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SUMMARY

The nodal diffusion method is one of the most wideted approaches in modern
reactor analysis. In the nodal diffusion methodoarse multi-group set of “homogenized”
parameters is constructed such that the complemegep of a reactor core along with the
energy dependence of neutron and gamma ray crad®ree in a nuclear reactor are
conserved in the simpler geometry. The homogemizasi typically done on a fuel assembly
level as is the case in the DIF3D code develope&tgtnne National Laboratory. The nodal
methodology is used primarily to predict fuel cydehavior of nuclear systems of which
there is a substantial amount of validation inlitezature. Another use of the nodal method is
to obtain reactivity coefficients and kinetics paeters for use in a safety analysis of a given
nuclear reactor. While there are many ways to abeactivity worth and kinetics parameters,
the work presented in this manuscript is uniquet ggovides the user with the ability to
compute reactivity worths, kinetics parameters, enods section sensitivities with a Cartesian
and hexagonal geometry based transport code.

This manuscript serves as a single manual for tempaste codes: VARI3D and
PERSENT. The VARI3D code (VARiational 3D) is basgabn the classic finite difference
diffusion theory solver available in DIF3D. The PEENT code (PERturbation and
SENIitivity for Transport) is based upon the vaoaal nodal method employed in DIF3D
termed VARIANT. The VARIANT solver was added to BB in 1995 and has seen
continued development and use for the last 18 ydaesause VARI3D primarily uses
deprecated coding practices, rather than incorpahat perturbation and sensitivity treatments
for transport within VARI3D, a new coding developmevas built using modern Fortran
coding. The primary purpose of this manual is tecdbe the theory behind PERSENT (and
by convenience, that of VARI3D) and discuss theutrgmd output of PERSENT along with
giving potential users an idea of how to use it.il/this manuscript does describe the input
and output of VARI3D, the PERSENT code is intentiede the replacement capability of
VARI3D as PERSENT can generate nearly identicaldifsuperior) diffusion theory results.

In this manuscript, the relevant aspects of gerzedlperturbation theory that are
relevant to both VARI3D and PERSENT are coverece riput and output of VARI3D is
displayed by excerpting several of the example lprab. Similarly, the input and output of
PERSENT is displayed along with tips on how bestige the code. Note that the input and
output of the inhomogeneous solver wrapped aroul@8D (DIF3D_IFS) is also discussed
as it is needed to carry out some of the sensé@s/in PERSENT such as reaction rate ratios.

This manuscript describes several perturbation rthgmoblems and sensitivity
problems and the results computed using PERSENdm Rhese sections, potential users
should find that PERSENT provides not only the d¢gpitables of numbers desired in
perturbation and sensitivity analysis work, butoatan visually plot the result for a more
thorough understanding of the space and energyildison (Section 5). Overall, PERSENT
is observed to produce accurate reactivity wortits sensitivities for the displayed set of test
problems and clearly demonstrates the need to daransport based sensitivity capability as
evident from the thousands of percent errors olesenv the 21 group hexagonal fast reactor
problem (covered in Section 7).
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1 Introduction

One of the most well used methods currently empuloige reactor analysis is the
diffusion approximation. This approximation is tgpily employed at the whole-core level
using homogenized assembly cross sections in d frad@ework as is the case in the DIF3D
code [1-6] developed at Argonne National Laborat®srturbation theory methods have been
developed for a wide range of applications in reaanalysis [7-12] many of which are still
widely used for reactivity and sensitivity coef@at calculations. The reactivity change (i.e.,
change in the eigenvalue of the neutron transmpraton) due to perturbations introduced in
the system can be expressed by a conventionalrpation equation which requires a
combination of the unperturbed forward, unperturbdpbint, or perturbed forward flux. The
solution to the perturbation equation provides ¢betribution of a given perturbation to the
reactivity change for the entire phase space oftthAesport equation (space, angle, and
energy). The perturbation theory capability is @ity used to get coefficients for point
kinetics safety analysis or the more simplifiedrapyotic analysis.

The response parameter can be expanded to incugatities other than just the
eigenvalue response (reactivity coefficient) sustreaction rate and reaction rate ratios. In
this case, the “perturbation theory” terminologyréferred to as “generalized perturbation
theory” (GPT) [13-15]. GPT methods are used to udate the sensitivity coefficients of a
response parameter with respect to input paraméeegs, isotopic cross sections). The
sensitivity coefficients are used to estimate theeutainty in a given response parameter due
to uncertain cross section data. It can also bel usereduce the response parameter
uncertainty given existing integral experiment da&17].

VARI3D [18] is a GPT code that computes reactiabefficients and sensitivities to
reaction rate, reaction rate ratio, and reactwityth based upon changes in microscopic cross
section data and material density changes. VARI8based upon the finite difference
diffusion theory option of DIF3D [1] and has moseduently been used to compute the
reactivity coefficient distributions and kineticarameters employed in safety analyses. All of
the geometry options are available for reactivibeflicients, but the sensitivity calculations
are limited to the R-Z geometry. This last limitatiis the primary motivation for developing
the PERSENT code (PERturbation and SENSsitivityTfoansport) as existing 3D sensitivity
tools are only based upon diffusion theory. The BERT code allows users to perform
perturbation theory and sensitivity calculationangsthe nodal transport based solver
VARIANT [2-4] within DIF3D which was chosen notinthe recent upgrades [5,6]. It is
important to note that this is not the first attémapbuilding a perturbation theory code around
the VARIANT methodology [19]. Unfortunately, thatowk only considered conventional
perturbation theory formulation and was never miatie a production capable code (a PhD
thesis). The work on PERSENT is thus a completely development with respect to coding.
The following sections detail the perturbation aeasitivity theory which is implemented in
both VARI3D and PERSENT. The later sections ddtasl input and output options of both
codes.

ANL/NE-13/8
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2 Perturbation Theory Methodology

VARI3D is based upon the diffusion equation wWhilERSSENT is based upon the
second-order even-parity transport equation. Bo#e uhe conventional multi-group
approximation and rely upon the DIF3D solver as fthg solver. VARI3D uses the finite
difference diffusion option of DIF3D termed DIF3MPB. PERSENT uses the VARIANT
nodal transport option of DIF3D which combines spta harmonic angular trial functions
with orthogonal polynomial spatial trial functiomsthin each “node” (mesh). External to this
work, DIF3D was configured to provide forward andjant solutions to the steady state
neutron transport equation in either an eigenvaluéxed source (inhomogeneous) solution
for both DIF3D-FDD and DIF3D-VARIANT. The creatioof the PERSENT code relies
heavily upon the changes made to incorporate geortar space-angle trial functions [5,6].
Additional changes were made to allow a transpaseld fixed source to be incorporated
along with changes to allow the anisotropic scatteorder to be increased to an order
consistent with the spherical harmonics approxiomati

2.1 Multigroup Transport Equation

The steady-state neutron transport equation cavritten as
OQe(r,E,Q)+% (r,Ex(,EQ)=S( EQ), (2.1)
Wheret/l(r,E,fl) is the neutron fluxg, (r, E) is the total cross section, aigr, E,f)) is the

source which includes all scattering, fission, afided sources. The multi-group
approximation reduces equation 2.1 into a seriexjoations

Oy, (r,Q)+Z, (N, (r,Q)=S,(r.Q), (2.2)
which are coupled together via the source whidxganded as
S,(r,Q) =Zde'zt,g.ag(r,fz'q Q. r,Q")
’ . (2.3)
A Xy (NIZ (N [dQ'w,.(r,Q)+Q, (r.Q)
=

Note that for calculations without a fixed sour({eg(r,fl) , equation 2.2 becomes a

eigenvalue problemA). When a fixed source is presedt=1 or some other fixed input
quantity.

Because of the complexity of having to deal witke #ven-parity method, we start
with a pseudo-discretization of the first order &pns 2.2 and 2.3. Using conventional
matrix notation, we can write equations 2.2 anda®.8he series of coupled equations

AWy =8, = (W + AT, }¢y +Q,. (2.4)
T

Assembling with respect to energy, equation 2.4lmwritten as

{A-W-ATFly=B(A)y=Q. (2.5)

For the even-parity method in DIF3D-VARIANT, we abt an equation similar to equation
2.4, but it is only in terms of the even-paritylwhich allows equation 2.5 to be written as

ANL/NE-13/8
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B(A)y' =Q". (2.6)
Because the diffusion theory approximation is tlevdst order spherical harmonics
approximation (i.e. P, the DIF3D-FDD theory is identical to DIF3D-VARMI and thus
equation 2.6 applies. We use equation 2.6 forehgaming derivation of the perturbation and
sensitivity analysis and assume all equations@ra kingle mesh. Further, equations 2.5 and
2.6 are qualitatively similar and to avoid confusiwith the even-parity and adjoint notation,
we use equation 2.5 with the understanding thaltlxefrom here on refers to the even-parity
flux in DIF3D-VARIANT or the scalar flux in DIF3D-BD. As a final note, the DIF3D-
VARIANT operator is only a function of the even-parflux and it is inherently iterative
when odd-parity up-scattering is present. Thioisertly implemented in PERSENT.

2.2 Perturbation Theory for Reactivity Coefficients

For reactivity coefficients, the parameter valuargérest is the eigenvalue and thus
the fixed source appearing in equation 2.6 is E=ding to the eigenvalue problem

B(A)y =0. (2.7)
Equation 2.7 has an associated adjoint equation
B (A )¢ =0. (2.8)

It has been proven that the multi-group diffusicuaion has a unique and physically
realistic solution for spatially continuous and alete formulations [20,21]. Thus, for the

fundamental mode eigenvalue, we know that A" .

With respect to the reactivity coefficient, we seile response to the reactivity
between a reference systeinand some perturbed state

p:(l—%j—(l—%j: (A-A)- (1-A)=-AA. (2.9)

Focusing on the perturbed system we deﬁ}(d) to be perturbed byAB()I) such that we

have a new systerB(A) =B(A)+AB(A). The corresponding forward and adjoint equations
(and their solutions) for this perturbed systemaen as

B(A)Jg=0 & B(X)# =0, (2.10)
noting the additional definitions of = A +AA andg =y +Ay .

Focusing on the eigenvalue perturbation (i.e. theupeter we are interested in) and
noting thatB(A) = A-W-A[F , we can expand the forward equation into
B(A)# =0=B(A)g +AB()@ =B(A+8A)@ +0B(A+11) ¢

=0=-B{H - M Fg+0B(A)@
Note the deleted term (strike through) which is tuéhe definition of equation 2.10. We can
take the inner product of equation 2.11 with thipiad ("

(¢ .08(A)@) =0ty F ), (2.12)

(2.11)
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which we can solve foAA as
i v28(0)0) (v B(A)0) -y B(d)e) 013
W Fa) W %)
In conclusion, the reactivity coefficient equatisrthus
wel)e)-lv e (v ea)e) o1
W Fo) W Fw)

The equation for first order perturbation theorplgained by expanding equation 2.11
0=-DAF@ +0B(A)@ = -AATFP +{A-W - A [F M F} ¢
=-DMFY -~ DM FAY +AB(A) @ — A AFY + AB(A) Ay — A IAFAY (2.15)

= —M [FY - M DFY +AB(A) g + {-AAHFAg+ABL Ay —~AARF A%}

As seen, allAy terms are eliminated, and taking the inner produttt the adjoint yields the
first order perturbation equation
==Y 2B)Y) _(wB)¢)-(¢ B(A)y) _ (¥ .B()y) .16
i (' Fy) (v Fy) (v Fy)
This equation is only first order accurate withpas to¢/. The conventional approach is to
further reduce this to
(v .B(A)y)-(w .B(A)yw) __ (& .B(A)y)
£y = " == . ) (217)
W Fy) W Fy)
to get the standard first order scheme which is lempnted in PERSENT as
FIRST _ORDER_PT whereas the implementation of eqgnati2.16 is termed
NS_FIRST_ORDER (Non Standard).

Note that first order perturbation theory is preduately used in diffusion theory and
that experience has shown its use in transportingmal. The primary reason for its use is
that the diffusion theory operator can be “lineedZ In theory, the magnitude of the

perturbation (i.ed ) depends upon the magnitude of the geometric anpositional

perturbation. This relation is non-linear and tkhes reactivity coefficient defined by equation
2.14 is not usable in a simple linear fashion (gbiapproach for point kinetics models).
Given that the perturbations in real reactor systemdeled with point kinetics are small (i.e.
less than <<10% changes), what one typically desisethe “instantaneous” reactivity
coefficient that corresponds with a realistic pdsation with a definitive upper bound (say at
most a 1% change in sodium density). In this c#se,linearized diffusion system (the
perturbation in the diffusion coefficient is made be linear with respect to changes in
absorption) will give a very reliable estimate dfetinstantaneous reactivity coefficient
without having to perform a convergence study. Wrdmsport, the anisotropic scattering
cross sections cannot be modified in this manndrtaas a linearized operator is either not
possible (can be negative definite) or is meansgylefhe appropriate thing to do with
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PERSENT is to compute the bounds of the permisgibléurbation values (+1% and -1%)
and assume the reactivity coefficient changes tipea

One could construct the exact curve for each naactcoefficient by evaluating
several points. The first order perturbation themption above can be used in constructing the
shape of this curve (avoids significant computatlaifort) while its exact magnitudes should
be derived from the evaluation of the exact pegtiom theory results in equation 2.14. We
direct the reader to conventional point kineticshoads for further details on the linearized
diffusion theory operator.

2.3 Prompt Neutron Lifetime and Delayed Neutron Fraction

In addition to the preceding equations used toinltactivity coefficients, we also
need to evaluate the prompt neutron lifetime,and the delayed neutron fractigf, In this
case, the derivation is well defined in the litaratnoting that both terms result from varying
the amplitude of a given steady state solutiorhefttansport equation. As such, the base of
both terms is taken from the time dependent form:

1 ayw(r,EQp)
v(r,E) ot
Skipping a bulk of the details, we obtain its deterform at the end of the time step:

Delay

Families
{EH +A—W—/]ODF}1//— > FC.=Q, (2.19)
v m=1

+0yY(r,EQ )+ ( EWE,EQL)=SCEQL). (2.18)

where H is an identity-like matrix for VARIANT andC, is the precursor concentration with

F being the related fission source matrix for thecprsor (similar structure t6 ). The

relations used for defining the kinetics paramesees

delay
isotopes families

1 (g VHY) e s 2N X (' F.)
2 ' Fy) ' .Fy)
where one can see how they fit into equation 2.19. Noteghedn be broken into its isotopic
components relatively easily (common approach) andRhatis the isotopic fission source

, (2.20)

operator for a given family. Also note that the definition/ofvithout the eigenvalud is
termed the neutron generation time/qr = A [ .

2.4 Point Kinetics Data

One typically wants a spatial and isotopic breakdowB pfbut sometimes one also
desires the overall domain averaged quantities. Compute a saiglé 8 for the domain is
quite straightforward, but the associated decay constants foiffdrert families are not. To
construct effective decay constants one must use some form of agerBige standard point
kinetics equations are given as

dp(t t)—
by 202 LCEDILMO (2.21)
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dc ., (t) _ B

g GO+ p). (2.22)
In equations 2.21 and 2.22, one can see the precursor concerfsatiogiven family (m) is
unique to each unique isotope (i). For any given reactor domaisaw compute thg . for
each family of each unique isotope in the domain (i.e. URZ38, Pu239, etc.) by simply
summing over all geometric regions and energy groups. Foroédlohse unique isotopes we
have a decay constadt, for each family. Note that in a rigorous kinetics formulatitwe, t

precursor concentrations are unique at each point in space and thuexguations 2.21 and
2.22 we have already used spatially integrated quantities.

The formal point kinetics system we typically use has the peoitedependent form:

dzit) p(t) B o) +Z 1C (1) (2.23)
ol =7 ¢, +L0 p). @24)
The computation of8m is straightforward

Bo=2 B (2.25)

The effective decay constants require a bit more algebra usiregtirealence of the initial
condition of equations 2.22 and 2.24.

dc (0) _ Bm A

a0 Antn O+ TR0 -6, (0= 58 pO) 2.26)
50 o1 008, B
o =0=-1C._ (0)+ p(0) - C, (0) i p (0). (2.27)

m

Imposing Cm(O):Zq,m(O) enforces conservation of energy (neutrons) and thus from

equations 2.26 and 2. 27 we find

_By
A,

()—@ A S Ay — B (2.28)

/\/1 =M Zﬁmm

In PERSENT, the\ and B operation is merged into a single function call whares, £.,

and /Tm are the minimal output provided. Using additional inputdlabe calculated,  and
B, values are provided along with space-energy detail\f@and 3 .

3 Sensitivity Functional

To do the sensitivity analysis, we first select a part ofripetia (r) which is inferred
to be a given component of the cross section data (type, enengy, @ngular moment) at a
given position in the domain. Focusing on some responsemgderR, such as the fission
rate in a particular position in the domain, we can define the satysiif that response
parameter with respect to the variation in the input parameter as
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s, (X) _a(¥) oR 3.1)
R da(x)

The simplest procedure for evaluating the derivative in the definiothe sensitivity
function is the “brute force” approach where direct recalculations vettufbed parameters
are used to obtain finite-difference approximations of the derivatike. perturbed system
equations have to be solved for each input parameter change, andhiemggptoach is not
very useful when evaluating the effects of several alterations implu parameters on a few
response parameters. This difficulty can be overcome by empltlysn@djoint sensitivity
formalism, in which the sensitivity function is evaluated withsolving the perturbed system
equations by employing adjoint variables. There are several alterttegmetical approaches
to the adjoint-based sensitivity analysis. The prominent methogl the variational method,
[9,11,18,19] the perturbation method [10,13,14], and tlilerdintial method [22,23]. The
variational method is implemented in PERSENT as it only requhe use of a single method
to obtain the sensitivities for all of the response parameterseoést.

To begin, we define a function&(a,y,¢ I, ) for a given responsB(a,y,¢)
where we have dropped the dependence otr(x) for convenience and introduce the
Lagrange multiplierd” and ™.

Glayw' T I)=Rayy )= BlaA)y)-(r 8 (a )¢ ) (3.2)

The following equations show some example response functiomseoést all of which can
be handled with this functional

R(a,w,w*):jdEdejdVo*;,jjjw(r,E,Q) (3.3)
.. [dE[dofdvaliew(r,E Q)
Rad )= [dE[dQ[dvariw (i E.Q) (3.4)
" Bla,A)@g)-(¢ Bla, )@
= oAy slo

Note that the last response requires a trivial redefinition of thetiumal in equation 3.2 due
to the dependence an, and the first two equations may or may not be dependemt tne

input parameter . Also note that the functional reduces to the simple definitibthe
responses in equations 3.3 through 3.5 in the unperturbed ¢tese B\(a,/l)t//:O and

B (a,4)y¢ =0.

