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AN EFFICIENT SIMULATION “MODFL F2R NCCLEAR
GEOPLYS [CAL “EASUREMENTS

by Robert D. wilson
Highland 3cientific. Lta.
snd Soutrern Jregon State Zollege
Tevoni K. Coox, Highland Scientific, Ltd.
Sumner H. Daen, Loe Alemne Netional Laboratory

ABSTRACT

Nucleer messsurements thet provide dets relsted to
geophysicel paremeters have been used for many
yeare i well-logging, surface surveys, end
lasboretory -ore studies. The messurement process
cen be cons:dered in two parte: 1) the trensport
of nuclessr redistion from source to detector, end
2) the 1interaction of the trenaported redistion
with the detector, For certain measuremgnt prob-
lems, the radietion treasport of step 1) 1e not
strangly effected by the presence of the detector
in  etap 2), For auck prebiews 2 simuletion
spprosch that decouples radistion ‘-rensporc from
detection suggeste itself. Many nuclear geophye-
1cel scssuremants can be modeled 1n this way,
This sethod wee firet utiiized to simulete serisl
rediometric surveys and barehole loge for
poteselum, vurenium, end cthorium. A one-dimen-
s.onal deterministic technique wvas used to model
the gamks-rey treneport from ground sources end
the stoichestic “onte Carlo technique to model
the detector responass. The resuites of the two
Seperate siauletions ere convolved to model @
gilven ecurce end detector combinetien, The
mathod ts en efficlent wa= tu model combinstions
of verious redietion trensport geametries vith
differing detector types end sizes,

Thie simuletion sp=roach has been estended in the
presenr work to 1include two-dimene’onsl geome-
trise. The two-dimensional model sppliss sxsctly
to centrelized well-logging tools end 1n en
spproximate fora for mmny eccentered msasure-
me~ts. The model 1s now being used ¢o simulate

ALt ON pnrosity end gusme-jamma deniity seseure-
aante.

e enDITION

Manr f cthe nuclesr messursment problems »ncoun-
tered .n borshole logging cen La simuleted bv
combin..g umer:.cel sol.tions tc the two-:jimen-
rionel redistion trensport eqetion with en
epproprisce dertector resp.-' 48 lidrerv. The
rexaltcng si18uletion model 18 +epabie of p sdicr
ing *he rempunse 2f s veriary > nurlegr geophve-
tceal saglurement s whoeo gemerriss exnibdil

Symmetry sbout one exie, In
wodel 1s vuveed 1n this work
rasponse of nucleer msessuresent
the process of drilling e well.

partic:lar, tne
to deteraine tne
systea® dJuring

In orier to efficiently mode. e wide veriety of
source, detector, borehole, drilling fluid, and
formation conditione, the philosophy of the
slmuletion aodel 1e to decouple the gomma-ray
treneport process from the detection process, It
requires the esmsumption that the prescnce of the
detector wmaterisl has e negligible effect an
gamma-rey tranreport tu the detector surfsce,
This wmodeling approach wes originally developed
for use with one-dimensional syeteme by Y, Evane®
ot the Los Alamos Netionel Laboratory.

The present work extends this msodeling spprosch
to two-dimensional systeas, The two-dimensionsl
discrete-ordinates neutrel particle trensport
code DOT? 1o used to eimulete tne trensport of
neuticn or gasma redistion end th.’nnoiog Monte
Carlu detector resgonse code GAMRES® 1s used to
trensform the DOT computed redietion field to a
detec-ed pulse height spectrua. GAMRES cen be
used for ecintilletors, such se sodius 1odide,
cesium lodide, snd bismuth germanets. The code

ceh oleo be wmadified Lo simulets the response of
GM tubem end solid stete detectors such se ger-
mghiul. An efficient model renults thet cen

couple many redistion trensport celculetione to e
single detector response librerv. In thie wey,
the mote coetly detector response calculations
ueing GAMRES ere performed just once.

spprosch wae first Jsed for
celculations 1n wirx

This wmodeling
asssurement -while-drilling
reported by Wilron, [Koizumi end Desn’. The
sodel ves one-dimensionsl end wes epplied to °"g
problem nof neturel gemma-rey mssJuremens in tng
drilling environment.

