIG. 3 can be
harmonized by including a term that corresponds to the deunsity of the porous formation.
A simiple lincar combination of a function of Lim and formation density to represent a
description of the formation, for use with the FSFs, can produce good agreement between
simulated detector count rates for fresh water filled formations and gas filled formations

as indicated 1o the graph of FIG. 4.

{80381 Salt-water filled porosity may be treated similarly. FIG. 3 shows a graph of Lm
with respect to predicted detector counting rate for formation porosity values of 5 - 40
p.i., for fresh water and for water salinity values of 104, 200 and 250 kppm. Once again
the fresh water-filled cases are mdicated by the symbols at 200 through 210 and the
stmulated count rates with the vanous salinities are indicated by symbols indicated at
2000 (259 kppm), 200A (100 kppm) through 208C and 208A. The simulations, for this
particular detector configuration, show hittle counting rate variation while the Lm value
vartes with the change in the formation veutron capture cross section. apture Cross
section variation can be accounted for by using the definition of another Lm value (L™}

as was done in, Ellis, DV, Flaum, C., Galford, J. E., and Scott, H. D, “The Effect of
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Formation Absorption on the Thermal Neutron Porosity Measurement,” Paper 16814~

MS, 62 SPE Annual Technical Conference and Exhibition, Dallas, Texas (1987),

[8031] FIG. 6 shows how simulated count rates using salt-saturated water in the
formation pore spaces can be reconciled with the fresh water filled porosity simmulated
count rates by simply changing the mixing of the slowing down length Ls, and the

I

\I!LSZ +alg® ). For Lm, the

diffusion length, Ld, in the definition of Lm* (L], =
weighting of the diffusion length, Ld, has an o factor of 1; best curve fits for simulated

count rates that use Lm™ have been shown to have an g of ~0.5 for the Ld contribution.

{8032} One proposed solution is to make a transformed formation parameter that will
correlate with the counting rate for all conditions. In one cxample, this may be
performed by defining a new function, Fp, that weights an appropuiate function of Lo™
with the formation density, p,. In FIG. 7, a graph of simulated counting rate for water-
filled, pas-filled and salt-saturated water-filled formations at various values of porosity
are shown as a fonction of Fp. Using the FSF procedure with the Fp values 1o the

formation may thus result in more accurate counting rate predictions.

{9033} 1t should also be noted that although Fp is used as a parameter to characterize the
formation w the present example, i should be understood that other Fp functional forms
may be appropriate for detectors at different source-detector spacings and shielding

arrangements.

{6034} Simulated neutron detector response may be used, in some examples as part of an
nversion procedure to determine values of hydrogen index and/or other neutron related
properfies of the formation (119w FIG. 1), Inversion may melude making measureroents
of the formation using the instrument as shown in FIG. . An initial model of the
formations may be gencrated, for example, including formation layers of various
thicknesses, porosity values, formation water salinities and fractional volumes of water,
gas and/or oil. A simulated response to the initial model may be generated using example
techniques as explained above with reference to FIG. 7. The detector count rates

simulated using the example technique may then be compared to the actual measurements
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made in the formation as shown in FIG. 1. Any one or more of the parameters of the
mitial model may be adjusted, and the sumulation of detector response may be repeated.
The foregoing may be repeated until differcunces between the simulated detector response
and the measured response reach a minimum or fall below a sclected threshold. The
adjusted model at this point may be designated as a final model, that 1s, one which most

closely represents the actual pararacters of the subsurface formations.

{8035] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
that other embodiments can be devised which do not depart from the scope of the
fnvention as disclosed herein. Accordingly, the scope of the invention should be limited

only by the attached clairs.

10
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Clalms
What 1s claimed 1
i, A method for simulating a response of a neutron well logging mstrurnent, comprising:

in a computer, defining a function of neutron migration length with respect to expected
radiation detector counting rate, the function defined for sclected values of
formation porosity, the function related to oeutron slowing down length and
neutron diffusion length, the function weighted for formation density; and

i the computer, calculating an expected radistion detecior counting rate using the

defined function based on an initial estimation of formation porosity and density.

2. The method of claim T further comprising:
inserting a neuwtron well logging instrument i a wellbore pencirating subsurface
formations and measuring count rate at least one detector on the fustrament;
comparing the expected detector count rate with the measured count rate in the computer;
adjusting at least one parameter of the function in the computer; and
repeating, in the computer, the calculating expected count rate and comparing to the
measured count rate until differences between reach a munimum or fall below a

selected threshold.

3. The racthod of claim 1 wherein the radiation detector comprises a neutron detector.
4. The method of claim 1 comprising in the computer, calculating a sensitivity of the

expected detector count rate to changes in formation property based on formation spatial

flux scattering.

w4

A non-transitory computer readable medium, the medium baving stored thereon logic

operable to cause a programnable computer to perform acts comprising:

defining a function of neutron wgration length with respect o expected radiation
detector counting rate, the function defined for selected vahies of formation
porosity, the function related to neutron slowing down length and neutron

diffusion length, the function weighted for formation deusity; and

1
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calculating an expected radiation detector counting rate using the defined function based

on an indtial estimation of formation porosity and density.

6. The non-transttory computer readable mediurn of claira 5 wherein the radiation detector

comprises a neutron detector.

7. The non-transitory computer readable wedium of claim 5 comprising calculating a
sensitivity of the expected detector count rate to changes in formation property based on

formation spatial flux scattering .

8. A wethed for well logging, comprising:

inserting a neutron wel logging instrument in a welibore penctrating subsurface
formations and measuring count rate at least one detector on the nstrument;

in a computer, defining a function of neutron migration length with respect to expected
radiation detector counting rate, the function defined for sclected values of
formation porosity, the function related to veutron slowing down length and
neutron diffusion length, the function weighted for formation density; and

i the computer, calculating an expected radistion detecior counting rate using the
defined function based on an initial estimation of formation porosity and density;

comparing the expected detector count rate with the vocasured count vate w the computer;

adjusting at least one parameter of the function in the computer; and

repeating, 1o the comwputer, the calculating expected count rate and comparing to the
measured count rate until differences between reach a minimum or fall below a

selected threshold.
9, The method of claim § wherein the radiation detector comprises a neutron detector,

6. The method of claim § comprising i the computer, calculating a sensitivity of the
expected detector count rate to changes in formation property based on formation spatial

flux scattering.
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FIG. 3

Far Count Rate vs Lm
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FIG. 4
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FIG. 5

Far Count Rate vs Lm
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FIG. 6

Far Count Rate vs Lm-star regression model
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FIG. 7

Far Count Rate vs (Lm-star;dens) regression model
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