Focusing on the functional in equation 3.2, we take the vamiatith respect tax
and find

5= R@YY) o R@WY ) g, REWY ) g,

oa oY oY
—~(r",B(a,A)dy)~(d" ,B(a.A)y)+(T" .0AFw)~(I" 0B(a A)y) (3.6)
~(r.B (a.0)oy ) ~(a& B (a.A)yg )+(T oA F & )~(r o8 (a )i )
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with its associated derivative with respecttogiven as

3G _oR@yy)  R@y W )0y  OR@ Yy )oy

da da oy da oy da
_jor /.. 0B(a,A) . 04 ~ oy
<aa Bf(a—A%AL> <r e w>+<r o Fw> <€ (a,A)r ’aa> (3.7)
_Jor S\ /0B (a,A) . A o\ oy
<aa,-B—(eLA§$—, > <r,—aa (//>+<I',aaF¢/> <B(a,)l)|’,aa>.

Requiring equation 3.6 to be stationary with respedt teequires
B (a.4)¢ =0, (3.8)
which was defined to be true. A similar result occurs when reguigguation 3.6 to be

stationary with respect t6 hence the elimination of the two terms in equation 3.7.
Requiring equation 3.6 to be stationary with respect to thiatians of flux vectorgy/ and

W (i.e. d and AY ) yields the relations

%{‘z"/’*)—s’* (@,A)F =0 (3.9)
R@.y.¢¥') _ _
o B(a,A)r =0 (3.10)

where the relatiorB (a,1) =B (a,1) was used to switch the application of the operator in

the inner products of equation 3.6. Note that the inner productemasved by choosing to
constrain the resulting system over the entire dependent variable. r&sguming

R@PY) 4o R@Y )

are non-zero, equations 3.9 and 3.10 will have non-zero

oy oy
solutions for[™ andT .
B (a,A)F =5 = R@¥&) (3.11)
oy
B(a,A)r =s=R@¥Y) (3.12)
oy

Note thatB(a,A) and B'(a,4) are evaluated using the unperturbed configuration (with
respect toa ). Requiring equation 3.6 to be stationary with respect tequires

(r,Fy)=(FT @)=0 (3.13)
(rFy)=(Fry)=0 (3.14)

These additional equations impose an additional constrainthadgmmality onl" and

[ for the singular inhomogeneous equations (3.11) and (3.12ekb ynique solutions.
With equations (3.11) to (3.14), equation 3.7 reduces to
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’ . 0B(a,A 0B (a,1) .

G _oR@yy) [ B(ad) \ [ B (ad) .\ (3.15)

oa oa oa oa

Merging equation 3.15 with equation 3.1 we obtain the finahfof the sensitivity function to
be evaluated:

6 ()= 7 {OR(a,t//,w*) —<r*,aB(a’A)w>—<r,W¢/*>] (3.16)

R Jda oa
3.1 Solution of the Inhomogeneous Lagrange Multipliers

Obtaining solutions to equations 3.11 through 3.14 requadditional discussion. We
start with equations 3.12 and 3.14 and the homogeneou®salil to

B (M) =0=(A -AF )y . (3.17)
According to the Fredholm alternative theorem, equation (3.12 Isadution if and only if
its source is orthogonal to the fundamental mode adjoint that,is <(//*,S> =0. Similarly,
equation (3.11) has a solution if and only if its source isogidnal to the qux<¢/,S*> =0.

As a consequence, to obtain meaningful Lagrange multipliers,usearify that<1//*,S> =0

and <¢/, S*> =0 for the response of interest.

For now, we will assume these statements are true and continuerihatidn by
noting that are an infinite number of possibilities foras B(a,/l) is singular. We can write
all of the possible solutions to equations 3.11 and 3.12 as
Fr=f+ay & = +ay (3.18)
where the constants anda are used to isolate a particular solution to equations 3.11 and
3.12. Plugging these expressions into equation 3.13 addv& find

(F.Fp)=0=(" -dy Fy)=(I" Fy)-a () Fy) (3.19)

(F.Fy )=0=(r-ap,Fy )=(T Fy )-alyFg) (3.20)

Solving for the two constants we find

. (. Fy) (T Fy) (¢ Fr)

a=g——~ & as;——3 =5 :
(' Fy) (wFy) (v .Fy)

Given that<¢/*,F(//> is non-zero, one finds that the constraints of equations éh33.14

actually specify the unique solution we are interested in:
F=M-ay & [=r-dy . (3.22)

(3.21)

Updating the sensitivity expression we can write

_a|Rayy) [z 0B(a,A) \ [. 0B (a4) .
S"_R{ oa <I’, oa lﬂ> <F, oa v (3.23)
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While the derivative of the diffusion operator is rather easy to hatiddegvaluation of the
derivative of the even-parity transport operator is considerably méireutfito implement
and thus we choose to use the finite difference relationship:

oB(a,A) Bl(a+cla,A)-B(a,A
(a.4) _B(a+ctw.1)-B(a.1) .
oa cla
The derivative of the response is also evaluated using a finiteetifferevaluation
VY Ra+cywy)-Rlayy
oR@.y.y) _ R vy)-Rlayy) (3.25)

oa cler
which was chosen because of the simplicity that results in tbdexgcoNote that both
approaches are exact (within machine precision) for a majority of the ceas®ns
perturbations although the magnitude of the cross sectionldsto®u considered when
selecting a factor (a nearly infinitesimal cross section contribui@izone can easily result
in a zero contribution by using=0.00000:). Beyond this type of input mistake, the only
other cross sections of significant concern are higher order scatteomgnts where large
values ofC can lead to unrealistic changes in the operator (the higher qidapments can
be made more important than the isotropic moment). The factor skbeuldonstrained
appropriately when using the sensitivity options.

Another problem to consider is when the user wants to pertutippiausotopes at the
same time. In most multi-group methods, the broad groupofgotcross sections for each
homogenized assembly are different due to the different composimhthus different self
shielding. As a simple example, we consider a one-greupyégion problem with isotopes
PU239A and PU239B that have different microscopic broad group captogse sections

0,"®" and 0,"* duel to spatial self shielding. The preceding system of musat

14
requiresa =g, >, but in PERSENT, the user is allowed to specify a singlestment for

the two isotopes which can be difficult to follow if the targetedlss section is significantly
different (say 150%). To counter this we can consider the folloojigns:

— PU239A
)a=o,

— PU239B
(@ a=o0,

— PU239A PU 238
Ra=o, +0,

PU 239A _PU 239A PU 238 PU 23B
N g + N g

(4)a= : :

PU 239A PU 238
N +N

In the first two options, one should normalize the adjustrreatl other PU isotopes
PU 239B

by the ratio of the capture in the specified one, 4" - g,” ** + c—4——. The third
o

y
option is the most practical approach if the two isotopes haveynidaritical cross sections
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noting that options 1 and 2 yield an identical result ifftaee. The fourth option is likely the

best if the user specifies a change in two different evaluated sets ajfeistéta such as

PU 239A

o, andg,”** however, it is not clear how to choose the valueiofthis option.

Based upon potential user feedback, we have implemented option ititcee
PERSENT. This assumes the base isotopes of interest are effetttevalme. If they are not,
then we suggest you obtain the sensitivities of each isadpadually. Focusing on a finite
difference modification of the sensitivity function we can write

SH:EEZZR(CHcDD)—R(a):R(a+ch7/)—R(a). (3.26)
Roa R cler cR
PU 239A PU 23%+C|]J.PU 237 and
y

One can quite easily see thﬁi(a+cm) implies o, -0,

PU 2398 PU 238 +

o, -0 clo,” #®. The other finite difference relations in equations 3.24 and

3.25 have similar forms to equation 3.26.

3.2 Evaluation of a Reaction Rate Sensitivity

A reaction rate can be generically written as

R=[ _dv[dQ[dEZ, (r,QE)y(r,.Q,E). (3.27)

With regard to a scattering cross section, we can write

R=[ _dv[dQ[dE',(r,Q' -~ QE'~ E)¢(rQE). (3.28)

Of the possible options, we consider the reaction rates of the type

R=Y > 2] avjdoy, (rQ)=2 ¢, (3.29)
g nOinterest

where 2, can refer to (ry), (n,fission), and other such reactions. We introduce the vector
notationy which is all space-angle-energy flux moments from all nodesnased into a

single vector.Z,  is used to define the integral quantity of equation 3.2ingahat it has the
same vector definition ag but contains zeros for all nodes that are not of interest. For
scattering type reactions, we use

Rg,L = Z Z ,[n av Zx,n,g'ag _Z_LdeYLm (Q)l/jn,g'(r'Q) :ZI,L,Q nl/_j :lAITZXL gn’ (3'30)

g' nOinterest
WhereYLm(Q) are orthonormal angular trial functions (spherical harmonics). Focusitigeo

use of equation 3.27 in the sensitivity functional, we neesbhe equation 3.11 which takes
the following general form:

_oR@.yy')_9 (¢'z..) _s (3.31)
Y o T |

The orthogonality condition states tk(at,S*> = OiggTZx,n which is almost certainly

B (a,A)l" =S

not true unless the flux solution is zero in the responseregfianterest (the sensitivity is
zero) or the response itself is zero. In summary, the setsifiunctional is invalid for
computing sensitivities to this type of parameter. Howevergifchhange from an eigenvalue
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problem to a inhomogeneous probleB{a, 1) — B(a)=A(a)-W(a), the operator on the

left hand side is not singular and thus equations (3.11§&ah#) has a solution for any source

distribution. In this case, equation 3.31 is solvable wlieris required to define equation
3.22.

3.3 Evaluation of a Reaction Rate Ratio Sensitivity
_ The sens_itivity of a reaction rate ratio is based upon the localiessurement of a
reaction rate ratio
[ av[dQ[dEZ, (r,QE)¢(r.QE) 5w .
_jimmdvjdgjdEzy(r,Q,E)w(r,Q,E) LY vz,

In this case, the node of interest must contain both the nunearad denominator reaction
rates. Focusing on the sensitivity functional for a two noden{efest) example, we can write

w Z=c,1 +4£ITZC,2

(3.32)

=2 (3.33)
YT, YTE,,
with the derivative expressed as
Ray ) _mWEat¢'Z,) W )5 (W'E s )
oy (¢'g,,+¢'s, ) (0%, +y's, )
(3.34)
B 000 2 I U A 2 W | A 0 )

2
(v'z.+¢'z, ) (¢'z,re'z, )
In this case, equation 3.32 is not further reducible. Checkiagotthogonality restriction
(#,S)=0, one finds

) WEES) By

IM

A2 T ) =0. (3.35)

(@'z,,+07s, ) W0z, )

As can be seen, the functional is valid for thls response bedwusetlhogonality condition is
met. Noting that the vector notation is just a choice to represpration 3.29, one finds that

the by-node definition of the vectar, | is a constant which fills the flat (angle and space)

moment on a group-wise basis (i.e. each multi-group constanig whscattering operation
provides a single group constant (all other groups are zero) whalso flat by space, but
selects a given Legendre moment (i.e. L) in angle. With regagdquation 3.33, the quantity

t,i/TZQlﬂgTZC‘Z is meant to be a complete evaluation of the numerator in equaBidnvaile

2, t2; , infers the actual vector definition (sum of two cross section mahent

Equation 3.32 is a rather specific case, but technically equationca@r2nclude a
conglomeration of different reactions in the numerator and denomirdter.some algebra,
one finds that the constraints in equations 3.11 and 3.lthesensitivity functional are
always satisfied, or, in more general terms, the orthogonalityigwdevays valid so long as
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the numerator and denominator are linear with respagt &md all contributing terms contain
¢ in some form. To complete the derivation, we display the dere/atith respect tar,

R@ YY) W Tt W T} (YT, +¢T 2, |38 E YL, )
oa ‘A’Tzf,l'”ﬁﬂzf,z %Tzf,l'HETZf,z %Tzf ,1+‘£Tzf 2
In this case, the remaining derivatives are evaluated usinghtteedifference formula.

(3.36)

We also consider the cumulative ratio response of

s b3
R: lAIT—Cl l// =c,2 (3-37)
W'I., YL,
which has the derivative
oRay ) _wl¥ 2} ¢z, 0T S ¢z, Y]
oy WIa VI YIn WEL WEe I g4

ch %Tzc,l Zf,l + Zcz wTZcz Zf2
lﬂ Zfl %Tzf,lléﬂzf,l lﬂ Zf 2 lﬂ Zf 24” Zf 2
In this case one finds that equation 3.38 cannotsipeplified further. Checking the
orthogonality restrictior{z//,s*> =0, one finds the orthogonality condition is met:

0.s)= WS YIaWI Y, VI YT,

’ YZio YZLWZ, YZ, YI 4L,
Because equation 3.33 is the typical usage, equdti®/ is not implemented in the current
code.

(3.39)

3.4 Evaluation of the Power Fraction

The sensitivity of a power fraction is based upoa telative measurement of power
generation

[ __dv[do[dEPC(r,.QE)¢(r.QE)
[ av[dofdePC(r,Q,E)¢(r.Q,E)

_5 (3.40)
_E ,

I'U L'U

¢’
y'

A0S

where PC(r,Q,E) is the power conversion cross section which inetudontributions from

capture and fission. This evaluation has a simsktup to the reaction rate ratio and the
derivative is expressed as

Rayy)_%Wh) Wr)HlwP) B (¢R)P

SO 2 we) ¢P (yeY
Given that equation 3.41 is effectively the reactiate ratio, we know that it already satisfies
the orthogonality condition.

(3.41)

3.5 Evaluation of a Reactivity Worth Sensitivity

Consistent with the previous sensitivity examplesg are also interested in the
sensitivity of a reactivity worth defined as
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W B()e)-(w B(A)g) y

By-¢''B
W Fg) Y

= ==, 3.42
D (842

where the notatiorE refers to a matrix. This response is not consistéth the functional

gy

defined in equation 3.2 as the perturbed fiwand eigenvaluel now appear in the system.
While under certain conditions we could make usthefsame functional, the functional does
not include all four states of the perturbed andebsystem and thus would prevent several
reactivity coefficients of interest from being siedl Instead we recognize that equation 3.42
can be written as

R=A-1, (3.43)
which infers that the sensitivities df and A can be linearly combined:
9R_04_0A (3.44)

At issue is that we do not yet have a functionptesentation for eithed or A that includes
the cross section. This new representation is wbthby combining equation 2.7 and 2.8 to
get:
*T

B(A)y =0 - Ay =AFy - YAy =AY Fy - A= %*Té‘—” . (3.45)

=
This equation is only valid because of the equivedein the eigenvalue between the forward
and adjoint flux solutions. Note that the perturlsgdtem has an equivalent form using the
perturbed operators. Taking equation 3.45 as tsé lvasponse of interest, we see that it is
perfectly suitable to the functional in equatio2 &nd infers we need two inhomogeneous
flux solutions for both the perturbed and base igométion thus a total of eight flux vectors

to evaluate the entire system.

We must first verify that the response obeys thmtd of the functional beginning with
the derivatives in equations 3.11 and 3.12. Sgniith equation 3.11 we have

R _a{¢"M) ¢GYTRY _ wTA wTMwTE

oy YRy  YEWW'Ey YRy ¢YEYWTEY

1 . A
S = AY ———F ¢ =0
=Ty tt TyEg st
P a *T 2 T * ’ (3.46)
R i) AR oy yTEy
0 YRy YEYWEY Y Ey JEY@EY
1 A
S= - Fy =0
B lﬂTElI/M lﬂTElﬂ:%

Given that the sources are zero, we are left vaghdirect term given as
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o2
s zﬁaR(aJ//J// ):ﬂ - 0 - - oa ] (3.47)

. Ay Yy
"R da R| ¢ Fy YRy Ry

The finite difference relation is used to evaluf remaining derivative such that we have
. :1%*T{A(a+cW)—A(a)}4£, _A(A/*T{F (a+c@)-E(a)ly

"R c TFy cyTEy

Rl - (3.48)
_ 1 ¢7{Bla+c@A)-B(aA)}y
K vTEY

It is important to note that since the response¢hes eigenvalue, we can reintroduce the
original operator in equation 3.48. We neglectftrst order reactivity worth evaluation given
the problems noted earlier by assuming the userreproduce the first order perturbation
result using generalized perturbation theory.

3.6 Evaluation of the Prompt Neutron Lifetime and Beta Effective Sensitivity

The prompt neutron lifetime and Beta effective comagions are done almost
identically to the preceding reactivity worth casesquation 3.45. We have two components
to consider: the neutron generation lifetimg and prompt neutron lifetim& . Focusing on

the former, we have the response defined as
_W Vi) Ty

=\ ====, (3.49)
. Fy) ¢TEY

which has the derivatives

R U = B e V) S (V=)

oy - {yTEg)’ |

s e}l {EY ) 350)

{¢"Ey)
or __{¢ Ed{ny}{o el {Ey)
az,g* - {%TE_}Z ’

By inspection one can see this response meetsrtivegonality conditions of the sensitivity

functional. The response for the prompt neutragtihifie is

Rep- LW VHY) _(WF0) (v Hy) g TEY g THY 350
AW ry) (W) (W Fe) ¢ AYYTEY

From here one can see that the derivatives apgeariaquation 3.50 will be fundamentally

different than those for equation 3.51.:
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(3.52)

Note that the two terms highlighted for eliminationequation 3.52 are by definition zero and would
not contribute to the fixed sources. Given thia only remaining difference is the scaling by
eigenvalue, we do not need to perform fixed sowmmputations for boti\ and A, in

order to get the complete sensitivity. Further extfpn shows that the sensitivity 8f can be
determined as

_a R _ a, o tg*ng,g+1 a 0 Y Hy

“TAN da APy Ay AN da ¢ Fy

o~ OF \r OA .. OH _oF
T Ey YTy TSy YT =y
=ali= *TC"—E‘ 0a—1, 9 )" 0a— _p ~ Oa— (3.53)
Y N A YA N | WRY =
JOE L 0A
v Sy ¢y
g =aiA—00 = 00 "L =—g g
AP Ry AYTEY T 7T

where the eigenvalue sensitivity shown earlierqoagion 3.47 now appears linearly with the
sensitivity of A ;. We leave the solution of equation 3.53 for therde compute and did not

make it part of the computation in PERSENT.

The response for Beta is slightly more difficulbting that it is typically broken down

I\Ii <¢/* ’ anw> - lA/*TE‘-mlg

R.= <4"*’ Ft//> = JEY (3.54)
Taking the derivatives we have
s ¢ EHEW}He B HEY)
) {o7 ey}

. . ; (3.55)
o (¢ ee{E v EwH{EY]
) {wTEg}

both of which meet the orthogonality rule. At issok course is that this infers that an
inhomogeneous flux calculation must be performeadech family of each isotope which is
impractical. Noting the denominator in equation53i8 constant for all families of all
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isotopes, we can choose to compute the sensitivitlige component sums (such as all U-235
in the geometry) Which implies a sum

N R _
R = 2 2l R (v, Fw> Z;uzw Fw (8:5)

Even with this reduced form, there are about 2(higets of interest in the domain and thus
we would still need to perform 40 inhomogeneous fialculations. The standard approach in
VARI3D is to define an approximate form where thedkdown by isotope and family is only

done using the direct term

a() Ro@y4')

R oa

This is primarily done because Beta effective &sahly useable (measurable) quantity which
defines the response

L _IINWR) TIEw

235 <[/I ,F(//> QAI*TEIAI
The derivative appearing in equation 3.57 becorhesfanctional result for the response
defined by equation 3.53 and thus a sum of thevaléves with respect to isotope and family
to construct the full sensitivity. The source iruation 3.55 is taken to be the sum over all
isotopes and families which contributes the retafiraction to any given delay family of a

given isotope.

