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ABSTRACT

Two new caloulational models based on the use of cross=
section sensitivity coefficients have been dovised for calou=
lating radiation tranaport in relatively aixple shields, The
two models, one an exponential model and the other a power
model, have been applied, together with the traditional linear
model, to 1= and 2-m=thiok conorete-alab problems in which the
water content, reinforcing-steel content, or composition of the
concrete was varied. Comparing the results obtained with the
threae models with those obtained from exact one-dimensiocnal
disorete-ordinates transport calculations indicates that the
exponantial model, named the BEST model (for hasic gxponential
ahielding trend), is a particularly promising predictive 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

Because 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
decired 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 prediotions based on first-order senaitivity
theory. The required data base for the linear model calculations is a set of
senaitivity coefficients Py, also aaal-eq to be availahle from previous cal-
culations. Using the nota%ion of Oblow, l’z can be expressed as

l’z = (Z/R) (dR/dI), (1
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where I is the data "field™ and AR/AZ is the functional derivative in an
unperturbed system.

If only the change in the total response is desired, the linear wmodel
calculations can be performed on a desk calculator. If, however, changes as
a function of energy are needed, a computer is quuirod, and the calculations
are facilitated by employing the SENTINEL code,” which uses as input the sen-
sitivity coefficients and the fractional changes in the constituent croas
sections, both as a funotion of energy.

When applied to reactor benchmark problems, the linear model and the
SENTINEL ¢ode have been shown to prediot changes in R that are in complete 3
agreement with those obtained with the more sophisticated tranaport methods.
But when applied to shielding benchmark problems, large diacrepancies have
oocurred, and these have raised queations aasto the validity of a model based on
senaitivity theory for shielding problems. To anawer these questions, a pro=-
gram was initiated at ORNL to develop other, hopafully more satisfactory,
predictive sensitivity models for shielding applications. To date, two
mnodels == ona an exponential model and the other a power model ==~ have besen
developed. This paper describes the models and shows how they compare with
the linear model and with detailed transport caloulations when applied to
praotical shielding problems.

DEVELOPMENT OF THE MODELS

The linear model can be deduced by conaidering the following formula=
tion: ;
—_—F ‘P”, ( 2)

where the quantity
is constant, and the superscript zero refers to quantities evaluated in the

original (unperturbed) system. In its most general form -- the form used by
the SENTINEL oode -- the solution is expressed as

!
L/ 1” ‘ 3)
Zg

R "Roll +ZZPp,
g0
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vhere R is the response calculated for the original (unperturbed) shield, RL
is the response for the perturbsd system, and the subscripts g and i dencte
the energy group and shield material constituent, respectively. For the case
in which the variation in the macroscopic cross sections is not a function of
the energy group, 2q. (3) reduces to:

RL-R“,] +zp,,[ivlo—1”. )
: '\

Py =3Py



is the total relative sensitivity for constituent i, and N, and Ng are, for
example, the perturbed and unperturbed number densities, r*speotively. for
constitutent i.

Exponential Modal
In the exponential model, the quantity F in Eq. (2) is defined as
. R
P F |- —
) 2

and varies with R« The exponential model solution (RE)' analogous to Eq.
(4), is then

R = RO N e
R b (P o (%)
which can also be expressed as

(6)

p————

0 N
Rg = R%exp EP:.‘,F—]
i i

Powar Model

In the powsr model, the quantity F in Eq. (2} is defined as

F=3

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

group:

ory ||
Rp=R IITVE . n
i i

APPLICATION TO CONCRETE SLAB PROBLEMS

The linear, exponential and power models were compared by using each to
calculate changes in the tissue dose rates emerging from 1= and 2-p-thick
concrete shields that were exposed to a ncrmally incident fiasion 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 coeffioients for thg following reference casea: 1- and 2-m~thick
slabs of standard ooncrege (.96 wtf water); and 1- and 2-m~thick
slaba of rebar concrete. The compositions of these slabs are given in
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Table 1, together
with the composi-
tion pf a con-

