
9

MASTER
CONP-830538—9

DE83 012607

PREDICTIVE MODELS BASED ON SENSITIVITY THEORY AND THEIR APPLICATION
TO PRACTICAL SHIELDING PROBLEMS*

S. I. Bhuiyan1"
Bangladesh Atomic Energy Commission

Institute of Nuclear Science and Technology
Dacca, Bangladesh

R. W. Roussin, J. L. Lucius, and D. E. Bartine
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830 USA

To be presented at the Sixth International Conference on Radiation
Shielding, Tokyo, Japan, Hay 16-20, 1983

• y K c w l i n n of Ihli «lkl«. <ha
publlthv or rvctpfent KknowtodflM
Th« U.S, Qov«rnm«nt*l cifht to
ratain • rtonncluifcw, roviliv I'M
ItnnM In out u *
csvwlnf ttw article.

•Research sponsored by the U.S. Department of Energy under contract
No. W-7405-eng-26 with the Union Carbide Corporation.

*Work performed while on assignment to Oak Ridge National Laboratory
through the International Atomic Energy Commission.

DISCLAIMER

This report W K areaarea' as an accoaat of work ipOMorad by u aceacy of tke Uaitad StMot
G w n w m , Nwdw Ike Ua iM S U M GoimiaMM aor aay «fHKy tkacwf, aor aay of their
aiateym. HMUM aay wwraaty, « p a or iaipliiil, or •iiwaii aay bfal kabiMy or napoaii-
bitty ft tka aocuracy, oaafMaaan, or I M M M I of aay Wbraatioa, apaaralat, prooacl, or
•raoaai fcchaii, or namiali that iu «M mak) aot iafriaft arhraMy onad ri»*tt. R«f«c-
aaca aotiia *» aay ^«c«V niiaii i iwl araJaM, proom. or nrricc by Irate aaaw, traiawark,
• laa faomr . «r Wamiiw 4o«i aot a w a i l j coaatitale or iaajly its aa<nnianal, recom-
aNaaaaiaa, «r twmtH by tha Uaitai S U M Gwiraaiiat or aay • # • * * tharaof. The vitwi
mi opiaiaai «f aaaVan i M i i a r i kaiaia 4a aM airianrilji stall or nlkx* tbOM cf the i
Uaina1 amai On iiwaant at aay anaqr thawof. j

WSI IBS K:- :i;A



PREDICTIVE HQDEIR R*Stn QH. filflH^TTIVITY THEORY AND THEIR APPLICATIOH
TO PRACTICAL SHIELDING PROBLEMS

S. I. Bhuiyan*
Bangladesh Atomic Energy Commission

Institute of Nuclear Scienoe and Technology
Dacca, Bangladesh

R. V. Rouaain, J. L. Lucius, and D. E. Bartine
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830 USA

ABSTRACT

Two new calculation*! models based on tht use of oross-
saotion sensitivity coefficients have been devised for calcu-
lating radiation transport in relatively simple shields. The
two models, one an exponential nodal and the other a power
model, have been applied, together with the traditional linear
model, to 1- and 2-*-thiok oonorete-alab problems in whioh the
water content, reinforalng-ateel oontent, or ooopoaition of the
conorete was varied. Comparing the results obtained with the
three models with those obtained from exaot one-dimensional
disorete-ordinatea transport calculations indicates that the
exponential model, named the BEST model (for .basic exponential
.shielding Jfcrend), is a particularly promising prediotive tool
for shielding problems dominated by exponential attenuation.
When applied to a deep-penetration sodium problem, the BEST
model also yields better results than do calculations based
on second-order sensitivity theory.

INTRODUCTION

Beoause employing sophisticated shielding computer codes based on the
Boltzmann transport equation incurs high costs and requires special exper-
tise, relatively simple radiation shielding problems are usually solved by
applying simplified models with which rapid and inexpensive calculations can
be performed. For a number of years, the simple linear model has been the
technique most frequently used. This model assumes that detailed transport
calculations of the integral system performance parameter (that is, the
desired response R) have already been performed for a given shield, and that
the impact on R due to changes in the material composition of the shield can
be determined from sensitivity predictions based on first-order sensitivity
theory. The required data base for the linear model calculations is a set of
sensitivity coefficients Pg, also assumed to be available from previous cal-
culations. Using the notation of Oblow, Pj. can be expressed as

Pj, * (Z/R) (dR/dE), (1)

•Worked performed vhile on assignment to Oak Ridge National Laboratory through
the International Atomic Energy Commission.



vhere 2 is the data "field" and dR/dZ is the functional derivative in an
unperturbed system.