The coupling cf deter or response wit® ‘*he M7
computad redietion ftel4 1s eccompliahed =tt™ - »

cade FNFOLD®,  Boik CAMRES end ENFOLD "sa *» “a
modif:ed for use with the DOT -omputed -1tl:ua°
fluses. Figure 1. 19 @ bloce dJdisgre= ot - e

slmulgtion sonel.
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Figure 4. Block Diagram Of
The Msjor Software Componsnts
0f The Simulstion Modal

The two-dimenalons! simuletion modsl 1s very 2f-
ficient. persitting extensive pnyeics end desi1gn
studies of nuciear logging toole st ressonsble
cost. The model has baen exteneively benchmarxed
wvith experisents end with Monre {srlo ceicula-
tione. The model hes been 1inetslled on an
engineering work etetion, and promiess 1in the
future to be m iow cost slternetive =nd supple-
ment to the use of experimsntetion vith phys.cel
models.

Some uses of the simuistion model and the results
obtailned ere presented 1n leter sections of the
paper . The next sections describe the simuletion
model 1n wore detail end present the results of
benchmarx comparisons that assteblish the model’ s
valid1ity.

SIMULATION MODEL

A two-dimensionsl eisulstion model thet .ncludes
on accirete representetion of ecintillstion de-
tector response hae been developed 1n vrder ro
solve @ certein claes of msesurement probleme en-
countered in the subeurfece borenole environment.
These probleme ere cherescte-1zed by the prersnce
of a xvametry ex1s, tne gxis of the horenole.
Botn the materisl pr-pertiss and the Jistriovtion
of rediation suurres auer axhibitl 1h 8 cylandri-
Col symBetry.

The firat spplications [ 'n1s model Nave been 10
sisulats the respnnae of neutron porosity and

¥ 10ULA - ¢ 3MA JeNailv Medsuroments, e =uc=1 Fuld
a150 0@ applizd 7 matuldl ZIMMI-riv medsurzments
tnraugn [Jr-acion ned DOub jaries whietre rLne pels
Are separatea bv plane 1ntertaces aormal o the
Doremgle ix's, ft appiies ta =ireline 1ugs =2en
the tool .3 centralizea weitnin tie w=ecil. 274 L0
natural gamma-rav logs in drv =ells regardiess of
=hetrer tre OG5l 15 centralized.

The neutron norosity and gamma-gamma Jensity
geometry may lack the rerqulrea cylindricai
symmetrv, depending on =here tne polnt Source L3
located 1ind =necner the tagi is centraiized
=ithin the =eil. Although the detector 1s not
actually preseit during tne rad;atlon transport
portion of the siaulation and nence does not
destroy the cyl:ndrical symmetry, a point source
of radiation located off the borenole centerline,
along the tonl housing edge, clearly destroys the
tylindricel symmetry of the mapsur=ment geometrv.
However, this J41ffizulty nee been avolded for
such caeses by repressating the neutron or
gamma-ray source as @& ring-shaped distribution
“wrepped around” the housing edge. Thie source
representetion 13 en approximation but hee been
shown ta De accurate by comparison to physical
Eessurements Jeilng actusl polnt sources. ot
course, 1f the point source resides al.ng the
borehole centerline, there 1s no difficulty 1in
reprssenting the polnt psource &8 euch 1n the
s.mulation model.