Table 1. Slab Compositions Used in This Study

Atomic Density (10*¢cm™3) crete’ that has
Element Standard Rebar Homogenized" TSF long been used in
Concrete Rebar Concrete Concrete radiation shielde
H 277 (3) 718 (3) 8.88 (-3) ony cxperiments at
C 1.00 (-9)¢ 9.82 (-4) 7.46 (-5) 797 (-3) Shielding Facil-
o 4.39 (-2) 4.06 (-2) 4.20(-2) ity. The TSF con-
Na 1.05 (-3) 9.70 (-4) 273 (-5) crete was also
Mg 1.49 (-4) 1.38 (-4) 1.44 (-3) used in the model
Al 245 (-3) 2.26 (-3) 4.14 (-4) comnparisons.
Si 1.58 (-2) 1.46 (-2) 3.83 (-3)
S 5.64 (-5) 5.21 (-5) 1.015 (-4) Transport
K 6.93 (-4) 6.40 (-4) 234 (-3) calculations for
Ca 292 (-) 270 (-3) 1.00 (-2) the reference
Mn 515 () 291 (-5) :iiﬁstﬁ:"m;’gﬁd
Fe ENKNER)] 8.37 (-2) 6.65 (-3) 2.64 (ﬂ_ disox;ote ordinates
Density (g/cc) 234 7.83 276 2.39 code' in both the
*Sume as stundard concrete at 0.924 volume fraction plus rebar at 0.076 vol- :E:wggj o,;zgem::gg
ume fraction.

provided thel
tissue dose rates
for the unper-
turbed systems and
also constituted the first step of the sensitivi&y calculations. The calou~-
lations used the VITAMIN-C cross-section library applied with P_ ocross-
section expansion and S,. angular gquadrature. The quany[ty eal.gglg?ed was
the dose equivalent rate per unit incident flux [{(rem+h™ )/{em “¢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.

fRead 7,77 X 107,
fLow cancentration assigned o avoid distortion of answers.

Table 2. Tota! Macroscopic Cross-Section Sensitivitics

Used as Reference Base for the Prediction Models The sensitivity coefficients were

obtained with the JULIET module of the

Ps, Sensitivity® FORSS code system. In all cases, the
Constituent sensitivities considered were the sen-
1-m slab 2-m slab sitivities of the total dose rate at

the exit face of the slab to the

Standard Concrete Slabs (4.96 wt% Water,
ancar ¢ ater) total, absorption, and elastic-

Water -2.00043 -2.81860 scattering cross sections. For the
H ~1.7334 -2.32544 standard concrete slabs, these sensi-
c -9.63386-08 -1.50955-07 tivities were calculated for the indi-
O -3.0218 -5.57983 vidual constituents of the concrete,
Na -0.14651 -0.276091 for the total mix, and for the water
Mg -0.017964 -0.0332595 content of the slabs. For the rebar
Al -0.30203 -0.566342 concrete, the sensitivities were cal-
Si .1.9073 -3.79948 culated for the homogenized steel and
s 0.007529 0.0159036 for the homogenized rebar concrete.
K 0.13386 -0.300728 The results for both types of con-
cretes are shown in Table 2. For the
Ca -0.47229 -1.00945 third concrete (the TSF concrete), the
Fe -0.068398 -0.0987944 effect investigated was the effect of
Rebar Concrete Slabs (7.6 vol% Steel) varyng the total mix of constituents
Concrets -7.48073 -12.9769 from that of standard concrete.

Steel -1.29088 -2.84410

*Relative dose rate change per relative density
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Problem 1 -- Vapiation of Water 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

2ug _ wefw _Jw

Egg a owgfl[\)' fw ’ ( 8)

where f, and j& are the weight fractions of water for the perturbed and
unperturbed, cases, respectively. Using Eq. (8), the prediction models become

I+ P:“_[f—“(', - 1”
I (9)
S
R4 = RD X 0 -1 R
el

fw P:i‘, 1
Rp = RO /‘g . (1)

RL = RD

and

where Pyo is the sensitivity due to water for the standard concrete reference
(unperturbed) cases (see Table 2). Values of f, varied frouw 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 fer ine ratio is the desired result.