If only the ohange in the total response is desired, the linear Model
calculations can be performed on a desk calculator. If, however, ohanges as
a function of energy are needed, a computer is required, and the calculations
are facilitated by employing the SENTINEL code, whioh uses as input the sen-
sitivity coefficients and the fractional changes in the constituent cross
sections, both as a funotion of energy*

When applied to reactor benchmark problems, the linear model and the
SENTINEL code have been shown to prediot changes in R that are in oomplete ,
agreement with those obtained with the more sophisticated transport methods.
But when applied to shielding benchmark problems, large discrepancies have
ooourred, and these have raised questions as to the validity of a model based on
sensitivity theory for shielding problems. To answer these questions, a pro-
gram was Initiated at ORNL to develop other, hopefully more satisfactory,
prediotive sensitivity models for shielding applications. To date, two
models — one an exponential model and the other a power model — have been
developed. This paper describes the models and shows how they oompare with
the linear model and with detailed transport oaloulations whan applied to
praotioal shielding problems.

DEVELOPMENT OF THE MODELS

The linear model can be deduced by considering the following fonnula-
tion:

where the quantity

F P*' (2)

is constant, and the superscript zero refers to quantities evaluated in the
original (unperturbed) system. In its most general font — the form used by
the SENTINEL oode — the solution is expressed as

!

R is the response calculated for the original (unperturbed) shield, R,
response for the perturbed system, and the subscripts g and i denote

where R_
is the
the energy group and shield material constituent, respectively. For the case
in whioh the variation in the macroscopic cross sections is not a function of
the energy group, Bq. (3) reduces to:

where



is the total relative sensitivity for constituent i, and N. and Nj are, for
example, the perturbed and unperturbed number densities, respectively, for
constituent i.

Modal

In the exponential model, the quantity F in Eq. (2) is defined as

and varies with R. The exponential model solution (RE)» analogous to Eq.
W, is then

(5)

• I H " l I II

whioh can also be expressed as

[__ iNt 111
(6)

ill

P O U T Modal

In the power model, the quantity F in Eq, (2) is defined as

and varies with both R and 2. From this, we obtain a power model solution
(R ) for changes in the response function that are independent of the energy
group:

(7)

APPLICATION TO CONCRETE SLAB PROBLEMS

The linear, exponential and power models were compared by using each to
calculate changes in the tissue doae rates Merging from 1- and 2-n-thick
concrete shields that were exposed to a normally incident fission source and
were perturbed with respect to (i) water content, (2) rebar content, or (3)
concrete composition. The data base for the comparisons consisted of sensi-
tivity ooeffioients for the folloving reference cases: 1- and 2-m-thick
slabs of standard concrete (1.96 wtg water); and 1- and 2-m-thick
slabs of rebar concrete. The compositions of these slabs are given in



Table I. Slab Compositions Used in This Study

Table 1, together
with the composi-
tion of a con-
crete that has
long been used in
radiation shield-
ing experiments at
ORNL's Tower
Shielding Facil-
ity. The TSF con-
crete was also
used in the model
comparisons.

Transport
calculations for
the reference
oases performed
with the ANISN
disocete ordinates
oode in both the
forward mode and
tho adjoint mode
provided thol
tissue dose rates
for the unper-
turbed systems and

also constituted the first step of the sensitivity calculations. The oalou-
lations used the VITAHDJ-C oross-section library applied with P oross-
section expansion and S ^ angular quadrature. The quantity calculated was
the dose equivalent rate per unit incident flux [(rem'h" )/(cm~ >s~ )] due to
fission neutrons penstrating through the slab to the detector and to secon-
dary gamma rays produced within the slab and reaching the detector.

Element

H
C
O
Na
Mg
Al
Si
S
K
Ca
Mn
Fe

Density (g/cc)

Standard
Concrete

7.77 (-3)'
1.00 (-9)'
4.39 (-2)
1.05 (-3)
1.49 (-4)
2.45 (-3)
1.58 (-2)
5.64 (-5)
6.93 (-4)
2.92 (-3)

3,13 (-4)

2.34

Atomic Density (10!<cm ')

9.82 (-4)

5.15 (-4)
8.37 (-2)

7.83

Homogenized"
Rebar Concrete

7.18 (-3)
7.46 (-5)
4.06 (-2)
9.70 (-4)
1.38 (-4)
2.26 (-3)
1.46 (-2)
5.21 (-5)
6.40 (-4)
2.70 (-3)
3.91 (-S)
6.65 (-3)

2.76

TSF
Concrete

8.88 (-3)
7.97 (-3)
4.20 (-2)
2.73 (-5)
1.44 (-3)
4.14 (-4)
3.83 (-3)
1.015 (-4)
2.34 (-3)
1.00 (-2)

2.64 (-4)

2.39

'Same as standard concrete m 0.924 volume fraction plus rchar at 0.076 vol-
ume fraction.

'Rend 7.77 X IO"\
'Low canccntrution assigned to avoid distortion of answers.