(3.57)

Sa,i,m(x) =

(3.58)

3.7 Other Sensitivity Options

VARI3D, being an older tool, also includes sendiiwptions for a specific breeding
ratio (i.e. depletion-related quantity), adjointacdon rate ratio, inverse reaction rate
(inhomogeneous problems only), and a bilinear weigiheaction rate ratio. While all of these
are possible with PERSENT, they were not addebistime due to the lack of practical need
(i.e. there are no meaningful uses proposed). ¢ided, contachera-software@anl.gofor
support on any of these options noting that a germeeding ratio option would require
significant changes to the existing input structure

3.8 Alternative Sensitivity Evaluation for Reactivity Worth

Because of the expense associated with the inhameoge systems above, any
alternative idea should be considered if viable arate efficient. In the case of reactivity
worth and reaction rate ratios, the equivalent gdized perturbation theory (EGPT)
methodology has been devised [15,24]. The basg isléhat for reactivity worth, the fixed
source appearing in the inhomogeneous problem eaapproximately eliminated by using
the perturbed forward and adjoint flux solution&GHET is mostly found by redefining the
previous functional into one on the relative reattiworth

"B(1)¢ -y B(A B(1)y -y B(/
PICAL- ) e [ N (0oL TP (359)
¢ E¢ Y Ey

where g, is the first order perturbation theory result ahds a correction factor. This leads
to considerable changes in the results. For exartid ™ equation is modified:
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B (a,0)r =s =R@LY ) (3.60)

oy
The remaining parts of the derivation are beyoreldtope of this manuscript. The reported
equation to implement in EGPT is given in [15] as

a})|__Y'EY  q08@d), 1
pYTEAWTRY = 0a = JTEY
which has a “first order” approximation of

S (X) - O’(X) 1 WI*T ag(a’A)w_ 1 * a_é(a’j)w

R = R TR A A |
Reference 1_5 further infers that equation 3.62 “baninterpreted as” the common finite
difference relationship for the sensitivity:

a [pla+cl)-p(a)] _pla+ck) 1
= -=, (3.63)
p(a) clar clp(a) ¢

Writing out the combination of two independent eiga@lue sensitivities we can write the
sensitivity of the reactivity worth as

4[/] (3.61)

(3.62)

Sa (X) -

. 0B(a,1) . ag(a,j)
o =Y L Y
s =s -s =2 oa _a oa . (3.64)
a a,A a.A A %*TElA/ F (ﬁ*TE[ﬁ

By inspection, one can see how to obtain the EGRIilvalent result using just the eigenvalue
sensitivities. Because of problems with the preaogdrariational functional approach, we
have only implemented the EGPT approach for evigathe reactivity worths. This is
primarily based upon user feedback [27] which ¢fesndicated that independent eigenvalue
sensitivities were the preferred approach.

ANL/NE-13/8



VARI3D & PERSENT: Perturbation and Sensitivity Analysis
M. A. Smith, C. Adams, W. S. Yang, and E. E. Lewis 19

4 VARI3D INPUT AND OUTPUT

The VARI3D code was written to compute reactivipefficients and sensitivities but
it was never fully completed. As an example, thesgesity calculation is only implemented
for two-dimensional RZ geometries. The input for RIBD is handled identically with other
ARC tools, and thus the code itself is built inimikar fashion to the ARC tools. However, in
many cases, the extensive use of F66 has madeemante problematic and decreased the
reliability of VARI3D compared with existing toolske DIF3D. The perturbation theory
jargon used to describe the VARI3D input can bengelf as:

Parameter: eigenvalue, reactivity worth, reactate rreaction rate ratio, etc.
Base Model or State: The input for a steady statgranics calculation
Perturbed Model or State: The input for the peedrbteady state neutronics calculation

A wnNPF

Sensitivity Model: The isotope/reaction you wangémerate a sensitivity with respect to

The VARI3D input consists of three primary partsVARI, A.PAR, and AAMODL. A.VARI
is the control input while A.PAR is used to speaifhich type of parameter is being used.
The A.MODL part of the input is mostly used to dettae perturbation to apply.

4.1 A.VARI Input

Starting with the control input, A.VARI specifieb& general problem input and
defines the sensitivities required. The input deson is provided in the
Documents/FileFormatDescriptions directory of thetall package. A.VARI has five cards
defined in Table 4.1.

Table 4.1. A.VARI Input Cards

Card # General Description Additional Info

1 Title Put one in to prevent strange behavior on some
platforms at it assumes one exists anyway

2 Storage and Debug Put in 50,000,000 and don’tdebagging

Linearization of the diffusion operator is managed

3 Special Options here along with style of output data
Used to name the sensitivity, its targeted
4 Sensitivity Specifications | “parameter”, and what model to use for defining
the sensitivity. The edits are also controlled hefe
6 Flux and Adjoint Restart Used to flag the resséatus of the job

In Table 4.1, cards #3 and #4 are obviously thetrmoportant. As discussed in the theory
section, in first order perturbation theory, itt@mmon to linearize the diffusion coefficient

when using diffusion theory. Card #3 allows foradoptions: 1) the generalized perturbation
theory approach (default), 2) linear with respecthanges in the diffusion coefficient, and 3)
linear with respect to changes in the transporssisection. Most users use the third option
when they use first order perturbation theory.
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Card #4 is used to define a sensitivity calculatibrs important to note that VARI3D
is fundamentally built to only consider a singlesiévity per execution. However, one can
invoke multiple perturbation or sensitivity calctitas in a single ARC path execution which
is well demonstrated in the provided example pnoisleWe dissect one such input later in
this section for clarity. VARI3D supports four “meld” for the “perturbed state” associated
with the sensitivity: 1) perturbed state for thel@pendent model change, 2) perturbed state
for the dependent model change, 3) perturbed stdatee numerator of a general reaction rate
ratio, and 4) perturbed state of the denominataa géneral reaction rate ratio. In this sense,
VARI3D is far more general than the PERSENT codectvhs the primary focus of this
manuscript. If no card #4 data is provided, VARIB88es the parameter calculation specified
by the A.PAR input. If the sensitivity involves aP®-based reactivity worth, sensitivity
specifications for both the base and perturbe@statust be provided.

4.2 A.PAR Input Details

The primary purpose of the A.PAR input is to define parameter that VARI3D is to
compute. Table 4.2 lists the parameters that anemtly supported by VARI3D where the
“type” number is the input id for each performampegameter in the input. Note that some of
these parameters are only relevant in regard teitbgties.

Table 4.2. VARI3D Supported List of PerformancedPageters

Type Performance Parameter
1 VARI3D definition of instantaneous breeding ratio
2 Reaction rate ratio
3 Power fraction
4 General adjoint reaction rate ratio
5 Linear reaction rate (fixed source problems only)
6 Inverse reaction rate (fixed source problems)only
10 First order perturbation theory reactivity worth
11 Generalized perturbation theory reactivity worth
12 Bilinear reaction rate ratio
13 Prompt generation time
14 Effective delayed neutron fraction

There are five card types supported by A.PAR wilaighsummarized in Table 4.3. As can be
seen, the parameter selections from Table 4.2 amgpeaard #1 in Table 4.3. Much like the
sensitivity calculations, VARI3D can only performesuch calculation per call and thus the
ARC batch job must be used to invoke multiple paatars to be computed with a single input
file. With the exception of card #2, the remainiogrds are rather straightforward to
understand.

The second card in Table 4.3 is mostly associatéd wmternal handling of the
RTFLUX and ATFLUX files. As one would expect, onanc attach the RTFLUX and
ATFLUX files to a VARI3D input deck to improve trmverall performance (i.e. perform the
forward and adjoint flux calculations a priori). Asue of course is that one must be able to
identify the files separately which is done witlvexsion number that appears with each file.
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The enforcement of the version number can be datrethe utility programs included with
DIF3D. This execution option was added mostly du¢he computational effort required to
carry out the perturbation and sensitivity optioviich are no longer relevant today and thus
we strongly suggest that users not rely heavily tbese input options. Note that we
demonstrate how to handle the basic inclusion efqggmputed RTFLUX and ATFLUX files
in the provided example problems.

Table 4.3. A.PAR Input Cards

Card # General Description Additional Info

Parameter and Edit | Name and select the parameter to do and

1 . . . .

Selections specify the edits to provide
2 External File Setup Used to specify external tyirfides
3 Power Fraction Input Specify the list of regions in the
numerator
4 Reaction Rate Specify the type of reaction and the
Numerator Input regions in the numerator

5 Reaction Rate Specify the type of reaction and the

Denominator Input regions in the denominator

Table 4.4 shows the reaction rates that VARI3D sugspfor the reaction rate and
reaction rate ratio calculations. Once again, wavigde the input id associated with each
reaction that appears on cards #4 and #5 in TaBleNbte that some of the quantities are
only relevant for diffusion theory and that theseno concept of anisotropic scattering related
reaction rates.

Table 4.4. Supported Reaction Rates in VARI3D
Type Reaction Type Reaction
1 (n,fission) 22 Third dimension leakage
2 (n,gamma) 23| Transverse leakage (buckling term)
3 (n,alpha) 24| Total real leakage (sum of 20 {p |22
4 (n,proton) 25 Total leakage (sum of 20 to 23
5 (n,deuteron) 30 Elastic scattering
6 (n,tritium) 31 Inelastic scattering
18 | Total absorption (sumof 1to 6) 32 (n,2n) sraiy
19 Total capture (sum of 2 to 6) 38 Total scattgfsum of 30 to 32)
20 40
21 4

First dimension leakage
Second dimension leakage

Fission production
11 Power

4.3 A.MOD Input Details

The last part of the VARI3D input to consider ig tmodel input which consists of the
five input cards listed in Table 4.5. The inputiops are a little bit more difficult to
understand in this case as multiple different saweare handled with a single card. By far,
cards #3 and #4 are most frequently used as omeatlypswitches the compositions provided
in the standard A.NIP3 input with other composii@iso included in A.NIP3. Card #3 also
provides the option of redefining an existing cosifion (i.e. changing the sodium density).
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Table 4.5. A.MOD Input Cards

Card # General Description Additional Info
1 Model Name and Edit| Assign a name to each model and specify the edlits t
options display during the calculation
5 Isotopic cross section | Select isotope, reaction, and energy groups to inbgi
changes additive/multiplicative factor
Identify which compositions are to be swapped with
3 Composition changes| other compositions already in the problem or define

how a composition is modified

Identify composition to region assignment change
“Do not use this for sensitivities”

Uy

4 Region changes

Compositional buckling

Define composition-wise buckling value changes.
changes

As noted, VARI3D states that card #4 should notised for sensitivities, but this card is also
used to assign different compositions already plediin A.NIP3 input to existing regions

which is effectively the same as replacing compasst. Card #2 is typically used for defining

the sensitivity parameters, but it can also be @setkfine perturbations.

4.4 Breakdown of a VARI3D Perturbation Theory Input

For all of the input and output, we focus on thedfeverification problems provided
with VARI3D. Note that most of the input setup MARI3D is based upon the ARC system
and thus we suggest a review of section 3 in rater¢l] should be done before attempting to
read this section. In reference 1, concepts sudheasorm input and fixed form input along
with job execution are discussed which are directipslatable to the VARI3D code.

The first example we discuss is a Doppler pertuobatvhich is example problem #5
included with VARI3D. This problem is a hexagonastf reactor model with inner, middle,
and outer core enrichments each having five axi@pletion) regions. Note that there are no
blankets in this reactor as its focus was useduta bransuranic isotopes. This reactor has a
high content of plutonium relevant to typical fagtectrum systems. We do not display the
DIF3D input here as it is extensive and insteady dokus on the relevant parts of the
VARI3D input shown in Figure 4.1.
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UNFORM=A.VARI

01 DOPPLER COEFF
02 5100000 001101
03 3

UNFORM=A.PAR
01 DOPLER 10 (0,1,1) 1
02 (0,0) DOPLER ** 1
UNFORM=A.MODL

01 DOPLERBASE 1
04 1C21DM IC21D

04 IC21EM IC21E

04 IC21FM IC21F

04 IC21GM IC21G

04 IC21HM IC21H

04 1C22DM IC22D

04 IC22EM IC22E

04 IC22FM IC22F

Figure 4.1. VARI3D Specific Input from Example Plein #5

Starting with the A.VARI input, the card #2 inpytexifies (in sequential order as they
appear on the line) that the memory space is 51D0afrds with no bulk storage (default)
and no debugging (5100000 0 0). The next three euosnfl 1 0) specify that the RTFLUX
and ATFLUX files are desired to be saved followgdno desire to save the GEODST file.
The purpose of these flags is due to the fact\WARI3D creates temporary versions of the
files. The final number (1) specifies that extenddds are desired from VARI3D. The “3” on
the card #3 input instructs VARI3D to use a diftusicoefficient that varies linearly with
changes in the transport cross section which isistant with most usages of first order
perturbation theory.

Moving on to the A.PAR input, the card #1 input remnthe perturbation “DOPLER”
where the follow up “10” indicates a first orderrfpebation theory option is desired. The “(0,
1,1)” input may appear as rather odd, but thisois ffee-format input which in this case
reduces to “0 1 1” specifying output data that swedrover group, but printed with respect
region and reaction type. The final “1” indicatbattthe total parameter value is to be printed
(default). The only really important data on thedc#2 input is the specification of the
MODEL input to use in this calculation named “DOMREwhich appears later in the
A.MODL section. The ** input is the free form way imserting a “blank” which translates to
using the BASE model (one could have just put tllednBASE in as an alternative). Note
that the BASE input is not relevant to this paf@acueactivity coefficient (i.e. Doppler) and is
ignored by VARI3D.

Finishing with A.MODL, the card #1 input names thedel as “DOPLER” and
indicates that the “BASE” geometry configuration tlse starting point. One can use a
previously defined MODEL in a sequence of calcolasi if so desired. The additional “1” on
the line indicates that the model information it printed by VARI3D. The card #4 input
specifies the reassignment of composition dat@goons in the geometry. In the first case, it
assigns the composition IC21DM to region IC21D.model most perturbations, users will
typically define an alternative set of compositidhat contain alternative isotopes. In this
case, the IC21DM compositions have identical isiotogtom density representations of
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IC21D, but the isotopic cross section data usd@21DM corresponds to higher temperature
evaluations.

Figure 4.2 shows part of the output generated bying this example problem. The
last “boxed” part is the most important as it ig tiotal parameter result for the reactivity
coefficient. In this case, the reactivity worth wesmputed as -0.00350 which is clearly
linked to the magnitude of the temperature changbe cross section evaluation. The sum of
the denominator (fission source norm) is providéah@ with the eigenvalues from the
forward and adjoint flux calculations (in first @dperturbation they are identical). Moving
up in the figure, we see the breakdown of the re#gctworth for the areas defined in this
particular job. In this case, the total values (QJ are given for areas TCORE, ICORE,
MCORE, and OCORE noting that the first is obviouglg entire core while the remaining
values specify a non-overlapping part of the tétaler, middle, and outer core). At the top of
the figure one sees the reaction component breakadwhe reactivity worth for each area.
The standard output provides capture, fission, pebdn, out scatter, in scatter, and leakage.
The complete area edit output along with the regisse break down were excluded from
Figure 4.2 for brevity.

PARAMETER = DOPLER

REACTN REACTN REACT N REACTN

1 2 3 4

CAPT FISS NU-F S OuUT-SC
AREA
1 TCORE -3.9893E-03 -1.4823E-04 6.8259E -04 2.0178E-04 ...
2 ICORE -1.0968E-03 -3.1452E-05 1.5181E -04 2.7237E-05 ...
3 MCORE -2.1948E-03 -7.4759E-05 3.5352E -04 1.3393E-04 ...
4 OCORE -6.9776E-04 -4.2023E-05 1.7726E -04 4.0609E-05 ...

PARAMETER = DOPLER

SENS. BY GROUP TOTAL
AREA

1 TCORE -3.5030E-03
2 ICORE -9.9242E-04

3 MCORE -1.9386E-03
4 OCORE -5.7190E-04

R I * k k k%

* *

* PARAMETER NAME = DO PLER *
* PARAMETER NUMBER = 1 >

* TOTAL VALUE = -3.50296 588E-03 *
* DENOMINATOR VALUE = 3.10602 266E+19 *
* RTFLUX EIGENVALUE = 9.99686 003E-01 *
* ATFLUX EIGENVALUE = 9.99686 003E-01 *
* *

R I R R A I * k k k%

Figure 4.2. VARI3D Example Output from Example Revb #5
4.5 Breakdown of a VARI3D Sensitivity Input

Much like the preceding perturbation theory inpug, also display a sensitivity input
taken from example benchmark #4 case #10 in FigilBeThe geometry in this case is a RZ
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representation of the ZPR6-7 critical assemblydatils of which can be found elsewhere
[28]. The specific reactivity worth of interest & “sodium void worth” where the atom
density of sodium is modified everywhere in the elomh a specified manner to emulate
sodium voiding the specifics of which can be idigmdi by inspecting the input file. It is
important to note that the cross section evaluatiare also switched when modeling this
reactivity worth as done in this example. We alsterthat the RTFLUX and ATFLUX files
are included in the “old” block which merely indiea that these files were generated before
running VARI3D. Starting with the A.VARI input, theard #2 input is identical to the
previous example and thus one should understartdthisis the typical way of running
A.VARI3D. The RTFLUX and ATFLUX files will automatally be inferred as the default
ones where RTFLUX2, RTFLUX3 are recognized as theroversion files.