The simulation epproach used in thit wvork
schieves 1ts grestest efficiency when the
redietion transport portion 3f the celculet:on 1s
per formed agein end egein for differing sources,
logging geometries., ond aaterial compositions but
1n eech . ese® .8 convolw:ed with the same detector
responss WAp. Such 18 often the case when
perforaing t<ol Jesign simuletiuna, For exemple,
the detecto- may have been fixed by tool housing
end performance constreinte so that 1ts eimuleted
response need be deterained only once. Then
savironmentsl paremssters, such ae -he fluid
annulue thickness, cen bas charecterized 1n terms
of tocl perforssnce by repessting the redistion
trgneport celculetion for esch thickness end
convolving each time with the ssme, previcuesly
computed, decector reeponsc librery, This then
becomes @ cost effective way to dectermine
environsentel effecte, ainimizing the need for
siperimentsl dete, The datsctor responss map
requires seversl houre of computer time to
produce but this 18 done just once for 1 given
Jetector. The ctrenepoic <calculetions require
between 2 er 31 houre of computer time for =ach
cspe, These omputecion tises ere for the SUN
sodel 1/160 rngineering work staetion,

The trsumwvo-v :cslculetlnas ere pertormed wi h the
two-dimensiona., diecrece-ardinatens neutral pert-
icle rediat:on trensport code DOT. [hi» code wae
vritten oy and hea evolved ovar the yeers at the
Jak Ridge Nericnei Laboratory?d. Discrere veluee
for rha energy, epace, and dlrecti i verisbles
wvare established through s fro-gee af - -»mpr-mige
between requiremsnts f{oar convergence of the
irerstive procedure for sal-11g nymer,-sliv _ne
transpart squdll.n and the :lexire far a reason-

RN mefaun



able total ruaning time on the computer. For
gamma-ray calculations, comparisons were made (o
the anaivtical, intinite medium, point source
calculations of Coldstein and Wilkins® o test
the adequacy of the dJiscrete mesh.

The discrete meshes emploved 1n the DOT calcula-
tions for the several measurement tvpes are:

1. Neutron-Neutron. 37 energv groups, 48
radial points, 42 axial points, 16 direction
angles

2. Neutron-Gamma. 58 energy groups, 48 radial

points, 42 axial points, 16 direction angles

5. Gamma-Gamma. 29 energy groups. 62 radial
points, 60 axial points, 30 direction
angles.

A finer mesh in spsce and direction waa necessary
for the gasma-gamma calculationa because of the
generslly larger attenuation coefficients for
gamma raya than for neutrona and be:suse of the
larger anisotropy exhibited by the Compton
scattering praocess then for elestic nesutron
scettering, The larger number of energy groupas
for neutron-neutron calculetions is necessary
beceuse ths neutron crose sections exhibit s
finer structure than do gamma-rey cross Jecticns.
The coupled neutron-gamme problem produces the
secondery gamma reys as @ trenafar process froa
the 37 neutron groupe to 21 added gamar-rey
groups, hence the 58 ensrgy groups for neutron—
gamsa problems,

The numericel solution to the two-dimensional
rsdiation crensport equation produces e lerge
smount of highly diffarentiel flux dac.. The
perticle flux is provided @s & discrete function
of ensrgy, rediel and axial poeition, snd direc-
tion. It is celled the sngulsr flux function end
physicelly ie the rets et which the nautrel
particles cross unit eres orientsd normally to
one of the discrets directions st the point in
spece corresponding to s perticuler redisl end
sxiel poeition sud to one of the seversl discrete
energy groupe. If cthe snguler flux is toteled
over all poesible directions et this locetion,
the result is ceslled the sceler flun, Figure 2.
shows @ typicel geometry with @ source pueitioned
for o gamma-gamsa deneity measurement, Figure 5.
compares the energy dependent scalsr flux spectrs
st two locetions, one on the houning edge, where
the detector aight be locsted, and enother in the
silice formation region, The source ie Cs-137.
Notice the dominance of multiply acettered gamma
rays snd the difference in photoslactric sbeorp-
tion at the low enargien. Vsristions in the lowv
snaryy sbsorption with differing formation types
gives risee to .he well-known lithology responize
o the litho-dennity tool in wireline logging.