Table 2. Tota1 Macroscopic Cross-Section Sensitivities
Used as Reference Base for the Prediction Models

Constituent -
Pz, Sensitivity*

1-m slab 2-m slab

Standard Concrete Slabs (4.96 wt% Water)

Water
H
C
O
Na
Mg

Al
Si

s
K
Ca
Fe

-2.00043
-1.7334
-9.63386-08
-3.0218
-0.14651
-0.017964
-0.30203
-1.9073
-0.007529
-0.13386
-0.47229
-0.068398

-2.81860
-2.32544
-1.50955-07
-5.57983
-0.276091
-0.0332595
-0.566342
-3.79948
-0.0159036
-0.300728
-1.00945
-0.0987944

Rebar Concrete Slabs (7.6 vol% Steel)

Concrete
Steel

-7.48073
-1.29088

-12.9769
-2.84410

The sensitivity coefficients were
obtained with the JULIET module of the
FOHSS oode system. In all cases, the
sensitivities considered were the sen-
sitivities of the total dose rate at
the exit face of the slab to the
total, absorption, and elastic-
scattering cross sections. For the
standard concrete slabs, these sensi-
tivities were calculated for the indi-
vidual constituents of the concrete,
for the total mix, and for the water
content of the slabs. For the rebar
concrete, the sensitivities were cal-
culated for the homogenized steel and
for the homogenized rebar concrete.
The results for both types of con-
cretes are shown in Table 2. For the
third concrete (the TSF concrete), the
effect investigated was the effect of
varying the total mix of constituents
from that of standard concrete.

"Relative dose rate change per relative density



Problem 1 -- Variation of Hater Content of Standard Concrete Slabs

In this problem the cross-section change for water is not a function of
energy, and thus it can be expressed as

^WgJ H1 J W
(8)

where /». and yj|, are the weight fractions of water for the perturbed and
unperturbed, cases, respectively. Using Eq. (8), the prediction models become

(9)

(10)

nnd

«.. - Rl

where Pso is the sensitivity due to water for the standard concrete reference
(unperturbed) cases (see Table 2). Values of /„. varied frou about 2 wt? to 8
wt?. The ratio of the total dose rate calculated with each model to the dose
rate obtained from a corresponding ANISN calculation is plotted as a function
of the water content of the perturbed concrete slab in Figs. 1a and 1b. Note
that a value of unity fcr Lne ratio is the desired result.

Problem 2 — Variation of Rebar Content of Concrete Slabs

For this problem it was assumed that the concrete and steel could be
homogenized and that equivalent number densities based on the volume frac-
tions of steel and concrete could be used. Again, the cross-seotion changes
considered (for steel and concrete) are not functions of energy and thus can
be expressed as

''cvc (12)

where vc and vj! are the volume fractions of concrete in the perturbed and
unperturbed slabs, respectively, and I and H represent equivalent quantities
because of the assumption of homogenization of the slabs. In a similar
expression for steel, vs and vj are, respectively, the perturbed and unper-

()
s j

turbed volume fractions of steej. in the slabs.
tion models in this case become

p
Using Eq. (12), the predic-

R, -tf° 1 2°, (13)



and

(15)

where vj? and v? are 0.924 and 0.076, respectively, and PEo and Psf are the
sensitivities due to conorete and steel for the reference'(unperturbed) rebar
slab cases (see Table 2). The rosults for the 1- and 2-m-thick rebar slabs
are shown in Figs. 1o nnd 1d, respectively.

of Conornt.p Composition

In this problem wo attempted to predict the dose rato rosponse for slabs
of oonoroto having the nonstandard composition of the TSF oonoroto. This
problem tests tho possibility of using the modols for a oonoroto composition
in whioh all the constituent elements are in different concentrations than
those in the standard concrete used as thr: reference case. Here utja.tn the
cross-section change (for each element) is not a function of energy and is
simply represented by the ratio of number densities of each constituent, as
indicated, for example, by Eqs. (4), (6), and (7). That is, the N.'s areQthe
atom densities of the constituent elements in the TSF concrete, and the N^'s
are the atom densities of the corresponding constituent elements in the stan-
dard concrete. In this case, the exponential model gives results 5? lower
than the ANISN results for the 1-m-thick slab and 14? lower for the 2-m-thiok
slab. The power model gives answers much too large and the linear model
gives answers much too small.

im-i—' of Concrete Probiams

For the case of the standard concrete slabs with variations in water
content, the exponential model gives results for the 1-m-thick slab that are
within 13? of the ANISN results for a water content of 3 to 6 wt?. For the
2-m-thick slab, the exponential model gives results that are within 21% of
the ANISN results for a water content of 3 to 7 vt%. The power model does
not perform quite as well for the 1-m-thick slab but gives better results
(within 9?) for the 2-m-thick slab. The linear model does not work very well
at all, especially for the 2-m-thick slab.