The card #3 input on A.VARI specifies that thisaigjeneralized perturbation theory
problem and enables all of the group, space, baledd breakdowns. The “2” at the end of
the line specifies an specific treatment for they wee total and transport cross section are
perturbed

Oy =0 +00, (4.2)
O-t'rg = O-trg +50_tg _'UJO-GQ (42)

This is the default operation that is applied whies cross section is modified noting that a
“1” would only perform equation 4.1 and a “3” woubshly perform equation 4.2. By far the
most important part of the A.VARI input is the sgieation of multiple sensitivities. Taking
the first input line as an example, it specifieseasitivity named “VDu5” for the parameter
“NAVD” seen in the A.PAR input with the model “U23%ised to define the perturbation of
the base and perturbed configurations of the “NAVjpdrameter. The remaining values
specify which edits to display. One can see theareimg lines are all identical except for the
sensitivity name and the associated model. Thishés typical way to invoke multiple
sensitivities, and one should note that VARI3D wdklrry out a perturbed adjoint flux
calculation when using generalized perturbatioomte

On the A.PAR input, besides the obvious specificatdf a generalized perturbation
operation by the “11” input on the card #1, theuns straightforward, simply defining the
type of edits to show and the usage of the “NAV’rtpdation model. The “NAV”
perturbation theory model is required to be thst f&k.MODL input in Figure 4.3 such that
VARI3D carries out the perturbation first. In thigout, one can clearly see that card #4 input
is used to redirect compositions to regions, cautatehe suggested input restriction that this
not be done for sensitivity calculations. In thigse it appears to work, but we suggest
following the developer’s guidelines of not using i

After the DIF3D input is given, VARI3D will perfornthe stated perturbation theory
problem. Each VARI3D block of data yields a separaistart-like input for VARI3D which
is not checked until it is reached, so users shbeldareful of input mistakes. In the typical
sensitivity sequence, one can see that the ficgtkbbf VARI3D after the basic DIF3D input
does not contain A.VARI input nor A.PAR. In factspecifically is required that the A.PAR
be “removed.” This indicates to VARI3D that it shdkeep the existing parameter where
duplicating the A.PAR input would cause an error.
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BLOCK=0OLD

DATASET=RTFLUX

DATASET=ATFLUX

DATASET=ISOTXS

BLOCK=VARI3D,3

UNFORM=A.VARI

01 ZPR6 ASSEMBLY 7 SENS COEF-CORE VOID-(Nu)-GR 0 1-33
02 9000000 000 000 001 001 00O 001
03 001 001 001 001 O 2

04 VDu5 NAVD U235 U235 1 0 1
04 VDu8 NAVD U238 U238 1 0 1
04 VDpu8 NAVD PU238 PU238
04 VDpu9 NAVD PU239 PU239
04 VDpuO NAVD PU240 PU240
04 VDpul NAVD PU241 PU241
04 VDpu2 NAVD PU242 PU242
04 VDaml NAVD AM241 AM241 1 0 1
DATASET=A.PAR

01 NAVD 011 001 000 001 001

02 0 ONAV

DATASET=A.MODL

01 NAV BASE 1

04 FI_VMFI CENTR

04 FO_VMFO

.-.DIF3D input...
BLOCK=VARI3D,3
REMOVE=A.PAR
DATASET=A.MODL

PR R
cooooo
PR R

RPRRRRRRR

01 U235 BASE 1

02 U-2351 11 0 O 1.01

02 U-235v 11 0 O 1.01
02 U-2350 11 0 O 1.01
02 U235z 11 0 O 1.01
02 U-235R 11 0 O 1.01
02 U-23B 11 0 O 1.01
02 U-235C 11 0 O 1.01
02 U-235D 11 O O 1.01
02 U-235E 11 O O 1.01
02 U-235F 11 0 O 1.01
BLOCK=VARI3D,3

REMOVE=A.PAR

DATASET=A.MODL

01 U238 BASE 1

02 U-2381 11 0 O 1.01

02 U-238v 11 0 O 1.01
02 U-2380 11 0 O 1.01
02 U-238Z 11 0 O 1.01
02 U-238rR 11 0 O 1.01
02 U-238B 11 0 O 1.01
02 U-238C 11 0 O 1.01
02 U-238D 11 0 O 1.01
02 U-238E 11 0 O 1.01
02 U-238F 11 0 O 1.01

Figure 4.3. VARI3D Specific Input from Example Pleim #4 Case #10

The new part of data that is required is anoth&®@DL input specifying how the sensitivity
is to be performed. In the first example, the maslelamed “U235” which matches the earlier
specification of sensitivity in the A.VARI input.ofF this model, the list of isotopes to be
impacted is specified on individual card #2. Th&™input on each card #2 indicates that
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(neutrons emitted per fission) is to be modifiedlevkhe 1.01 indicates a multiplier of 1.01 is
to be applied to the existing valuewflt is important to note that all of the isotogicanges
specified on a model will be applied simultaneouwsiyg thus one can vary the factor to apply
to each isotope for a given sensitivity. Howevers inot clear why anyone would want to do
that. The remaining VARI3D blocks are virtually idiezal to the one just describe noting that
other isotopes are selected.

From this single example one should be able to nstaled how to construct input for
other sensitivity problems. A considerable numbexx@mples are provided. It is important to
note that the sensitivity options in VARI3D onlypgar to be working with RZ geometry.
The output returned from this specific benchmarlsusnmarized in Figure 4.4. As can be
seen, similar to the perturbation result in Figdr2, there is another “boxed” output which
gives the total sensitivity value. In this case, sensitivity of the sodium void worth in ZPR6-
7 with respect to changesinn U235 is -0.0003467. It is important to notettatithe bottom
of the boxed section, the original reactivity wooth0.004404 is given along with the absolute
change in the parameter due to the modificatiomdieghto all isotopes in all energy groups.
This absolute term is not necessary meaningfuhimidase. The component breakdown of the
sensitivity is also given in the boxed output whicldicates the contribution to the total
sensitivity by the direct term, the forward, andoat terms coming from the derivation. For
the most part, only the total sensitivity and pagtanvalue are relevant.

REACTN REACTN REACT N REACTN
1 2 3 4
CAPT FISS NU-F S OuUT-SC
GROUP
1 -3.3771E-18 -4.4401E-18 1.1764E -06 -1.2214E-16 ...
2  -6.5850E-17 -7.8586E-17 1.1908E -05 3.8848E-18 ...
3  -3.7211E-16 -5.8129E-16 2.8073E -05 0.0000E+00 ...

SENS. BY GROUP TOTAL
GROUP

1 1.1764E-06

2 1.1908E-05

3 2.8073E-05

kkkkkkhkkhhkkhhkkhkkhkkhkkkx kkkkkkkk*k

* *

* SENSITIVITY NAME = VDu5 *

* SENSITIVITY NUMBER = 1 =

* VALUE (DELTA-PARAMETER/PARAMETER) = -3.46729725E-04 *
*  NUMERATOR TERM = -2.12492625E-05 *
* DENOMINATOR TERM = -1.25056769E-04 *
*  DELTA-FLUX TERM = 4.54605790E-04 *
* DELTA-ADJOINT TERM = -6.82456789E-04 *
*  DELTA-K TERM = 2.74273050E-05 *
* *

* PARAMETER NAME = NAVD *

* MODEL-CHANGE NAME = U235 *

* DELTA-PARAMETER = -1.52723160E-06 *
* VALUE OF BASE PARAMETER = 4.40467455E-03 *
* *
kkkkhkkkhkkhhkkhkhkkhkkhkkhkkkx kkkkkkkk*k

Figure 4.4. VARI3D Example Output from Example Revb #4 Case #10

ANL/NE-13/8



VARI3D & PERSENT: Perturbation and Sensitivity Analysis
28 June 15, 2013

Also appearing in Figure 4.4 is the truncated setityi breakdown by group and the
balance edit breakdown. The group wise breakdowalrisst essential when performing
uncertainty analysis and it is not clear why aaddidil input is necessary to invoke it. One can
also separate out the sensitivity contributionsrégion and area, but the tabulated data
becomes quite vast and is not needed. The balatitestown in Figure 4.4 shows the
component-wise changes in the response parameter tfie sodium void worth for this
example) due to the model variation (i.e., crossiges changes) which is not really possible
to obtain with the sensitivity functional. Closespection shows it is just the reactivity worth
balance edit divided by the total reactivity woaihd multiplied by the total sensitivity value
reported in the boxed section of Figure 4.4. W& rtht repeat this process in PERSENT as
one can construct the same table given the pettarbbhalance table and any given value in
the sensitivity output listing.

In summary, the preceding two example input andpwutdescriptions should
sufficiently describe the setup process for perfagperturbation and sensitivity calculations
using VARI3D. If a given compiled executable do@s$ reproduce the reference output files
provided with VARI3D within reason, one should bery cautious of using the VARI3D
code noting that we have experienced problems véatious compilers. We note that the set
of verification problems does not cover all possibiput options for VARI3Das many of
those input options are rarely used. As a finalend@IF3D solves the inhomogeneous
problems associated with the Lagrange multipliesshg a fixed iteration scheme where
convergence is not checked and it is thus up taiglee to catch errors. .
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5 PERSENT INPUT AND OUTPUT

The main purpose of this document is to descrieeRERSENT code, for which the
input and output are discussed in this section. détailed output and verification study is
carried out in follow on sections and thus we oodyisider the actual text based input and
output generated by PERSENT. Unlike VARI3D, PERSEMS constructed to wrap around
DIF3D rather than embed itself into the ARC systémithis sense, the DIF3D executable is
treated as an external UNIX function that PERSENMM call via a standard Fortran system
call. With this approach, we are free to defineirgout structure that is not restricted by the
conventional ARC input process.

To begin, one should prepare the DIF3D input far ‘thase” or conventional steady
state flux solution mode. The standard executiah far PERSENT is shown in Figure 5.1
and one can see it is rather linear noting thatethere loops to account for multiple
perturbation problems and sensitivity problemshi@ same input deck. The default input file
PERSENT looks for is “persent.inp” but it can beenidden on the command line via:
persent.x <input file>. As mentioned, PERSENT usmgvord input described in Tables 5.1
through 5.3. We can separate the PERSENT input ¢otdrol input, perturbation theory
input, and sensitivity input.

5.1 PERSENT Control Input

Some key subtleties in Figure 5.1 need to be adddesFirst, PERSENT does not
accept a file named ISOTXS as the standard crag®sdanput as is the common approach
for DIF3D and other ARC tools. The primary reassihiat DIF3D itself requires ISOTXS for
a given problem description and thus, in orderFERSENT to be able to execute DIF3D in
the local directory, it must be able to define wa@dSOTXS files. PERSENT thus overwrites
the default ISOTXS file used in DIF3D which leddome rather interesting consequences for
user ISOTXS files in the initial development phakegeneral, one should never include a
symbolic link (to non-executables) or an ISOTXS fih the PERSENT execution directory
because PERSENT will delete any file named ISOTK® otentially overwrite some of the
other files. The default ISOTXS file PERSENT looks is “user.ISOTXS”, but this can
overridden by the ISOTXS_INPUT variable as showable 5.1. For cases where the root
of the file system is to be utilized, one must esel the entire file path with double quotes.
PERSENT also handles the special case when the C®0Bput is included in the DIF3D
input deck by moving the ISOTXS file after its diea by the null DIF3D run which can be
found in Figure 5.1 (second step involving the difit.inp file).

Because of the computational expense of carryindasge energy group perturbation
or sensitivity calculations, many users performEHE3D calculations external to PERSENT.
Because this was expected, the entire PERSENT wadebuilt to generate the necessary
DIF3D input by setting the MAKE_INPUT_ONLY keywolidput described in Table 5.1. It
is important to note that PERSENT must have thevdiod and adjoint flux solutions in many
of the sensitivity problems to be able to genethé&input (i.e. fixed source fdr) and thus
two null runs of PERSENT might be necessary to gaeeall of the necessary input.
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Figure 5.1. PERSENT Execution Path
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Table 5.1. PERSENT Basic Control Input

Keyword

Description

Example Usage

FORCE_FULL_FLUX

Will adjust source and flux spatial approximatio
orders along with angular scattering order in th
DIF3D input deck to ensure the flux vector is

consistent

n

eForce_full_flux yes

Force_full_flux no

MAKE_INPUT_ONLY

Will skip all possible DIF3D flux solution calls sq
that only the exact DIF3D input needed for each

is generated.

C

%lake_input_only yes
ake_input_only no

Specifies the location/name of the ISOTXS file

Isotxs_input ./user.ISOTXS

ISOTXS_INPUT (Cannot be ./ISOTXS) Isotxs_input “/home/user/HFR/metal.33g.ISOTXS”
DLAYXS INPUT Specifies the location/name of the DY.XS file Dlayxs_input “/home/user/HFR/339.DLAY XS”
DIE3D INPUT Specifies the location/name of the DIF3D base in@if3d_input ../dif3d.base.inp

deck

Dif3d_input “/home/user/HFR/hfr.inp”

DIF3D_EXECUTABLE

Specifies the location/name of the DIF3D

executable

Dif3d_executible ./dif3d.x
Dif3d_executible “/software/bin/dif3d.x”

FORWARD_FILE

Specifies the location of the base NHFLUX file
containing the forward flux solution

Forward_file “/home/user/hfr.66133.NHFLUX"
Forward_file “/scratch/hfr.66133.NHFLUX”
Forward_file ./hfr.66133.NHFLUX

Specifies the location of the base NAFLUX file

Adjoint_file “/home/user/hfr.66133.NAFLUX”

ADJOINT_FILE containing the adioint flux solution Adjoint_file “/scratch/hfr.66133.NAFLUX”
9 ) Adjoint_file ./ hir.66133.NAFLUX
. . . Isotope_list all_fe FE56 FE57 FE58
ISOTOPE_LIST Specifies a list of ISOTXS isotope eam Isotope._list all_u238 U238A U238B U238C
Specifies a list of DIF3D A.NIP3 zone Zone_list core ICOREA ICOREB ICOREC ICOREL
ZONE_LIST " :
— (composition) names Zone_list core IcoreA IcoreB IcoreC IcoreD
Allows the inclusion of a new zone into the DIF3[INew_zone blanket U238 0.02 U235 0.0001
NEW_ZONE :
- input New zone blanket Na 0.03
SET DELAY Allows the mapping of ISOTXS isotopes to | Set_delay IU26A U238

DLAYXS ones

Set_delay MU24A U235
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Table 5.2. PERSENT Perturbation and Sensitivityitap

Keyword

Description

Example

LAMBDA_BETA

Requests that Lambda and Beta bg¢
computed by PERSENT (requires

"LAMBDA_BETA Yes
LAMBDA_BETA No

DLAXYS file)
ADJUST XS Specify a cross section perturbation adjust_xs x1x2 generalized_pt all_u238 fission-0.01 2 10
- reactivity worth adjust_xs x1x2 generalized pt all u238 gamma D0 P.10
ADJUST DENSITY | SPecifya dens'%oﬁfﬁ“rba“on reactivity yjust_density UpNa generalized_pt CRHOLE 0.40
ADJUST ZONE Specify a Zonew‘z)‘i[:]“rba“on reactivity A djust_zone C1C2 generalized_pt C1 C2 1.00
Specify the perturbation problem editsProblem_edits UpNa print_by _mass print_balance
PROBLEM_EDITS to display Problem_edits lambda_beta print_by isotope exptkt v

FORWARD_PERT_FILE

Location of the perturbed NHFLU¢

Forward_pert_file UpNa “/home/user/p.hfr.66133.NHFB{"

ADJOINT_PERT_FILE

Location of the perturbed NAFLUiée

Adjoint_pert_file UpNa “/home/user/p.hfr.66133.NABK”

REACTION_RATE

Specify a reaction rate sensitivity
(only valid for fixed source problems

Reaction_rate FeSens all_fe everything core
Reaction_rate NaSens all Na gamma core

REACTION_RATIO

Specify a reaction rate ratio Seingy

Reaction_ratio a29c28 a p239 alpha core a8ugt8nma core

D

REACTION_WORTH

Specify a reactivity worth sensityi

Reaction_worth SensUpNa UpNa

POWER_FRACTION

Specify a power fraction sensitivity

Power_fraction core

SENSITIVITY_BETA

Request thf sensitivity

Sensitivity beta sens_beta

SENSITIVITY_LAMBDA

Request the\g sensitivity

Sensitivity lambda sens_lambda

SENSITIVITY_KEFF

Request ackeciive SENSItiVity

Senstivity keff sens_basek

SELECT_ALPHA

Specify the alpha selection for
sensitivity

Select_alpha sens_beta all_u238 everything 1.01
Select_alpha FeSens all_Cl standardset 0.90
Select_alpha FeSens all_Fe standardset 0.90

SENSITIVITY_EDITS

Specify which edits are desired

enSitivity edits SensUpNa Print_perturbation

GAMMA_FORWARD_FILE

Location of th& NHFLUX file

Gamma_forward_file SensUpNa ./hfr.imthog.NHFLUX

GAMMA_ADJOINT_FILE

Location of thd” NAFLUX file

Gamma_adjoint_file SensUpNa./hfr.inhognNAFLUX
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FORCE_FULL_FLUX <yes/no>
MAKE_INPUT_ONLY <nolyes>
ISOTXS_INPUT <file_name>
DLAYXS_INPUT <file_name>
DIF3D_INPUT  <file_name>
DIF3D_EXECUTABLE <file_name>
FORWARD_FILE <file_name>
ADJOINT_FILE <file_name>
LAMBDA_BETA  <nolyes>

ISOTOPE_LIST <LIST_ISOTOPES> <ISOTXS isotope> < ISOTXS isotope> <ISOTXS isotope> <ISOTXS isotope> .

ZONE_LIST <LIST_ZONES> <DIF3D zone> <DIF3D zone> <DIF3D zone> <DIF3D zone> ...

NEW_ZONE <new DIF3D zone name> <ISOTXS isot ope> <ISOTXS density> <ISOTXS isotope> <ISOTXS dens ity> ...
SET_DELAY <ISOTXS isotope> <DLAYXS isotope>

ADJUST_XS <problem_name> <METHOD> <LIST_ISO TOPES> <XS> <mult factor> <add on> <start group> <e nd group>
ADJUST_DENSITY <problem_name> <METHOD> <existing DIF3D zone> <density multiplicative factor>

ADJUST_ZONE <problem_name> <METHOD> <existing DIF3D zone> <replacement zone> <density mult facto r>
PROBLEM_EDITS <problem_name> <OPTIONS> <file_na me>

FORWARD_PERT_FILE <problem_name> <file_name>
ADJOINT_PERT_FILE <problem_name> <file_name>

REACTION_RATE <problem_name> <LIST_ISOTOPES> <XS> <LIST_ZONES>

REACTION_RATIO  <problem_name> <numer. LIST_IS OTOPES> <XS> <LIST_ZONES> <denom. LIST_ISOTOPES> <X S><LIST_ZONES>
REACTION_WORTH  <problem_name> <perturbation P ROBLEM_NAME>

POWER_FRACTION  <problem_name> <numerator LIST _ZONES>

SENSITIVITY_BETA <problem_name>

SENSITIVITY_LAMBDA <problem_name>

SENSITIVITY_KEFF <problem_name>

SELECT_ALPHA <problem_name> <LIST_ISOTOPES> <XS> <mult factor>

SENSITIVITY_EDITS <problem_name> <PRINT_PERTURBA TION> <file_name>

GAMMA_FORWARD_FILE <problem_name> <file_name>

GAMMA_ADJOINT_FILE <problem_name> <file_name>

<METHOD> = <FIRST_ORDER_PT> <GENERALIZED_PT> <NS_FIRST_ORDER>

<XS> = <TOTAL> <NU> <NUFISSION> <CHI> <FISSION> <CA PTURE> <GAMMA> <ALPHA> <PROTON> <TRITIUM> <DEUTERIWM> <SCATTER>

<ELASTIC> <INELASTIC> <N2N> <P1SCATTER> <P1E LASTIC> <P1INELASTIC> <P1IN2N> <STANDARDSET> <EVERYT HING>
<OPTIONS> = <PRINT_BY_ISOTOPE> <PRINT_BY_MESH> <PRI NT_BY_GROUP> <PRINT_BY_REGION> <PRINT_BY_AREA> <PRNT_BALANCE>
<PRINT_BY_MASS> <PRINT_BY_UNIQUE><PRIN T_BY_FAMILY> <EXPORT_VTK>

Figure 5.2. PERSENT Quick Guide Input Commands
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Depending upon the way PERSENT is executed, it galherate the files shown in
Table 5.3. In a non-null PERSENT run, file namethwie generic dif3d_problem name are
created according to the order in which they arecated. In this case, no effort is made to
store any NHFLUX or NAFLUX files from any specifexecution as it is assumed the overall
execution time is trivial. Most people do not rarthis mode, but routinely provide NHFLUX
and NAFLUX files externally via the input.