The simulstton is completed when the dstector
reaponse function 1is convolvad with the anguiar
fluxea computed by DOT st apecified detector
locationsn. The anelog Monte Csrlo (ode GAMRES is
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used to compute the detector response. CAMRES
was modified for use with the discrete directions
chosen for the DOT calculations, GAMRES produces
a simulated pulse-height spectrum tor each speci-
fied incident gamma-ray energy and each discrete
direction measured relative to the detector axis.
For example, when wused for a Cs-137 gamma-ray
source, pulse-height spectra are computed at 10
ke¥ intervals from O to 0.67 MeY and for six
incident angles for a total of 67 x 6 or 402
spectra, This library of spectra. the detector
response map, 1is then convolved with the DOT
computed angular fluxes, at a particular loca-
tion, Lo produce the total pulse-height response
of the detector. Figure 4. is a pulse height
spectruy for such a ccnavolution calculation. It
represents the count rate per .0l MeV wide
channel for a scintillacion detector placed along
the housing edpe at a particular spacing from the
g2maa-ray source, The source peak at .66 MeV is
lost because of che ralatively poor energy
resolution of tha detector end because the peak
88 a very small component of the total spectrum
st this source-detector spacing.

€5-137 SOURCE

LONG-SPACED
SCINTILLATION
DETECTOR

COUNYS/CHANNEL

o 2 4 .8 8
ENERGY (MEV)

Figure 4. Pulse Height Responsas
Of A Scintillstion Detector
Placed Within The Geometry

BENCHMARK COMPARISONS

The two-dimensional simulation model can be
applied to both neutron and gamma-ray measurement
Jystems ay well as to coupled neutron-gamma
jystems where gamma rays are produced by neutron
interactions. The model has been verified for
such measurement problems by comparison to both
experimental data and to calculations that
utilize the Monte Carlo technique.

The benchmark experiments utilize a test assembly
that may represent either wireline or measurem-
ent-while-drilling geometries and yet providea
the close control of material composition an’
dimensions required for an accurate simulation.
An experimental arrangement is shown in Figure 5.
The fluid annulus is represented by a variable
thicknesa of lucice pipe with an inner diameter
of 6,5-inches, Thre cank is filled with either
water-saturated Ottowa sand or with pure water.

STEEL
HOUS NG
LUCITE
QLEEVE N |/
4 ()
7 _ DETECTOA
SANO IS
AND 7
WATER =
Zle
/ .
&7 sounce
sTERL LEAD — Y
ST Sy
TANK '{; /
7
/.
-
L iy
Figura S, Test Assembly for the

Benchmark Expariments.

A section of stesl pipe is lowered inte the
luc!te snnulux. The pipe (s inetrumented vith
verivue sensors, depending on the sessuremenc.
end the radiosctive source ie moun’ed inside the
pipe oa ths model cantarline or nesr the edge.
For neutron-npeutron mseesurements & helium-)
detector is used and for neutron-gemma or gsmns-
-gamma megoursments s ecincilletor is ueed. Both
mra nountad along the pipe edge snd cen be moved
sleng 8 chennel to very the source-detector

R. D. Wclsuen



spacing. For gamma-gamma backscatter measure-
ments, cthe scincillation detector position 13
fixed and the source is moved among three posi-
tions to provide dlffering source-detector
spacings. The pipe has a J-inch inside diameter
and 6.5-inch outside diameter. The 1inner core,
which could contain fluid and various components,
was filled cto varying levels with lead shot or
polyethylene to provide shielding.

The simulation model was used to compute datector
response versus source-detector spacing for the
neutron-neutron, neutron-gamma, and gamma-gamma

measurements. Figure 6. 13 representative of
the agreement obrained becween the simulation
model and experiment. It shows the toral or

g§ross count gamma-ray response of the gamma-gamma
measurement as a function of spacing for a pure
water formation, and for a water-saturated silica
formation. The gamms-gamma simylations were also
benchmarked by comparison tc a completely
independent simulation utilizing the Monte Carlo
technique, The code MCNP! wes used for the Monte
Carlo simulations.