For the case of the rebar slabs, the exponential model gives results
that agree within 9% with the ANISN results for the 1-m-thick slab for the
entire range of rebar content (4 to 20 vol?) and within 13% for the 2-m-thick
slab. The power model and the linear model both do reasonably well for the
1-m-thick slab and rebar contents below 10 vol?, but they give poor results
for higher rebar contents. They also give poor results for the 2-m-thick
slab over the entire range of rebar content.

For the TSF concrete case, only the exponential model yields acceptable
results.
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Fig. 1. Comparison of Dose Rates Predicted with Three Models, Plotted as
ratio of model-predicted dose rate to AHISN-calculated dose rate.



APPLICATION TO NEUTRON TRANSPORT IN SODIUM

onm-owa Nt-nsftfn

In order to further investigate the applicability of the exponential
model to shielding problems, we have applied it to a deep-penetration sodium
problem for whicb-results from other oaloulations were already available.
Creenspan et al. investigated higher order effects in oross-seotion sensi-
tivity analysis for neutron transport through 260 cm of sodium. The energy of
the neutron source was just above 297 keV, which is the energy of the major
oross-seotion minimum in sodium, and the response of interest was the neutron
fluenoe at an energy just below 297 keV. They developed a seoond-order sen-

sitivity theory (SOST) and compared
results obtained with that theory with
results obtained with first-order sen-
sitivity theory (FOST) (that is, the
linear model). They also reoaloulated
the problem with the perturbed oross-
aootion set (exoat). The variation
studied was that of the cross sootion
in the 297-lceV minimum region, allow-
ing tho porturbed-to-initial-valuo
ratio (o/(jQ) to vnry from 0.5 to 1.5.

In applying tho exponential modol
to tho same problom, wo usod tho son-
si tivity oooffioiont whioh Greenspan
et al. had calculated for use in their
linear (FOST) model. The results of
the four methods (FOST, SOST, exaot,
and exponential) are compared in
Fig. 2, whioh was taken from ref. 10
and our results added. It can be seen
that the exponential model does as
well as, or significantly better than,
the SOST model for the entire range of
cross-section variation considered.

: \ v

- \

-

1 1

1 1

\

\

1 1 i Y
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-
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Fig. 2. Comparison of Predicted
Dose Rates for Deep-Penetration Sodium
Problem. All results except exponential
model results are from ref. 10.

DISCUSSION OF RESULTS

For the range of problems considered, the exponential model gives,
overall, the best results, consistently outperforming the linear model. The
reason for this lies in the nature of deep-penetration problems dominated by
large attenuation, which can make them very sensitive to cross-section
changes. In the concrete slab examples chosen, the change in calculated
responses induced by variations in the parameters studied varied from a fac-
tor of !) for the 1-m-thick rebar slab to a factor of 42 for the 2-m-thiek
concrete slab. For the sodium problem, the responses varied by at least a
factor of 10. Thus, the basic assumption required in the linear model, i.e.,
that the flux not change significantly, is obviously violated for these prob-
lems. Some insight into the success of the exponential model can be gained by
looking at assumptions inherent in the models.



Referring to Eq. (2), the linear model suggests that the quantity R*Pj/
vary slowly with cross-section change in the range of interest. The exponen-
tial model suggests that Py/£ vary slowly, while the power model suggests
that Py vary slowly. He have tested this by performing a sensitivity calcu-
lation for a 1-m-thick concrete slab with 3 wt? water and comparing the
results with those calculated for our standard case (1.96 wt2 water). The
comparisons showed that:

P/2 PJf ( ( 5 (Exponential)

_ (Linear)
1 '"" -• ' - «

nnd

.r^ - 0.69

Kith the ideal value for the ratios being unity, the exponential model obvi-
ously gives the best results.

It is interesting to note that the exponential model can be represented
as a Taylor series expansion with as many terms as desired. The linear model
is obtained by retaining the first term with'-iS. Viewed from this perspec-
tive, the exponential model can be thought of as higher order sensitivity
theory in that terms of higher order in AS are inherent in the function.

CONCLUSIONS

For the range of problems considered, the exponential model gives the
best results, the linear model gives answers that are too low and in many
cases are negative, and the power model predicts answers that are, in gen-
eral, too high and in many ease:: diverge. The power model does have the
advantage of being conservative in most cases, however.

Because the exponential model works well for shielding problems dom-
inated by attenuation, it has been denoted as the .basic exponential shielding
.trend model — or the BEST model. The BEST model is recommended for use as a
predictive tool for studying the effect of cross-section changes for shield-
ing problems.

A more detailed discussion of the models and of data bases developed for
use with the models is given elsewhere.11
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