Table 5.3. Example PERSENT Input and Output Files

MAKE_INPUT_ONLY=NO

MAKE_INPUT_ONLY=YES

ISOTXS.unmodified

ISOTXS.unmodified

dif3d_init.inp

dif3d_init.inp

dif3d_init.out

dif3d_init.out

dif3d_adjoint.inp

BaseAdjoint.inp

dif3d_adjoint.out

BaseForward.inp

dif3d_forward.inp

BaseForwardorAdjoint. GEODST

dif3d_forward.out

BaseForwardorAdjoint.ISOTXS

P_dif3d_problem0001.inp

BaseForwardorAdjoint. LABELS

P_dif3d_problem0001.out

BaseForwardorAdjoint. NDXSRF

P_dif3d_problem0002.inp

BaseForwardorAdjoint.ZNATDN

P_dif3d_problem0002.out P_PT DOPPLER 01.inp
S_dif3d_problem0002_A.inp P _PT DOPPLER 01.GEODST
S_dif3d_problem0002_A.out P_PT_DOPPLER 01.ISOTXS
S_dif3d_problem0002.inp P_PT_DOPPLER 01.LABELS
S dif3d_problem0002.out P_PT DOPPLER 01.NDXSRF
S _dif3d_problem0003.AdjointGamma.in®_PT_DOPPLER 01.ZNATDN
S dif3d_problem0003.AdjointGamma.qué PT_DOPPLER 01.inp

S_PT _DOPPLER 01_A.inp

S PT DOPPLER 01.GEODST

S PT DOPPLER 01.1SOTXS

S PT _DOPPLER 01.LABELS

S PT DOPPLER 01.NDXSRF

S PT _DOPPLER 01.ZNATDN

S PT DOPPLER
S_PT_DOPPLER

01_AdjointGamma.inp
01_Adjoint. VARSRC

As seen in Table 5.3, a null PERSENT run geneffdessincluding either the perturbation or
sensitivity problem name (PT_DOPPER in this casenake identification straightforward.
Note that in this situation, the binary interfadcled are also generated which can lead to
multiple copies of files that are identical. Thesdéptions and purposes of each of these files
can be found in the DIF3D manual [1]. It is impaoittéo note that for sensitivity problems the
VARSRC files are used to define inhomogeneous fe@arce problems, which subsequently
requires the use of the inhomogeneous solver discusater in this section. Note that
PERSENT creates output files for each input fileewhMAKE_INPUT_ONLY option is
enabled which can be ignored. Also note that eagpltifile will have to be modified to
change the number of outer iterations to a morkstigavalue in order to run DIF3D. As a
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final note, the forward and adjoint binary fileg adentical for the base case and thus only a
single copy is provided.

The main goal of running the DIF3D calculationstasgenerate the NHFLUX and
NAFLUX files needed by PERSENT for computing thetpebations or sensitivities. From
Tables 5.1 and 5.2, one can identify the keywomliis required to externally include these
files as: FORWARD_FILE, ADJOINT_FILE, FORWARD_PERHILE,
ADJOINT_PERT_FILE, GAMMA_FORWARD_FILE, and GAMMA_ADOINT_FILE.
The first two cases are used to include the forvaard adjoint flux files for the base DIF3D
geometry. The next two cases (*_pert_file) are gpeimputs for each perturbation problem
depending upon what is needed and thus includelditi@nal specification for the associated
perturbation theory problem name. The final inpggamma_* file) are used for the
sensitivity cases and thus specify the flux sohdidor the inhomogeneous Lagrange
multipliers.

The remaining control inputs are primarily found Trable 5.1 and consist of:
force_full_flux, dlayxs_input, dif3d_input, and 8d_executable. The last three allow the user
to select alternative locations for the DLAYXS filéefault is ./DLAYXS), the DIF3D input
deck (default is ./dif3d.inp), and the DIF3D exexhlé (./dif3d.x). The most difficult control
input to explain and understand is the force_fldi finput. This input is an artifact of the
historical usage of the DIF3D code and is by defautned on. In the conventional
VARIANT methodology, the flux within each node cha expanded into a high order set of
spherical harmonics such ag. B a P; scattering kernel is used, the conventional DIF3D-
VARIANT code obviously only needs a Flux expansion to apply to the scattering kernel
and thus only builds fsized matrices and vectors for the final iteratsystem. In this
situation, the resulting NHFLUX file does not cantaufficient information to apply the;P
operator (it only has thesABmoments) thus resulting in a residual amount obremn the
perturbation or sensitivity calculations. Consedlyernt is strongly suggested that this flag
always be turned on, as it will force DIF3D-VARIAN® produce a NHFLUX file with the
full P; expansion. Note that this does result in more adatfpnal expense, but should yield
the most accurate result possible. Also note tERFENT does not allow the NHFLUX file
provided to be of higher order than the operatot,tdoes allow a lower order NHFLUX file
to be used such that one can assess the impodétieetruncation.

In order to use the perturbation or sensitivityutsy we will routinely need to group
isotopes or compositions together and thus the (SRH _LIST and ZONE_LIST were
included. The “isotope_list” input can be found kigure 5.1, and its purpose is to
conglomerate the treatment of different isotopesras In many fast reactor problems, it is
not uncommon to evaluate isotope wise cross sed@ba at different regions of the domain
when using a coarse energy group structure (say@8Bps). This typically leads to multiple
definitions of each isotope in the problem (or 1SGTfile) which should all change in the
same manner. To manage this, the perturbation amditsvity codes were set up to
manipulate an isotope set rather an individualojget as discussed in Section 3. The
“zone_list” input has a similar purpose excepsityipically used to define specific areas (such
as that needed for power fraction) which are remglifor some sensitivity calculations.
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5.2 PERSENT Perturbation Input

The primary usage of PERSENT today is on pertusbaproblems used to calculate
point kinetics parameters. The most common of theshe A and 8 operations which are
engaged by including the keyword input “lambda_hetsi’ as shown in Table 5.2 and Figure
5.1. Because both of these constants only regheddrward and adjoint, they are handled
simultaneously rather than independently. Thisdeststent with the fact that the routines
which generate/\ and B are not appropriate for use within the sensitivigiculations

discussed later. The act of requestihgand 3 tells PERSENT to look for the DLAYXS file
in the path specified by the associated input.

One issue to deal with is that the mapping betw8&T XS and DLAY XS isotopes is
not entirely clear. Noting that ISOTXS allows usersassign an alias to each isotope (u238a,
u238b, u238c, etc.) stored in HISONM on ISOTXS, t#esumption by VARI3D and
PERSENT is that the original “ENDF” isotope namesigsred in the isotope-wise HABSID
location on ISOTXS. The DLAYXS file is typically ated using the HABSID name noting
that the mapping is thus obvious by comparison ABBID on the ISOTXS and DLAYXS.
This is the assumed approach, however, PERSENT clisoks the HISONM against the
HABSID name assuming that some users might creatd imput. If fissionable isotopes are
not mapped successfully, PERSENT will issue a waywif the form:

[PERSENT]...Warning::: Fissionable ISOTXS isotope PU239H is not mapped to any DLAYXS data
[PERSENT]...Warning::: Fissionable ISOTXS isotope U238H is not mapped to any DLAYXS data

Clearly this will be a serious problem in this exdenas these isotopes should have delay
neutron data present. To fix these issues, one oaesthe SET_DELAY option which will
assign a given ISOTXS HISONM to a given DLAYXS HABSas directed by the user. For
the above warnings, one might utilize the input

SET_DELAY U238H U-2387
SET_DELAY PU239H PU2397

The remaining perturbation problem inputs are: AtjXS, Adjust Density, and
Adjust_Zone. Starting with Adjust_XS, from Figurpone can see that the user needs to
assign a problem name followed by the METHOD, thgoms for which are specified at the
bottom of Figure 5.2. The suggested usage is GENHR2D PT in all cases (a detailed
discussion is given in Section 3). The remainiruuils for Adjust_XS are the specification of
an isotope list, the cross section to manipulatel Bow it is to be manipulated. As an
example, one can specify the input:

ADJUST_XS u238gamma GENERALIZED_PT all_u238 gamma 1l .010.033

In this case, the user named the perturbation 88w, selected all U238 in the domain
(assumed what was in the isotope list), selected gloup 3 gamma cross section and
modified it by multiplying by 1.01 and adding 0.0o0 impose multiple changes to a given
perturbation, one only needs to include multipleed with the same perturbation problem
name such as:
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ADJUST_XS u238gamfis GENERALIZED_PT all_u238 gamma 1.010011
ADJUST_XS u238gamfis GENERALIZED_PT all_u238 gamma 1.030.022
ADJUST_XS u238gamfis GENERALIZED_PT all_u238 gamma 1.050.033
ADJUST_XS u238gamfis GENERALIZED_PT all_u238 fissio n0.990.011

Note that the given perturbation problem must bettdf same type and that TOTAL,
NUFISSION, CHI, POWER, STANDARDSET, and EVERYTHIN&e not valid selections
for the XS modification.

The input for the Adjust_Density perturbation perblis very simple and only done to
avoid introducing a new composition (zone) into DE-3D problem. A simple example
using multiple lines in a single perturbation cawritten as

ADJUST _Density coredensity GENERALIZED_PT icore 1.1 0
ADJUST_Density coredensity GENERALIZED_PT mcore 0.9 3
ACJUST Density coredensity GENERALIZED_PT ocore 1.04

As can be seen, the treatment is similar to ADJUST except for the reduced content of
information.

The ADJUST_ZONE input is by far the most used pédtion option of the three. Its
purpose is to replace zones in the problem to sitaypartial material density changes (such
as sodium) or changes in temperature or contrd.rbdich like the preceding two inputs, we
can write a simple example as

ADJUST_ZONE doppler GENERALIZED_PT icore icoreT
ADJUST_ZONE doppler GENERALIZED_PT mcore mcoreT 1. 01
ADJUST_ZONE doppler GENERALIZED_PT ocore ocoreT

It is important to note that this input can notyorgplace the zone, but also adjust the density
and thus can duplicate the ADJUST_DENSITY pertudoabption. In most cases, users only
replace zones rather than adjust the density.

All of the perturbation problems will be thoroughthecked to ensure the proposed
change is possible and not recursive. As an examopke cannot change composition C1 to
composition C2 and have another line in the saroblem that then changes composition C2
to composition C3. More importantly, part of theH3D structure allows a given composition
to be dependent upon other compositions. This situjescribed as zones (compositions)
composed of subzones (materials or other compasitioAs an example, an assembly
homogenized composition can be composed of fueyctsire, and coolant. The fuel,
structure, and coolant can be defined as subzohéseoassembly zone. The PERSENT
perturbation inputs will allow you select eitherzane or subzone in the problem for the
modification noting that if the same subzone (daycsure) is used in multiple zones, all such
zones will be modified by the perturbation inpuhefe are thus four possible results and
PERSENT will inform the user as to which optiorbe&ing used for each input line for a given
perturbation problem:
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[PERSENT]...Replacing zone 1C21D with copy o fzone 1C21DM
[PERSENT]...Replacing zone IC21E with copy o f subzone IC21EM
[PERSENT]...Replacing subzone IC21F with copy o fzone IC21FM
[PERSENT]...Replacing subzone 1C21G with copy o f subzone 1IC21GM

Note that replacement of a subzone can impact phelliones and that one can specify the
promotion (duplication) of a subzone as a zone.

5.3 PERSENT Problem Edits Input

The last part of the perturbation input is likelyhet most important:
PROBLEM_EDITS. Figure 5.1 shows the full listinga@ftions which can be summarized as:
isotope, mesh, group, region, area, balance, masgue, family, export_vtk, file_name.
Table 5.4 indicates which output options are sujggbloy which perturbation problems.

Table 5.4. Supported Problem Edits for Perturbaflooblems
Input Option N XS | Density | Zone

PRINT_BY_ ISOTOPE
PRINT_BY_MESH
PRINT_BY_ GROUP
PRINT_BY_REGION
PRINT_BY_AREA
PRINT_BALANCE
PRINT_BY_MASS
PRINT_BY_UNIQUE
PRINT_BY_FAMILY

file_name X
EXPORT_VTK X

><><><><><><~Q

X
X
X
X
X

><><><><><

X
X
X
X
X

X X X
X X X

X[ > [ X[

As seen in Table 5.4, all of the perturbation peofid support the export of the result to an
external file (file_name) rather than the standautput (screen). All of them also support the
exporting of data to a VTK file [25] which can beead to view the geometry and distribution
of the perturbation using a tool like VISIT [26h the case of3, only the total value (i.e.
sum over all families) is exported for visualizatidNote that if EXPORT_VTK is enabled,
the problem name will be used in the outputted Mil&such as: “LAMBDA.vtk”.

Of the remaining edits, PRINT_BY_MESH and PRINT_BXROUP are the easiest
to understand. They will generate massive tabledatd associated with the mesh and energy
breakdown of a given perturbation. PRINT_BY_REGI@N generate output of the form:
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[PERSENT]...|Region| Numerator | Numerator /
[PERSENT]...| | | Sum[Denominator] |
[PERSENT]...|ROD1 | -1.266E+20| -2.851E-02]
[PERSENT]...|CORE1 | 0.000E+00| 0.000E+00|
[PERSENT]...|ROD2 | -3.065E+20| -6.901E-02|
[PERSENT]...|ROD3 | -3.065E+20| -6.901E-02|
[PERSENT]...|CORE2 | 0.000E+00| 0.000E+00|
[PERSENT]...|ROD4 | -1.312E+20| -2.954E-02|
[PERSENT]...|ROD5 | -1.312E+20| -2.954E-02|
[PERSENT]...|BLAN | 0.000E+00| 0.000E+00|
[PERSENT]...|REFL | 0.000E+00| 0.000E+00]|

The CORE1 and CORE2 regions are DIF3D regions fisatkby geometry input in the
DIF3D input file. By adding the PRINT_BALANCE optio this table of data will be
modified to include:

[PERSENT]...|Region| Numerator | Numerator/ = Leakage + Capture ...
[PERSENT]...| | | Sum[Denominator] | [
[PERSENT]...|ROD1 | -1.266E+20| -2.851E-02| 4.367E-05|-2.598E-02 ...
[PERSENT]...|CORE1 | 0.000E+QQ| 0.000E+00| 0.000E+00| 0.000E+00 ...
[PERSENT]...|ROD2 | -3.065E+20| -6.901E-02| 5.035E-04|-6.395E-02
[PERSENT]...|ROD3 | -3.065E+20] -6.901E-02| 5.035E-04|-6.395E-02
[PERSENT]...|CORE2 | 0.000E+QQ| 0.000E+00Q| 0.000E+00| 0.000E+00
[PERSENT]...|ROD4 | -1.312E+20] -2.954E-02| 3.562E-03|-3.044E-02
[PERSENT]...|RODS5 | -1.312E+20| -2.954E-02| 3.562E-03|-3.044E-02
[PERSENT]...|BLAN | 0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00
[PERSENT]...IREFL | 0.000E+00I 0.000E+00] 0.000E+00| 0.000E+00

where the remaining column wise input is

+ Fission + Out Scatter - In Scatter - Production | n2n |

| I | | Il |

| 0.000E+00| -1.700E-02| -1.444E-02| 0.000E+0 0]| 0.000E+00|
| 0.000E+00| 0.000E+00| 0.000E+00| 0.000E+0 0|| 0.000E+00]|
| 0.000E+00| -4.367E-02| -3.811E-02| 0.000E+0 0]| 0.000E+00|
| 0.000E+00| -4.367E-02| -3.811E-02| 0.000E+0 0|| 0.000E+00]
| 0.000E+00| 0.000E+00| 0.000E+00| 0.000E+0 0]| 0.000E+00|
| 0.000E+00| -2.089E-02| -1.823E-02| 0.000E+0 0|| 0.000E+00]|
| 0.000E+00| -2.089E-02| -1.823E-02| 0.000E+0 0]| 0.000E+00|
| 0.000E+00| 0.000E+00| 0.000E+00| 0.000E+0 0|| 0.000E+00]|
| 0.000E+00| 0.000E+00| 0.000E+00| 0.000E+0 0|| 0.000E+00]

From these two segments of output, the total vakietaken to be Numerator/Sum
[Denominator]. In the balance edit this is equathe sum of leakage, capture, fission, out
scatter, in scatter and production. These areh®gbsolute values, but merely the change in
the quantities for the perturbation being stud@de can see there is no change in the fission
cross section for this problem. It is also importem note that we provide the N2N as an
auxiliary output with the balance edits. All of #eeterms are easy to understand and are
implemented using classic diffusion theory. Thisamethat any error resulting from using a
transport versus diffusion representation is dumpetb the “leakage” term. As a
consequence, the balance numbers can only be eoedidestimates unless DIF3D-
VARIANT is being used on a diffusion calculation.

The PRINT_BY_AREA option is virtually identical tthe PRINT_BY_REGION
option except it reports the breakdown for the usdefined “areas” provided in the base
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DIF3D deck. If no areas are defined, no data wellpbinted. It is important to note that great
care was taken to ensure that duplicate regiorladad in a given area do not produce an
invalid result for those areas.

From Table 5.4, the PRINT_BY_MASS option is onlyadable for the zone
perturbation option. This option generates the gkan unique isotopic mass resulting from
the perturbation, for example:

[PERSENT]...This perturbation has total core change s in mass of
[PERSENT]...NA23 5 0.8212 kg

[PERSENT]...FE 5 6.4376 kg

[PERSENT]...O-16 5 -3.3761 kg

[PERSENT]...U-238S -25.1226 kg

As shown in Figure 5.1, a unique set of isotopesoisstructed by looking at the isotope
masses included in ISOTXS and mapping to a giveBEIUWD name of each unique isotope.
In this particular case, the perturbation invohzesonsiderable change in the U238 mass
along with changes in oxygen, iron, and sodium. ass breakdown is also printed with
respect to region, area, and mesh depending ugoselkctions chosen, but note that balance
and group edits do not make sense and are noegriMote that the mass edit can also be
exported to a VTK file to verify the intended zoperturbation was applied as expected.
Because the absolute reactivity worth change cap g simple mesh size, the reactivity
worth divided by the total mass change in the n{esfion or area) is also printed out such
that the visualization of the reactivity worth i®re meaningful.

The remaining options PRINT_BY_ISOTOPE, PRINT_BY_IQWE, and
PRINT_BY_FAMILY are only relevant to the delayed uten fraction. If the
print_by_isotope option is triggered, the total ajelheutron fraction will be broken into
contributions by each isotope in the ISOTXS fileheTprint_by family option is only a
modifier on the print_by isotope option which ineska print out of the detailed family
breakdown by each ISOTXS isotope. The print_byoiset option will also cause the
coalesced beta parameters to be generated by IS@DX$pe. The print_by _unique option
only applies to the coalesced beta parametersthatllata for unique isotopes is displayed.

Unlike VARI3D, the total value for any perturbatias printed on a single line. The
adjust_zone, adjust_xs, and adjust_density petioriz will all yield virtually identical
output lines. The\ and g cases have considerably different output files wivee summarize

all of them as:

=PERSENT...