—r ™ T T T
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\\\\
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WATER AND®
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LDOG TOTAL GAMMA COUNT RATE

X s EXPERI'IENT
© & SIMULATION

I 1 A A

S-0 SPACING

Figure 6. Comparison Of Benchmerk
Experiments To The Simulaticn Model.

The comparisons are absolute and generally quite
good. They indicate the model is accurate to
within 15 percent for the range of spacings, mea-
surements, and formacions studied.

APPLICATION OF THE NuDEL

The simulation model has been uysed extensively in
a continuing effort to evaluate various nuclear
measurement concepts for deturmining formation
porosity and density in a wellbore. Figure 1.
showed earlier a typical arrangement in which
such measuyrement systems might be located. The
major features are the thick steel pipe, the
inner and outer fiuid annuli, and the formation
region surrounding the well. Various source
energies have been considered for both the
neutron porusity and gamua-gamma density systems.
The jorosity meaaurement was evaluated for source
locations inside the pipe on the pipe axis, and
near the outer edge of the pipe. The simulations
provide detector reaponse for a range of forma-
tion porosities and densities. for many fluid
anuulus conditions and as a function of source-
-detector spacing. Scintillation detectors used
for gamma-ray detection are moleled with the
GAMRES code, Neutron detectors, 3auch aa the
helium-3 proportional counter, are mode.ed assum-
ing each thermal neutron or epithermal neutron
within rhe detection vclume produces @ count
sccording to the asnergy dapenient nautron-proton
r:ection cross saction, All redistion transport
celculetions ware performed with the DOT cods,
whether neutrons or ~amma raya.

A neut "on-gamms M®escurement has been chosen to
illustrete the applicetion of the simuletion
aodel. This messurement i3 potentially a
technique for detesrmining formstion porosity
through detection of hydrogen cepture gamms rays.
A scinuillstion detector ie pleced at o pertic-
ular gpacing from e .aeutron sourcae. The scin-
tillator reasponde to thermal nesutron cspture
gamns redietion, principally from the elements
hydrogen, silicon, and iron. If the counts ere
toteled scroes the enrire spectrum, the so-cslled
totel gamms or groes-count gamma response
obteire. Figure 7. im @ plot of the totel count
responss of the detector 88 @ function of
source-detector spacing. The figure shows ~uries
for two different formation porosities and for
two different fluid ennulus thickneeses. Such
curves cen bes developed for other (flirid annulus
thicknesses end compositions to sssses the effect
of the drilling fluid on the measurement.

Calculations like these heve been used to select
dotector epscings, rto estebii h source strength.
and to develop datu reduction snd cslibracion
procedures. Messurement systems that do not
diaplay sn exis of symmetry must be simulaied
using s three-diaensionsl model. The Monte C(urlo
code MCNY has been instslled on an engimrering

l. D. Wil o



work station for this purpose, [t has not yet
been wused for nuclear tool design hut has
successfully provided venchmark data against
which the DOT simulation model has been compared.
The Monte Carlo model 1is the model of "last
resort” in the sense that it i3 a very time
consuming calculation and is Subject to statisti-
cal fluctuations because of the stoichastic
nature of this simulation appronach.
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Figure 7. An Applicetion of the
Simulation Model Showing the
Neutron-3emme Porosity epcnse

CONCLUSIONS

The two-dimeneionsl logging tool simuletion model
developed in thia work hae proved to be sccuvete,
efficient and quits useful in tool design
probless, The :smplementstion of ths sisulation

model on the newest class of very powertul
engineering work stations has tremendously
increased che usefulness of the simulation model
because of the modest cost of the computactions.

Present efforts to i1nstall Monte Carlo simulation
models on the engineering workstatioa have been
very successful and the future of three-dimen-
sional and time-dependent modeling with Monte
Carlo techniques appears bright.
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