Problem 2 == Variati £ Rebar C £ C te Sial

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-section changes
considered (for steel and concrete) are not functions of energy and thus can
be expressed as

Ze OcgVe N, Ve

oM Nl W ’ (12)

where v, and \,2 are the volume fractiors of concrete in the perturbed and

unperturbed slabs, respectively, and I and N represent equivalent quantities
because of the assumption of homogenization of the slabs. In a similar
expression for steel, v and 1§ are, respectively, the perturbed and unper-
turbed volume fractions of stees in the slabs. Using Eq. (12), the predic-
tion models in this case become

R, =R®

I+ Py

LAY D A
vg 0 V:o , (13)
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Rp = Rol exp[qu

v,

Vs (14)
Ve P:f’ Vs P:f

w2 Y (15)

where l? and v° are 0.924 and 0.076, respectively, and Pvn and Py? are the
sensitivities due to concrete and steel for the reference’ (unperturbed) rebar
slab cases (see Table 2). The rosults for the 1- and 2-m-thick rebar alabs
are shown in Figs. 1o and 1d, respoactively.

and — R0

Problom 3 -- Variatdon of Conorete Composition

In this problem wo attcmpted to prediot the dose rate response for slabs
of conereote having the nonstondard composition of the TSF conorete. This
problem tests tho possibility of using the models for a concrete composition
in which all the constituent elements are in different concentrations than
those in the standard concrete used as thr reference case. Here again 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 are the
atom densities of the constituent elements in the TSF concrete, and the N i'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~thick
slab. The power model gives answers much too large and the linear model
gives answers much too small.

mzrr_of Concrete Problems

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 8 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 wt%. The power nodel 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 l-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
l-n=-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.



TOTAL DOSE RATE RATIO

ORNL-DWG B2C-13180

s LINEAR MODEL
« POWER MODEL

CONCRETE SLAB wWiTH
REBAR

Fig. 1. Comparison of Dose Rates Predicted with Three Models. Plotted as
ratio of model-predicted dose rate to ANISN-calculated dose rate.
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APPLICATION TO NEUTRON TRANSPORT IN SODIUM

In order to further investigate the applicability of the exponential
model to shielding problems, we have applied it to a deep-penetration sodium
problen for whic?oresults from other calculations were already available.
Creenspan et al. investigated higher order effects in cross-section sensi=-
tivity analysis for neutron transport through 260 ca of sodium. The energy of
the neutron source was just above 297 keV, which is the energy of the major
cross-section minimum in sodium, and the response of interest was the neutron
fluence at an energy Jjust below 297 keV. They developed a second-order sen-
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Fig. 2. Comparison of Predicted
Dose Rates for Deep-Penetration Sodium
Prcblem. All results except exponential
model results are from ref. 10.

sitivity theory (SOST) and rompared
results obtezined with that theory with
results obtained with first-order sen=-
sitivity thecory (FOST) (that is, the
linear model). They also recaloulated
the problem with the perturbed cross-
seation set (exact). The variation
atudied was that of the croas seotion
in the 297-keV minimum region, allow-
ing the perturbed-to-initial-valuo
ratio (c/oo) to vary from 0.5 to 1.5.

In applying the exponcntial model
to the samc problem, we used the sen-
sitivity cooffiocient which Greenspan’
et al. had ocalculated for use in their
linear (FOST) model. The results of
the four methods (FOST, SOST, exact,
and exponential) are compared in
Fig. 2, which 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.

DISCUSSION OF RESULTS

For the range of prcblems 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
chauges. In the concrete slab examples chosen, the change in calculated
responses induced by variations in the parameters studied varied from a fac-
tor of 4 for the 1-m-thick rebar slab to a factor of 42 for the 2-m-thick
concrete slab. For the sodium problem, the respouses 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.
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Referring to Eq. (2), the linear model suggests that the quantity R-PZIZ
vary slowly with cross-section change in the range of interest. The exponen-
tial model suggests that P./ZI vary slowly, while the power model'suggests
that P vary slowly. Ve 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 (4.96 wt? water). The
conparisons showed that:

ifz_“' - P:-/f"‘ =115 (Exponential)
Po/Sl Pl T

Ry Py /I, (Linear)
- i 7')

Ry Poffd ~

and

I)\‘ P
> 0.69 (Power)

Py

With 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'AZ. Viewed from this perspec-
tive, the exponential model can be thought of as higher order sensitivity
theory in that terms of higher order in AZX are inherent in the function.

CONCLUSIONS

For the ranges 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 casec diverge. The power model does have the
advantage of being conservative in most cases, however.

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

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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