Parameter General PT of TEST1 is -5.0

=PERSENT...Family beta(i) lambda(i)
=PERSENT... 1 9.83991E-04 3.00000E-02
=PERSENT... 2 9.14141E-04 1.00000E+00

0000E-01 k-eff A 8.2219642E-01 F 5.8266324E-01

=PERSENT...Parameter First O PT of FO_TEST1 is -5.0 0000E-01 k-eff A 8.2219642E-01 F 8.2219642E-01
=PERSENT...Parameter General PT of TEST7 is-7.5 2291E-01 k-eff A 8.2219642E-01 F 5.0798881E-01
—PERSENT...Parameter LAMBDA Gen time 3.54011E-07 P rompt Lifetime 4.38089E-07 k-eff 1.2375001E+00
=PERSENT...Parameter BETA is 1.89813E-03 de nominator 1.11773E+21 k-eff 1.2375001E+00
=PERSENT...Domain coalesced kinetics parameters for unique isotope PU239S

=PERSENT...Family beta(i) lambda(i)

—PERSENT... 1 9.83991E-04 3.00000E-02

—PERSENT... 2 9.14141E-04 1.00000E+00

=PERSENT...Domain coalesced effective point kinetic s parameters

(Note that we have stripped off the “denominatoditpof each line from all but the beta
output in order to display the above output.) Fribiis example output, one should note the
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adjoint eigenvalue of the perturbed configuratiod &orward eigenvalue of the base case are
provided which should yield an identical reactiwtgrth to that given on each line (assuming
Generalized PT or General PT above). Any erroremes! in between the reported value and
the one obtained with the two eigenvalues has &fyidoeen found to be a result of an
insufficient spatial approximation or failure toeuthe force_full_flux option. Note that fak,

PERSENT gives the generation timg in addition to the targeted prompt neutron lifetim
For g3, it is common to get the total delayed neutroetfcan as done in the example, but it is
also common to produce a set of core coalescedngéeas which appear after the tojal
value is given. These are the values that typicailybe used in a point kinetics code and we

note that they are broken down by unique isotopedisated in the example. In this case, the
A, values correspond to the delay constants for &anfy.

5.4 PERSENT Sensitivity Input

The sensitivity problem inputs for PERSENT are motich different from the
perturbation problem inputs. From Figure 5.1 one sae that the sensitivity problems are
done sequentially with respect to the perturbagimblems but that each sensitivity problem
can invoke a perturbation problem. In PERSENT, pesturbation problem that is identified
as a sensitivity case is eliminated from the lisp@rturbation problems and thus a subsidiary
of the sensitivity problems.

Much like the PROBLEM_EDITS input for perturbatiorproblems, the
SENSITIVITY_EDITS input is used to define additionedits for a sensitivity problem.
Given a valid sensitivity problem name, there amty awo other valid inputs: file_name and
print_perturbation. The file_name specifies the fib which the sensitivity data is to be
written instead of writing to the screen. The prp#rturbation input is optional noting that the
problem edits specified for any perturbation prablénhat is subsidiary to a given sensitivity
problem are disabled by default.

Starting with the/A and g calculations, the sensitivity operation on eitieor g is
independent of the other and thus we have two a@parsensitivity inputs:
SENSITIVITY_LAMBDA and SENSITIVITY_BETA. The inputfor these two is very
simple and only requires a problem name as show¥igare 5.2. One can invoke multiple
sensitivities of each parameter using different bjgm names as desired. The
LAMBDA_BETA input option does not have to be usedirtvoke either sensitivity. At this
time, the sensitivity _beta option does not supguetbreakdown of the sensitivity by family
as discussed in Section 3. This is primarily duethte cost involved in performing the
sensitivity calculation and user feedback thatdaswot necessary at this time.

The sensitivity input option SENSITIVITY_KEFF is mesimilar to A and g3 in that
it only requires a problem name. The REACTION_WORIiRdut is a bit more difficult to
understand but it merely requires a problem nanllewed by the associated perturbation
problem name. In this latter case, we refer topheblem name assigned on an adjust_xs,
adjust_density, or adjust_zone input card. As noaetl, this will cause all parts of the
perturbation problem to be done as a subsidianygiahe sensitivity problem where all input
options on the problem_edits are propagated throdfghnote that print_perturbation must be
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assigned to the given sensitivity probleior reaction worth sensitivities, first order
perturbations is not supported, and thus all first order perturbation theory methodologies will
be automatically promoted to generalized perturbation ones.

The remaining sensitivity options are more compleREACTION_RATE,
REACTION_RATIO, and POWER_FRACTION. The power_fiant only requires a zone
list beyond the normal problem name definitionthis case, the zones that are to appear in
the numerator of the power fraction are providesl iZONE_LIST input. The reaction_rate
input is similar to the power_fraction, howevere tkey difference is that by using separate
reaction_rate lines, one can isolate the contmmstifrom similar isotopes in different zones
to the reaction rate of interest. From Figure Brie can define input of the form

REACTION_RATE CAPTURE_C1_C2 ALL_NA CAPTURE C1_REGONS
REACTION_RATE CAPTURE_C1_C2 ALL_FE CAPTURE C2_REGONS

In this case, the capture from any Na isotopesappgin the C2 regions will not be included
in the reaction rate. Note that use of the reaatada sensitivity is only valid for a problem
that does not contain fissionable isotopes.

The REACTION_RATIO sensitivity is very similar the reaction_rate input but has
double the input because it contains the ratiowaf teaction rates. From Figure 5.2, the
numerator selection of isotopes comes before therdeator set such that an example input
would have the form:

REACTION_RATIO Alpha_U28c ALL_ISO ALPHA C1_ZONES  ALL_U238 CAPTURE ENTIRE_CORE
REACTION_RATIO Alpha_U28c ALL_U238 ALPHA C2_ZONES  ALL_U238 CAPTURE ENTIRE_CORE

In this example, we select the alpha productiomfrall isotopes in the C1 zones and the
alpha production from just U-238 isotopes in the @fhes as the numerator. In the
denominator, we include the capture rate of all33-th the core. Similar to the reaction_rate
input, the isotopes and regions of both the nureratd denominator reaction rate are not
assumed to overlap. In all cases, the reactionused in either the numerator or denominator
must be constant. Note that power_fraction is floeeea special case of the reaction_ratio
input. As a final note, NU, CHI, PISCATTER, P1lELAST P1INELASTIC, P1N2N,
STANDARDSET, and EVERYTHING are invalid as reactioate selections for the
reaction_rate and reaction_ratio sensitivities.

The only remaining sensitivity-related input is teection of alpha (i.e., the type of
cross section to change and the magnitude of V@miat the finite difference approximation
of the derivative) controlled by SELECT_ALPHA. Anrgble example for a given sensitivity
problem can be written as

SELECT_ALPHA Alpha_U28c ALL_U238 GAMMA 1.01
SELECT_ALPHA Alpha_U28c ALL_U238 PROTON 1.01
SELECT ALPHA Alpha U28c ALL P239 EVERYTHING 0.90

In this case, we have three separate inputs spegitlifferent combinations of isotopes and
reactions. For the first line, we select all U-288the domain and compute the sensitivity
with respect to changes in the gamma cross sedifmsecond line specifies the proton cross
section of all U-238. The final line is the expettaser input which will invoke the
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computation of sensitivities to all cross sectiafisall Pu-239 isotopes in the domain. The
alpha selections are not merged, but it is importannote that each line is treated in a
separate branch of the sensitivity calculation #ng the table of data for the same set of
isotopes can appear multiple times depending upenstlection of input. This obviously
infers duplication of effort, but it is assumedtthauser would not do this. Note that TOTAL
and NUFISSION are not valid options for alpha setes. The STANDARDSET option will
automatically invoke NU, FISSION, CHI, CAPTURE, GARA, ELASTIC, INELASTIC,
N2N, and P1SCATTER options for sensitivity. The CQAMRE selection will invoke
simultaneous changes in GAMMA, ALPHA, PROTON, DEWRGE@N, and TRITIUM.
Similarly, the SCATTER will invoke simultaneous ctgges in ELASTIC, INELASTIC, and
N2N while P1SCATTER will affect the P1IELASTIC P1INESTIC, and P1N2N options.
The CHI alpha changes are carried out such thiatribt renormalized which is consistent
with the literature.

5.5 Example PERSENT Output

From the preceding discussion, it should not bees®ary to completely display a
PERSENT perturbation or sensitivity input deck. €eouently, we assume the reader can
review the DIF3D and PERSENT example inputs wheouwdising the output of PERSENT in
this section. The first problem to study is exampteblem #5. It is a two-dimensional
hexagonal geometry and has a series of perturbptmriems. An excerpt of the output from
the RC_TO_RD perturbation from example #5 is giveRigure 5.3.

As can be seen in Figure 5.3, each PERSENT petianbproblem is signaled with stating
the problem name (RC_TO_RD), its type (zone pedtiob), and the methodology
(generalized perturbation theory). It also indisatdich DIF3D output file is associated with
the perturbation (P_dif3d_problem0001.out). Givdmatt this is a zone perturbation
(ADJUST_ZONE) the input immediately appearing aftex header is the list of which zones
modified in order to impose the perturbation (z& s replaced with zone RD). After this is
complete, the input is fully prepared and, giveat tthis is a generalized perturbation theory
problem, DIF3D is invoked to obtain the perturbddMLUX file. In a first order perturbation
theory problem, DIF3D will be invoked to obtain themogenized cross section data.

After the DIF3D code returns the solution of thetpded problem, PERSENT issues
a single line of output to indicate that it is merhing the numerator and denominator inner
products which it subsequently displays accordmthe selected problem_edits. In this case,
the selection clearly chose PRINT_BY_MESH, PRINT_BREGION, and
PRINT_BALANCE. The total reactivity worth was contpd to be -0.2256. One can easily
grep the perturbation output out of a complicataetpot file due to the leading “=PERSENT”
printing on the relevant output lines.

The next section of output is taken from the samangple problem but for the
FO_RC _TO_RD perturbation. In this case, we havectted the output in Figure 5.4. Note
that the PRINT_BY_MASS option was clearly invokedthis case along with the options
used for RC_TO_RD. The inclusion of print_by masarty triples the output where the first
section of output is just the total mass changesfiy@ change in iron). Focusing only on the
total values, one finds a 3.67 kg change in masdtexl from this perturbation yielding a total
-0.344 change in reactivity and -0.0937 changeattivity per unit change in mass.
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[PERSENT]...ociiiiiiiiieeieenesie e
[PERSENT]...Problem RC_TO_RD is a zone pert
[PERSENT]...Associated DIF3D output is P_dif3d_prob
[PERSENT]....ciiiiiiiiiieieenese e
[PERSENT]...Replacing zone RC with copy o
[PERSENT]...Running DIF3D to get the perturbed forw
[PERSENT]...Performing the DIF3D-VARIANT numerator/
[PERSENT]...Start of numerator/sum(denominator) tab
1 2 3 4
11 0.000E+00 0.000E+00 0.000E+00 0.000E+00
10 0.000E+00 0.000E+00 0.000E+00 0.000E+00
9 0.000E+00 0.000E+00 0.000E+00 0.000E+00
8 0.000E+00 0.000E+00 0.000E+00 0.000E+00
7 0.000E+00 0.000E+00 0.000E+00 0.000E+00
6 -9.847E-03 0.000E+00 0.000E+00 0.000E+00
5 0.000E+00 0.000E+00 0.000E+00 0.000E+00
4 -2.300E-02 0.000E+00 0.000E+00 -2.300E-02
3 0.000E+00 0.000E+00 0.000E+00 0.000E+00
2 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1-2.851E-02 0.000E+00 0.000E+00 -2.300E-02
[PERSENT]...Region edits for General PT of RC_TO_RD
[PERSENT]...|Region| Numerator | Numerator / =

[PERSENT]...] | | Sum[Denominator] |

[PERSENT]...|ROD1 | -1.266E+20| -2.851E-02|
[PERSENT]...|CORE1 | 0.000E+00| 0.000E+00|
[PERSENT]...|ROD2 | -3.065E+20| -6.901E-02]
[PERSENT]...|ROD3 | -3.065E+20| -6.901E-02|
[PERSENT]...|CORE2 | 0.000E+00| 0.000E+00|
[PERSENT]...|ROD4 | -1.312E+20| -2.954E-02|
[PERSENT]...|RODS5 | -1.312E+20| -2.954E-02|
[PERSENT]...|BLAN | 0.000E+00| 0.000E+00|
[PERSENT]...|REFL | 0.000E+00| 0.000E+00]|

=PERSENT...Parameter General PT of RC_TO_RD

urbation using GENERALIZED_PT
lem0001.out
fzone RD
ard solution
denominator operations
le for General PT of RC_TO_RD

5 6 7 8
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 -9.847E-03 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E
0.000E+00 -9.847E-03 0.000E+00 0.000E+00 0.000E

Leakage + Capture + Fission + Out Scatter - In

| | I |

4.367E-05|-2.598E-02| 0.000E+00| -1.700E-02| -1
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| O
5.035E-04[-6.395E-02| 0.000E+00| -4.367E-02| -3
5.035E-04/-6.395E-02| 0.000E+00| -4.367E-02| -3
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| O
3.562E-03|-3.044E-02| 0.000E+00| -2.089E-02| -1
3.562E-03|-3.044E-02| 0.000E+00| -2.089E-02| -1
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| O
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| O

is -2.25609E-01 denominator 4.44105E+21 k-eff A

9
+00
+00
+00
+00
+00
+00
+00
+00
+00
+00
+00

10
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

11
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

Scatter - Production || n,2n |

I
A44E-02)
.000E+00|
811E-02|
811E-02
.000E+00|
823E-02)
823E-02)
.000E+00|
.000E+00|

Il I
0.000E-+00]| 0.000E+00
0.000E+00]| 0.000E+00]
0.000E-+00]| 0.000E+00
0.000E+00]| 0.000E+00
0.000E+00]| 0.000E+00|
0.000E-+00]| 0.000E+00
0.000E+00]| 0.000E+00]
0.000E+00]| 0.000E+00]
0.000E+00]| 0.000E+00|

1.1444027E+00 F 9.0956324E-01

Figure 5.3. PERSENT Output for RC_TO_RD Perturlvafrom Example Problem #5.
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=PERSENT

[PERSENT]...

[PERSENT]..
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...|
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
=PERSENT...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
=PERSENT..
[PERSENT]...
[PERSENT]...
[PERSENT]...|
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...

Problem FO_RC_TO_RD

is a zone pert

.This perturbation has total core change

NA23 5 -0.6254 kg
FE 5 2.3705 kg
0-165 0.5589 kg
B-10 5 0.2113 kg
CcC 5 1.1595 kg
Region edits for mass(kg) change for FO
|Region| Numerator | Numerator / |
| Sum[Denominator] |
|[ROD1 | 0.000E+00] 2.827E-01]
|CORE1 | 0.000E+00| 0.000E+00|
|ROD2 | 0.000E+00| 8.480E-01|
|ROD3 | 0.000E+00| 8.480E-01|
|CORE2 | 0.000E+00| 0.000E+00|
|[ROD4 | 0.000E+00] 8.480E-01|
|[ROD5 | 0.000E+00| 8.480E-01|
|BLAN | 0.000E+00| 0.000E+00|
|REFL | 0.000E+00| 0.000E+00|
Parameter mass(kg) change for FO_RC_TO_R
Region edits for First O PT of FO_RC_TO
|Region| Numerator | Numerator / =
| | Sum[Denominator] |
|ROD1 | -2.028E+20| -4.497E-02|
|CORE1 | 0.000E+00| 0.000E+00|
|ROD2 |-4.631E+20| -1.027E-01]
|RODS3 | -4.631E+20| -1.027E-01]
|CORE2 | 0.000E+00| 0.000E+00|
|ROD4 | -2.118E+20| -4.697E-02|
|RODS5 |-2.118E+20| -4.697E-02|
|BLAN | 0.000E+00| 0.000E+00|
|REFL | 0.000E+00]| 0.000E+00|
.Parameter First O PT of FO_RC_TO_RD
Region edits/mass(kg) for First O PT of
|Region| Numerator | Numerator / =
| Sum[Denominator] |
|ROD1 | -7.173E+20| -1.591E-01]
|CORE1 | 0.000E+00| 0.000E+00|
|ROD2 | -5.460E+20| -1.211E-01|
|RODS3 | -5.460E+20| -1.211E-01|
|CORE2 | 0.000E+00| 0.000E+00|
|ROD4 | -2.497E+20| -5.539E-02]
|RODS5 | -2.497E+20| -5.539E-02|
|BLAN | 0.000E+00| 0.000E+00|
|REFL | 0.000E+00]| 0.000E+00|
...Parameter First O PT of FO_RC_TO_RD

urbation using FIRST_ORDER_PT

s in mass of

_RC_TO_RD

D is 3.67485E+00 denominator 0.00000E+00 k-eff A
_RD
Leakage + Capture + Fission + Out Scatter - In

1.764E-06|-4.192E-02| 0.000E+00| -2.014E-02| -1
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| 0
2.551E-04|-9.672E-02| 0.000E+00| -4.898E-02| -4
2.551E-04|-9.671E-02| 0.000E+00| -4.898E-02| -4
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| 0
1.756E-03|-4.575E-02| 0.000E+00| -2.333E-02| -2
1.756E-03|-4.575E-02| 0.000E+00| -2.333E-02| -2
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| O
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| 0
is -3.44317E-01 denominator 4.50882E+21 k-eff A
FO_RC_TO_RD

Leakage + Capture + Fission + Out Scatter - In

| [ | |

6.240E-06|-1.483E-01| 0.000E+00| -7.124E-02| -6
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| O
3.008E-04|-1.140E-01| 0.000E+00| -5.775E-02| -5
3.008E-04|-1.140E-01| 0.000E+00| -5.775E-02| -5
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| 0
2.070E-03|-5.395E-02| 0.000E+00| -2.751E-02| -2
2.070E-03|-5.395E-02| 0.000E+00| -2.751E-02| -2
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| O
0.000E+00| 0.000E+00| 0.000E+00| 0.000E+00| 0

is -9.36955E-02 denominator 4.50882E+21 k-eff A

0.0000000E+00 F 0.0000000E+00

Scatter - Production || n,2n |
I |

.709E-02| 0.000E+00|| 0.000E+00|
.000E+00| 0.000E+00|| 0.000E+00|
.273E-02| 0.000E+00|| 0.000E+00|
.273E-02| 0.000E+00|| 0.000E+00|
.000E+00| 0.000E+00|| 0.000E+00|
.035E-02|  0.000E+00|| 0.000E+00|
.035E-02| 0.000E+00|| 0.000E+00|
.000E+00| 0.000E+00]|| 0.000E+00|
.000E+00| 0.000E+00|| 0.000E+00|

1.1444027E+00 F 1.1444027E+00

Scatter - Production || n,2n |

| Il |
.045E-02| 0.000E+00|| 0.000E+00|
.000E+00| 0.000E+00]|| 0.000E+00]|
.039E-02| 0.000E+00|| 0.000E+00]|
.039E-02| 0.000E+00|| 0.000E+00]|
.000E+00| 0.000E-+00]|| 0.000E-+00|
.400E-02| 0.000E+00|| 0.000E+00|
400E-02| 0.000E+00|| 0.000E+00]|
.000E+00| 0.000E+00]|| 0.000E+00]|
.000E+00| 0.000E-+00]|| 0.000E+00|
1.1444027E+00 F 1.1444027E+00

Figure 5.4. PERSENT Output for FO_RC_TO_RD Pertiiwhadrom Example Problem #5.
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[PERSENT]

[PERSENT]

[PERSENT]...

[PERSENT]...
[PERSENT]...
[PERSENT]...|
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
=PERSENT...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
[PERSENT]...
=PERSENT...
=PERSENT...
=PERSENT...
=PERSENT...
=PERSENT...
=PERSENT
=PERSENT..
=PERSENT...
=PERSENT...
=PERSENT...
=PERSENT
=PERSENT...
=PERSENT...

Problem LAMBDA BETA is infamous

Region edits for LAMBDA
|Region| Numerator | Numerator / |
| Sum[Denominator] |
5.854E-09|
1.535E-07|
1.352E-08|
1.352E-08|
2.142E-07|
6.396E-09|
6.396E-09|
2.589E-08|
1.350E-09|

|[ROD1 | 2.640E+13|
|[COREL| 6.922E+14]
|[ROD2 | 6.095E+13]
|[ROD3 | 6.095E+13]
|CORE2 | 9.658E+14]
|[ROD4 | 2.884E+13]
|[RODS5 | 2.884E+13]
IBLAN | 1.168E+14

|REFL | 6.088E+12

Parameter LAMBDA Generation time 4.4062

Region edits for Parameter BETA is
|Region| Numerator | Numerator / |
| | Sum[Denominator] |
|ROD1 | 0.000E+00| 0.000E+00|
|CORE1 | 5.210E+18| 1.155E-03|
|ROD2 | 0.000E+00| 0.000E+00|
|ROD3 | 0.000E+00| 0.000E+00|
|CORE2 | 8.509E+18| 1.887E-03|
|ROD4 | 0.000E+00| 0.000E+00|
|ROD5 | 0.000E+00| 0.000E+00|
[BLAN | 6.073E+17| 1.347E-04|
|REFL | 0.000E+00| 0.000E+00|
Parameter BETA is 3.17720E-03 de
Domain coalesced kinetics parameters for
Family beta(i) lambda(i)

1 9.65553E-04 3.00000E-02

2 8.69127E-04 1.00000E+00

..Domain coalesced kinetics parameters for
.Family beta(i) lambda(i)

1 4.26862E-04 3.00000E-02
2 9.15657E-04 1.00000E+00
Domain coalesced effective point kinetic

..Family beta(i) lambda(i)

1 1.39241E-03 3.00000E-02
2 1.78478E-03 1.00000E+00

3E-07 Prompt Lifetime 5.04251E-07 denominator 4.5

nominator 4.50917E+21 k-eff 1.1444027E+00
unique isotope PU239S

unique isotope U-238S

S parameters

0917E+21 k-eff 1.1444027E+00

ANL/NE-13/8
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The region edits provide the total mass changeelgion, the reactivity worth breakdown by
region and balance edit, along with the reactiwtyth per unit mass change éach region
also broken down into the balance edits. It is ingo@ to note that the worth/mass edit cannot
be directly summed to give the total worth/massiltes

The A and B output from example problem #5 is displayed inuiFég5.5. In this case

the user cannot assign the problem name (LAMBDA_REifor the methodology, but the
same type of header is included at the beginnirtheperturbation problem.

Noting that the input only specifies PRINT_BALANGHd PRINT_BY_UNIQUE, one can
see the former clearly forces the region wise editse engaged. The total values/ofand

B are again included on lines starting with “=PERSEMNNd found to be 4.4-10for N,
5.0-10" for A, and 0.00318 forg . Much like the other reactivity worths, the two

components are broken down by region where the stimegions for lambda yieldé\;.

Because the user selected PRINT_BY_UNIQUE, the esoald kinetics parameters are
exported for the unique isotopes. By default, PERBE&vill always generate the coalesced
kinetics parameters for the whole domain when tA®IBDA_BETA option is invoked.

The next input of interest is a sensitivity probldar which we choose example
problem #14. This problem is identical to examplebtem #5 except for the perturbations
chosen for study in PERSENT. In example #14, ascsestion perturbation and zone density
perturbation are studied using the sensitivity aptiln addition to these reactivity worth
sensitivities, an eigenvalue and power fractionsiimity are provided. Figure 5.6 gives the
sensitivity output for the eigenvalue sensitivitydatwo reactivity worths while Figure 5.7
gives the sensitivity output for the power fractiamd reaction rate ratio problems. Note that
the accuracy of the sensitivity calculations iseased in Section 7 of this report.

As seen in Figure 5.6, each sensitivity problemejsorted with a header giving the
problem name, the type of sensitivity, and the e@ssed DIF3D output file. For the
eigenvalue sensitivity, the input provided to PERSEonsists of:

SENSITIVITY_KEFF ReferenceCore
SELECT_ALPHA  ReferenceCore JUST_U238 everythi ng 1.05
SENSITIVITY EDITS ReferenceCore PRINT PERTURBATION

Looking at the output for the eigenvalue sensiiuit Figure 5.6, one can identify the table of
sensitivities which is preceded by a single lineoatput specifying an eigenvalue and the
current isotope set that yields the table of sesitsitdata. From the table of data, one can see
that there are no sensitivities to theseattering data which is due to the fact thatetee no
ansisotropic scattering cross sections in this Iprab The remaining sensitivities vary
considerably in terms of their magnitude, and omild have to do a detailed comparison
with the cross section data to make sense of thdtse

The output in Figure 5.6 continues with the twoctedty worth sensitivities which
have similar output to the preceding eigenvaluesigigity. In both cases, the total reactivity
worth of the perturbation is generated with the if@m“=PERSENT” line. In the first case,
the adjust_xs related worth is reported to be -A5#&hile the adjust_density related worth is
8.0E-5. In both cases the same isotope set is shiosethe sensitivity. Given the relative
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magnitude of the perturbation, we can compare wweresults against each other. As seen,
there are notable differences in the sensitivitredicating the relative importance of the

various reaction rates on the given reactivity WoAs an example, the group 1 gamma
sensitivity for the S_ MODIFY_GAMMA problem is 0.020vhile for S_ MODIFY_DENS it

is 0.00029. Sensitivities less than 1.0E-9 aredorto zero which explains the change in
result for the group 2 proton sensitivities forgadwo problems. Overall, we can state that
the S_MODIFY_DENSITY perturbation is far more sénsi to changes in the U238 cross

sections than the S_MODIFY_GAMMA perturbation.

Moving on to Figure 5.7, one again sees the sape ¢y output observed in Figure
5.6. The major difference is the appearance ofrthemogeneous fixed source output. As can
be seen, the inhomogeneous solver repeatedly D#i8D, requiring 5 iterations for the
power fraction problem and 4 for the reaction redgo problem to achieve the desired
convergence. The “Outers” column indicates the nemmif outer iterations used in each
DIF3D call while the “Total” column tracks the tbtaumber used. The “Full Error” column
gives the iterative error in the entire flux vectal moments of the"&order R flux in this
case) between each call while the “Flat PO Erruout gives the flat f2error which is the
dominate portion of the solution in the variatiomaddal method. First note that this is a
relative error criteria and is not associated wittesidual norm (i.e. it is RMS) thus it will not
account for the relative importance of the varicesnponents. Also note that the full flux
vector result will not achieve convergence as &asthe flat Perror due to the fixed iteration
algorithm used in DIF3D-VARIANT. For all cases, tlggven algorithm provided in the
inhomogeneous fixed source solver will automatjcatljust to meet the desired convergence
by invoking more iterations.

There is a considerable difference in the convergeasult for the full vector and the
Py one for the power fraction, and not so much far thaction rate ratio. This is normal for
the variational nodal method. Clearly we have sé¢hginhomogeneous solver to target the
flat Py error. Because the same isotope set is used ol tle sensitivities, the same reactions
are seen to be non-zero where we note that thed tBeeshold has completely eliminated the
alpha and proton sensitivities from these tablesteNthat the error in the detailed flux
solution would likely negate the accuracy of suehsitivities.

5.6 PERSENT Inhomogeneous Fixed Source Solver

One key part of Figure 5.7 to pay attention tohis total number of outer iterations
required to solve the inhomogeneous problems. ik@pbwer fraction, 50 outer iterations are
required, over double that required to solve theebaEigenvalue problem. For the reaction rate
ratio, 40 outer iterations are required which imewhat over twice as many iterations as the
base eigenvalue problem. Unfortunately, DIF3D isther old code and did not contain an
inhomogeneous solver treatment for VARIANT. Morelgematic is the amount of effort
required to include an inhomogeneous solver witRiF3D due to the issues of loading
multiple NHFLUX and NAFLUX files within the existon ARC system. As a consequence,
we constructed one external to PERSENT which thiffers the computational expense of
having to reform the response matrices with eastarein DIF3D. At this point in time, there
is no plan to update the DIF3D code with an inhoemegpus solver, and thus one must suffer
through using the inhomogeneous solver we provide.
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After using the MAKEINPUTONLY option to generateetIF3D interface files for a
given sensitivity problem one must rename themhto standard DIF3D inputs: GEODST,
ISOTXS, LABELS, NDXSRF, ZNATDN, VARSRC. Given thahe additional dif3d_ifs.x
executable provided with PERSENT has the follondioghmand line input

dif3d_ifs.x <dif3d.x> <dif3d.inp> <dif3d.out> <base .NAFLUX> <base.NHFLUX>
dif3d_ifs.x ../dif3d.x dif3d_gamma.inp dif3d_gamma. out b.NAFLUX b.NHFLUX

Unlike PERSENT, there is no control input file ftif3d_ifs.x as the calculation involved is a
simple DIF3D input problem. The location of the3difexecutable is the first input and is
done similarly to that done in persent.inp showrliexa The “dif3d.inp” input specifies the
DIF3D input file that should come from the null PEBRNT run. While you can specify your
own, it is strongly suggested that you utilize PERS to generate this file. The “dif3d.out”
file is the output file that you wish to accumuléte standard DIF3D output in. The last two
inputs specify the binary flux files for the contie@mal DIF3D calculations.

Note that the number of outer iterations from tHERBENT generated input is
normally set as “-3” such that DIF3D will skip tH&ix solve process. When running
dif3d_ifs.x, one does not need to modify this inputa valid number in order to allow the
inhomogeneous solve to execute properly. The sanmot true for a conventional solution
using dif3d.x which would obviously obey the “-3jecification and thus it must be modified
appropriately. The output from dif3d_ifs.x is vesymilar to the section of output from
PERSENT for the inhomogeneous problem as seereiexbmple from Figure 5.8. Ignoring
the output that is similar to PERSENT, the mostantgnt part is the last line which indicates
where the Lagrange multiplier flux solution is td(NAFLUX in this case).
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[PERSENT].ccoiiiiiiiiiiiiiiiieieeeieeeee

[PERSENT]...Problem REFERENCECORE s a eigenvalu e sensitivity

[PERSENT]...Associated DIF3D output is S_dif3d_prob lem0001.out

g =1 85T = N N

[PERSENT]...Sensitivity of the eigenvalue ~ 1.17 3139 to isotopes in: JUST_U238

[PERSENT]...GROUP ALPHA-> NU FISSIO N CAPTURE GAMMA ALPHA P ROTON TRITIUM

[PERSENT]... 1 9.802356E-02 5.53361 7E-02 -9.736377E-03 -9.736377E-03 0.000000E+00 O. 000000E+00 0.000000E+00

[PERSENT]... 2 3.176608E-04 1.85728 6E-04 -5.414288E-02 -5.414288E-02 -1.625317E-09 -1. 625317E-09 -1.625317E-09 -

[PERSENT]... 3 9.118464E-05 5.93954 5E-05 -1.668830E-01 -1.668830E-01 -1.523392E-09 -1. 523392E-09 -1.523392E-09 -
DEUTERIUM SCATTER ELASTIC INELASTIC N2N P1SCATTER P1ELASTIC P1IN ELASTIC P1N2N
0.000000E+00 -1.818336E-02 5.335414E-03 -2.318884E -02 -2.511916E-04 0.000000E+00 0.000000E+00 0.00 0000E+00 0.000000E+00
1.625317E-09 6.827052E-03 1.321865E-02 -6.316251E -03 0.000000E+00 0.000000E+00 0.000000E+00 0.00 0000OE+00 0.000000E+00
1.523392E-09 8.817657E-03 8.795790E-03 2.266210E -05 0.000000E+00 0.000000E+00 0.000000E+00 0.00 0000OE+00 0.000000E+00

[PERSENT].ccioiiiiiiiiinivi e e

[PERSENT]...Problem S_MODIFY_GAMMA s a isotope p erturbation using GENERALIZED_PT

[PERSENT]...Associated DIF3D output is S_dif3d_prob lem0002.out

[PERSENT]ccoiiiiiiiiiii e e

[PERSENT]...Running DIF3D to get the perturbed forw ard solution

[PERSENT]...Performing the DIF3D-VARIANT numerator/ denominator operations

=PERSENT...Parameter General PT of S_MODIFY_GAMMA is -7.53383E-05 denominator 4.71337E+21 k-eff A 1.1731391E+00 F 1.1730355E+00

[PERSENT]...Running DIF3D to get the perturbed adjo int solution

[PERSENT]...Sensitivity of a cross section perturba tion reactivity worth -7.533834E-05 to isotopes in: JUST_U238

[PERSENT]...GROUP ALPHA-> NU FISSIO N CAPTURE GAMMA ALPHA P ROTON TRITIUM

[PERSENT]... 1 -1.938748E-01 -1.48852 OE-01 1.026925E-02 1.026925E-02 0.000000E+00 O. 000000E+00 0.000000E+00

[PERSENT]... 2 -6.212294E-04 -5.34608 OE-04 3.554787E-02 3.554787E-02 0.000000E+00 O. 000000E+00 0.000000E+00

[PERSENT]... 3 3.807692E-05 -5.19276 6E-05 -4.724920E-01 -4.724920E-01 4.789787E-09 4. 789787E-09 4.789787E-09
DEUTERIUM SCATTER ELASTIC INELASTIC N2N P1SCATTER P1ELASTIC P1IN ELASTIC P1N2N
0.000000E+00 7.967715E-02 -6.221211E-03 8.522802E -02 9.072809E-04 0.000000E+00 0.000000E+00 0.00 0000E+00 0.000000E+00
0.000000E+00 5.856295E-02 7.505002E-03 5.121060E -02 0.000000E+00 0.000000E+00 0.000000E+00 0.00 0000OE+00 0.000000E+00
4.789787E-09 3.020866E-02 3.012966E-02 7.363023E -05 0.000000E+00 0.000000E+00 0.000000E+00 0.00 0000OE+00 0.000000E+00

[PERSENT].cciiiiiiiiiiivinisinieeieneeeee e

[PERSENT]...Problem S_MODIFY_DENS is a density p erturbation using GENERALIZED_PT

=PERSENT...Parameter General PT of S_MODIFY_DENS is 8.03916E-05 denominator 4.71270E+21 k-eff A 1.1731391E+00 F 1.1732497E+00

[PERSENT]...Running DIF3D to get the perturbed adjo int solution

[PERSENT]...Sensitivity of a density perturbation r eactivity worth 8.039165E-05 to isotopes in: JUST_ U238

[PERSENT]...GROUP ALPHA-> NU FISSIO N CAPTURE GAMMA ALPHA P ROTON TRITIUM

[PERSENT]... 1 -1.178197E-01 -1.16538 1E-01 2.916990E-04 2.916990E-04 0.000000E+00 O. 000000E+00 0.000000E+00

[PERSENT]... 2 4.034636E-04 1.36307 4E-04 -1.096351E-01 -1.096351E-01 4.970402E-09 4. 970402E-09 4.970402E-09

[PERSENT]... 3 9.204882E-04 6.97317 7E-04 -1.171551E+00 -1.171551E+00 4.374158E-09 4. 374158E-09 4.374158E-09
DEUTERIUM SCATTER ELASTIC INELASTIC N2N P1SCATTER P1ELASTIC P1IN ELASTIC P1IN2N
0.000000E+00 -1.543202E-01 -7.110557E-02 -8.343732E -02 -6.841724E-04 0.000000E+00 0.000000E+00 0.00 0000OE+00 0.000000E+00
4.970402E-09 -4.906264E-01 -3.589670E-01 -1.331824E -01 0.000000E+00 0.000000E+00 0.000000E+00 0.00 0000OE+00 0.000000E+00
4.374158E-09 -4.630728E-01 -4.619271E-01 -1.192911E -03 0.000000E+00 0.000000E+00 0.000000E+00 0.00 0000E+00 0.000000E+00

Figure 5.6. PERSENT Sensitivity Output for the Eiga@lue and Cross Section and Density Perturbatrons Example Problem #14.
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[PERSENT]...ociiiiiiiiieeieenesie e

[PERSENT]...Problem S_POWER_FRACTION is a power fra
[PERSENT]...Associated DIF3D output is S_dif3d_prob
[PERSENT]..c.cciiiiiiiiiieieie e

[PERSENT]...Calling the inhomogeneous fixed source
[PERSENT]...[Iter|Outers|Total | Full Error |Flat P
%PERSENT]...] 1] 10| 10| 1.5969E+00 | 1.732
%PERSENT]...] 2| 10| 20]|2.0774E+00|1.179
%PERSENT]...] 3| 10| 30|1.2814E-01|1.924
%PERSENT]...| 4] 10| 40|7.1057E-03|7.384
%PERSENT]...] 5] 10| 50|1.3641E-03|6.244
[PERSENT]...Sensitivity of the power fraction
[PERSENT]...GROUP ALPHA-> NU
[PERSENT]... 1
[PERSENT]... 2

FISSIO
-4.934551E-03 -2.72437
-2.069288E-05 -1.88688
[PERSENT]... 3 -6.239335E-06 -7.70296
DEUTERIUM  SCATTER ELASTIC
0.000000E+00 2.021695E-02 4.687867E-03
0.000000E+00 3.152906E-03 3.938085E-03
0.000000E+00 8.717583E-04 8.691959E-04
[PERSENT]..c.ociiiiiiiiieeieienese e
[PERSENT]...Problem RATIO_P39F_U38C is a reaction
[PERSENT]...Associated DIF3D output is S_dif3d_prob
[PERSENT]...ooiiiiiiiiieieieneeeeeeeeene
[PERSENT]...Calling the inhomogeneous fixed source
[PERSENT]...|Iter|Outers|Total | Full Error |Flat P
%PERSENT]...] 1] 10| 10]1.5969E+00 | 1.732
%PERSENT]...] 2| 10| 20]2.5806E+00 | 8.288
%PERSENT]...] 3| 10| 30]2.5676E-01|1.795
%PERSENT]...| 4| 10| 40| 2.7681E-02 | 8.080
[PERSENT]...Sensitivity of the FISSION /ICAP
[PERSENT]...GROUP ALPHA-> NU FISSIO
[PERSENT]... 1 -2.394585E-03 -2.8658
[PERSENT]... 2 -1.329190E-05 1.0922
[PERSENT]... 3 -5.221053E-06 1.9176
DEUTERIUM SCATTER ELASTIC
0.000000E+00 -2.815061E-02 1.354108E-03
0.000000E+00 -3.437940E-02 -1.097997E-02
0.000000E+00 -7.249108E-03 -7.229998E-03

ction sensitivity

lem0004.out

driver for the adjoint Gamma

0 Err| Target |

1E+00 > 1.0000E-05|

3E-01 > 1.0000E-05|

7E-04 > 1.0000E-05|

6E-05 > 1.0000E-05|

OE-06 < 1.0000E-05|

0.692957 to isotopes in: JUST_U238

N CAPTURE GAMMA ALPHA P

8E-02 5.252854E-04 5.252854E-04 0.000000E+00 O.

7E-04 -2.720373E-03 -2.720373E-03 0.000000E+00 0.

7E-05 -9.804319E-03 -9.804319E-03 0.000000E+00 0.

INELASTIC  N2N P1SCATTER P1ELA

1.523983E-02 1.399597E-04 0.000000E+00 0.00000
-8.577372E-04 0.000000E+00 0.000000E+00 0.00000
1.861999E-06 0.000000E+00 0.000000E+00 0.00000

rate ratio sensitivity

lem0005.out

driver for the adjoint Gamma

0 Err| Target |

1E+00 > 1.0000E-05|

5E-04 > 1.0000E-05|

8E-05 > 1.0000E-05|

5E-07 < 1.0000E-05|

TURE reaction rate ratio  1.747984 to

N CAPTURE GAMMA ALPHA P

24E-03 -3.700181E-02 -3.700181E-02 0.000000E+00 0

64E-05 -2.057761E-01 -2.057761E-01 0.000000E+00 0

74E-05 -6.193127E-01 -6.193127E-01 0.000000E+00 0
INELASTIC  N2N P1SCATTER P1ELA
-2.925571E-02 -3.135823E-04 0.000000E+00 0.00000
-2.339482E-02 0.000000E+00 0.000000E+00 0.00000
-1.752770E-05 0.000000E+00 0.000000E+00 0.00000

ROTON TRITIUM

000000E+00 0.000000E+00
000000E+00 0.000000E+00
000000E+00 0.000000E+00

STIC PLlINELASTIC PI1IN2N
OE+00 0.000000E+00 0.000000E+00
OE+00 0.000000E+00 0.000000E+00
OE+00 0.000000E+00 0.000000E+00

isotopes in: JUST_U238

ROTON TRITIUM

.000000E+00 0.000000E+00
.000000E+00 0.000000E+00
.000000E+00 0.000000E+00

STIC P1INELASTIC P1N2N
OE+00 0.000000E+00 0.000000E+00
OE+00 0.000000E+00 0.000000E+00
OE+00 0.000000E+00 0.000000E+00

Figure 5.7. PERSENT Sensitivity Output for the Poeaction and Reaction Rate Ratio from Examplélera #14
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................. DIF3D inhomo
................. Built around the DIF3D-VARIANT sol
Primary code author: Micheal
Argonne National Laboratory Reacto

© COPYRIGHT 2012 UChica

[IFS]...This is the PERSENT based DIF3D-VARIANT inh
[IFS]...Example usage: dif3d_ifs.x <dif3d.x> <dif3
[IFS]...VARSRC should be located in the same locati
[IFS]...The solution will be stored in the NHFLUX o

[IFS]...Creating a modified DIF3D input deck
[IFS]...Running a null DIF3D job to create the inpu

[PERSENT]...|Iter|Outers|Total | Full Error |Flat P
%PERSENT]...| 1] 10| 10| 1.5969E+00 |1.732
%PERSENT]...] 2| 10| 20| 2.5806E+00 | 8.288
%PERSENT]...| 3| 10| 30|2.5676E-01|1.795
%PERSENT]...] 4] 10| 40|2.7681E-02 | 8.080
[IFS]...The adjoint Gamma flux is stored in NAFLUX

DL

geneous fixed source solver

ver for 2-D & 3-D Cartesian & Hexagonal geometries
A. Smith, Won Sik Yang, Gokhan Yesilyurt

r Physics Code (ARC) contact: nera-software@anl.go Veeieeeeeieen
go Argonne, LLC ALL RIGHTS RESERVED

omogeneous solver

d.inp> <dif3d.out> <base.NAFLUX> <base.NHFLUX>
on as the intended running directory

r NAFLUX file depending upon the settings in dif3d. inp

O Err| Target |

1E+00 > 1.0000E-05|
5E-04 > 1.0000E-05|
8E-05 > 1.0000E-05|
5E-07 < 1.0000E-05|

o s

‘vmmnmﬂ

Figure 5.8. PERSENT Example DIF3D-IFS Output froraaple Problem #16.

ANL/NE-13/8




VARI3D & PERSENT: Perturbation and Sensitivity Analysis
M. A. Smith, C. Adams, W. S. Yang, and E. E. Lewis 53

6 Perturbation Theory Examples

The perturbation theory calculations are much easieheck thaithe sensitivity ones
sincethe reactivity worth can be directly compared agiathe computed eigenvalue char
There are numerous verifiion tests provided with PERSENT, but not all averth
discussing in this section. We therefore only foonswo problems as they are used late
the sensitivity verification/validation secti

6.1 Three Group VARI3D verification problem

The first verifcation probler is a three group test problem created for the VAR
code and propagated for use in PERSENT. Thes section data includes 15 isotopes
includes R anisotropic scattering data which is impracticalnclude here as tables. Inste
users camefer to verification problem #included with PERSENT for the cross section ,
noting that the utility program PrintTables canused to print the associated ISOTXS f
The geometry for this problem is lidegreeperiodic hexagonal where trcomposition
specification is shown in Figure €

B Inner Core

M Outer Core Pitch=11.2003cm
B Blanket

anke .
[ Reflector Rings=11

M Control Rod Positions
Figure 6.1 Composition Assignment for PERSENT Verification T#&.

As can be seen in Figure 6.1, there are five mag@npositions loaded into tt
problem which have the isotope loadings defined by T#&bl. As can be seen, the prime
purpose of this benchmark is to study a controlwodth which involves switching all contr
rods in Figure 6.1 from the “Control Rod” to “Emp8ontrol Rod” compositior in Table
6.1. The unrodded eigenvalue was computed withugliih theory to be 1.14440 while t
rodded eigenvalue is 0.90956 leading to a contrlworth of-0.22561. This is obviously tt
reported result from PERSENT evaluated using theraipr. Oneadvantage of usin
PERSENT is that it can also export computed results for visualization as shown in Feg
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6.2 and 6.3. In Figure 6.2 we plot the mesh wisardaution (integrated over energy) to t
total reactivity worth, anéh Figure 6.3 we sha the partial contribution from just group

Table 6.11sotope Loadings for Verification Test

Inner | Outel | Blanket | Reflector| Control Empty
Core Core Rod Control Rot
Pu-239| 0.0011] 0.001!
U-238 | 0.0064| 0.005¢ | 0.0145
Fe 0.0181| 0.018: | 0.0173 0.0181
Na 0.0104| 0.011( | 0.0066 0.0044 0.0104  0.022(
O 0.0149| 0.013¢ | 0.0290 0.0691 0.0149
B-10 0.0090
C 0.0412

-—0.0000

—0.0o07mz2

Figure 6.2 Control Rod Reactivit Worth Distributionfor Verification Test #£

oor fVerification Test #:
From the visualization results, one can see tleténtral control id is clearly wortt

more than the other control rolWe can use the utility program provided with DIF3Lplot
the forward and adjoint flux distributions as showmrFigure 6.-to understand the reactivi
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worth distribution. Note that we use a commonle for all energy groups such that 1
spatial gradients in the flux solution in each gyegroup are sacrificed in favor of showi
the gradient in energy. The forward flux plots chg@how the peak of the flux solution is
the second energy groupe(bw 800 keV and above 8 keV) with a substantiabamt of
neutrons present in the third energy group (beloke®) and about an order of magnitt
less neutrons are present in the first energy grdte radial distribution in all three plc
indicates tle expected central peak. From the adjoint plots, @an see that the first enel
group is the most important for the adjoint whhe third is the least important both of wh
are the intuitive solutions given that neutronsaeduced in the fast oup and scattered in
the thermal ones. Given the strong central peagé®g in all of the flux plots, it should be
surprise that the central control rod will haveighler worth than the outer lying control rc

-2.0009+010

—1.501e+010

-a—w.uuaemu

l:5.0389+009
5.000e+007

-'I .000e+009

—7.503e+008

-—5‘00584{108

l:2508€+{]08
1.000e+006

Max: 2.324e+010
Min: 1.093e+008

Group 1

Max: 481124008
Min: 2.388e+005

Group 1

Man: 2.004e+4010
Mir: 833924007

Group 2

Mo 1.578e+009
Min: 5.432e+000

Group 2

Mai 1.6882+010
Min: 4823e+007

Group 3

Max: 1.425e+009
Min: 1.580e+007

Group 3

Forward Adjoint
Figure 6.4Forward and Adjoint Flux Distributions for Verifiian Test #E£
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6.2 Twenty-one Group PERSENT verification problem

In addition to the preceding verification probleme have als included a mori
conventional 21 grqu fast reactor proble with 120 degree periodic boundary conditi.
The cross section andaterial definitions are tolarge to include as tablebsing the utility
program we created the geometry plot showthe left picture of Figure 6.&8nd the forwrd
and adjoint flux distributions for group 6 (the peaf the forward flux. Note that the axie
meshing used in the calculationvisible where the pitch is 16.2471cthe axial heighis
480.2 cm, and the active cdreightis ~114.94 cm.

3
()
"

—’-,7)

(/

i
(/3

%
o
by,

173024006
| e 124821010

—9.300e+009

—1.2974000

— 7

—B.6492+005

l 4.305e+005
~0,8400

———

)

—6.240e+009

"
7

L

3.1208+009

l:m;D

”
y—!

ot

s
"

s
{4

s
‘=(\\\

L

Forward Group 6 Adjoint Group ¢
Figure 6.5The Geometry and GroupFlux Distributiors for Verification Test #.

The base configuration yield an eigenvalue of 1.04196 in ~%&conds on a mode
workstaion using diffusion theory (1665 nodes witl™ order flux and linear leakag
approximations).As is typical for fast spectrum systems, we areergdted invarious
reactivity worths for use in a point kinetics madel the verification study, we compr the
Doppler feedback and sodium dengeactivity worthsalong with the kinetics paramete/\
and B . The Dopplerreactivity worth calculations was run usingeneralizedperturbation
theory while the sodim density was done using first order perturbatio@oty. Both wert
verified to match comparabMARI3D resuls noting that significant mesh refinement v
necessary in VARI3D. The entire PERSENT calculatiakes ~40 seconds on a mod
workstation to pdorm the 3 flux solves (~33 seconds) followed bg #arious integration:

The reactivity worth of the Doppler coefficient wicalculatedto be -0.002800
(1.03892 was the perturbed eigenvalue) which ighdly different from the resulof
-0.002805 comgpted just usingust the two eigenvalues. This outconsenot unusual an
occursbecause of the iterative error remaining in the folution solver of DIF3D. If on
drives the iterativerror below the current settings of ® on the eigenvalue and  on the
flux, this discrepancy vanisheSimilar to the previous benchmarke caninspect the spati
distribution of the Doppler reactivity worth as sWoin Figure 6.6.

ANL/NE-13/8



VARI3D & PERSENT: Perturbation and Sensitivity Analysis
M. A. Smith, C. Adams, W. S. Yang, and E. E. Lewis 57

.—-1 4862006
~3,5956-006
I—ﬁ. 7006006
7. 8096006
l@.w 56006

Figure 6.6 Doppler Reactivit Worth Distribution for Verification Test #

As was observed in the previous benchmark re (Figures 6.2 and 6.3)he only portion o
the domain that displays a reactivity contributisrihe part of the domain that is affected
the perturbation.n the case of the Doppler feedback, only the actiwee regionswere
modified and thus Figure 6.6 only displays thewactiore regions (axial holes are control
positions). From Figure 6.6ne can see the most negative contributions (dae lapper at
the lower central portion of the core. The slicesge better sense of the radial distribut
showing that the lower worth regions are on thepatige of the cor

We can generate a similar plot for the sodium dgres shown in Figur6.7 where
the left hand picture is the mewise contribution to the total worth and the riglaind picture
is the left hand picture divided by the (sodium)ssiahange that caused the reactivity cha

.’ 7.391e-005

~ 5.279e-005

. 7.199e-005

—1.067e-005

3.167&-005

i 1.055e-005
~1.057-003

~2.855e-005

—4.6426-005

l-c. 4292005

Per Unit Mass (kg) chan
Figure 6.7 Sodium Densit\Reactivity Worth Distributios for Verification Test #.
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Note that in this particular calculation, the sodidensity in the plenum region was |
modified and thus only the active core is affect@thile tre left hand picture clearly shov
the portion of the geometry responsible for altgrihe eigenvalue most, users have fo
worth/unit mass plot to be more understandable.primeary reason is because the right h
picture is not affected by the size the mesh (i.e. volume) and thus gives a more batk
perspective on the actual amount of reactivity gemserted given a uniform change in

material (sodium density). It is important to ntdtat PERSENT provides the change in nr
(kg) on either a mesh wisegion wise, and area wise basis which was fourzktn 815 kg
change in this calculation.

The final calculatiorwe consideiinvolves the delay constanfs and g computed to

be 4.210" and 0.0301 (Pu dominated system). Much like VARI3D anHeotperturbatiol
theory codes, PERSENT provides detailed isotopet family breakdowns ¢ in addition

to the domain coalesced parameters provided ineT@ldd The spatial distbutions of the
delay parameters are plotted in Figure

Table 6.2Domain Coalesced Kinetics Parameters for Verifarafi est #

Precursc
Groug P An
1 7.356E-05| 0.0134
2 5.940E-04| 0.0307
3 4.503E-04| 0.117Q
4 1.068E-03| 0.3067
5 6.082E-04| 0.8779
6 2.199E-04| 2.9418

.—90989010

— 7.225e 005

' 53526000

— 3.479e-005

l]OGﬁe-CDf)

-’ 8.570e-010

— 375012

l 1.6492-014

l 7.233e-017
3173=Mme

Figure 6.8.3 (left) and A (right) Distributiors for Verification Test 4.
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In Figure 6.8, one can see that {Aecontributions come only from the active core regio

Paying close attention to the scale, one can satethle contribution from any given mesh
varies by at most an order of magnitude. Unlikedtreer coefficients, thé\ clearly impacts
the entire core where a threshold operation wiBEHRSENT zeros out the components of the
solution near the outer domain boundary. From Edu8, one can clearly see that the active
core dominates the contribution fo much like the flux distribution shown earlier imgEre
6.5.
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7 Sensitivity Examples

The sensitivity code is particularly painful to wnstand and verify/validate due to the
solution of the Lagrange multipliers. In this seatiwe provide several example problems, all
of which are part of the verification test suitedemonstrate the methodology. In all cases,
the results are compared against finite differesadations which are considered the reference.

7.1 Infinite Homogeneous One Group Fixed Source Example
The easiest problem to validate is an infinite hgereous problem which is an

extension from the earlier infinite homogeneousnepla problem. In this case, we consider a
fixed source example where the multi-group trantspquation is reduced to

Zoo# =2 Tt t Qg (7.1)
Writing ir?m a matrix-vector form, we have:

(2 -2.)e=2.0=Q - =10 (7.2)
and its adjoint

29=Q - ¢=2Q. (7.3)

Similarly, the solutions of andTl"™ are found to be
zr=s - rC=z's

o (7.4)
Ir=s - [=Z%]S

Starting with the reaction rate sensitivity, we terthe parameter of interest in the
same form as equation 3.29 as

R=Zp=¢%,. (7.5)
Obtaining the source fdf~ we can write
y oz

s -Ra@ww) 7)o

7.6
o 00 (7.6)

which has the solution
r=z's,. (7.7)

Defining the alpha to correspond to a single engrgyp of a given cross sectian,
we can write the derivative of the response as

OR(a.y.y") _ 0z, T
= Xo=N 7.8
da e (7.8)

z

where N1 is a vector whose only non-zero moment is theetaxd energy group position of
2, that containgg,. One example is the capture responsg) (to a change in the group 2
(n,alpha) cross sectioroy). In this example the non-zero number would bedtoen density
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associated witlo, noting that this definition can select a singletape from a mixture of
isotopes. In addition, we can write the derivativéhe operators in equation 6.2 and 6.3 as

aB(O’,/]):aéa N, & oB’ (a,A):aéT

N =NJ (7.9)
oa do, = oa 0o,

—Zla’

where N, is a matrix whose only non-zero moment is thee&d energy group transfer
position of g, .

With these definitions, we can write the sensijivitnctional in equation 3.26 as

qg, - - T -
Sz sz—lQ[N:DxZ 9_(§aTZx) (gzDa)éa]Q}
. (7.10)
qg,
sza QI:—ZDX— Q Z zEIa alQ:I
For a one-group problem we can simplify this to
_ 0, 1 g Nz{]x _ UzNzDa
S, = ZXZ:QI: Z0x aQ Z Z Nz[]a aJQiI ZX Za : (711)

We can also obtain a finite difference relationdipthe sensitivity equation 2.26 as
o, R(o,+cw,)-R(0,)

z

S, =
R clo,

Noting that the response is given Bs < ¢ with the associated flux solutiop=3.'Q, we
can simplify equation 7.12 as

(Z +CD:252DX)(Za +C|:szzlja)_1Q_ZxZ;lQ _E (Zx +C[Iza—z|]x)za -1
C[Ixz;lQ ) ¢ zx (Za +C|:225ﬂa)

(7.12)

s, = (7.13)

Using the one-group, one isotope cross section idafeable 7.1, we produced the
sensitivity results using both approaches=0.00]) for two different responses noting that

the sensitivity ofZ ;. and sensitivity ta>; are always zero as it is a one group, infinite
homogeneous problem. As seen in Table 7.1, bothoappes give a physically meaningful
answer. For example, a positive increase jnwill result in a negative change in the reaction

rate . In this case, the resulting sensitivity is linkedthe relative magnitude &, to 2,.
Also note that a positive, say 100%, increasejnwill result in a 50% increase in the
reaction rate2 @ (50/100=0.5), due to the absorption occurring theo reactions in the

system. In a similar sense, the sensitivity2gf,.@ to a positive change ik, iS nearly

unity (or a 100% change will yield a 100% changéehia reaction rate) as the overall change
in absorption (1.0) in the problem will be minomnththe impact on the reaction rate is

substantial. Or more clearly, a changexgf,,,, from 0.03 to 0.06 will yield a 97% change in
the reaction rat&, .. @-
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Table 7.1. One Group, One Isotope Reaction RateitBaty Results
Q=1.0 29 2 vitium®
2,=05 0.5 0.4998| -0.5| -0.4998

2,=0.45 -0.45 | -0.4508| -0.45 -0.4498

2 =001 | -0.01| -0.01 | -0.01f -0.01

2 ueon =0.01 | -0.01| -0.01 | -0.01] -0.01

Zm=003 | -0.03| -0.03 | 097 0.9703

Using the same problem, we also consider the @actte ratio response

>! B3
rR=28_Z 2 (7.14)
29 ¢z,
which has a solution foF "~ of
ol oz (), |z, (ZEQ)Es,
L s T s | D0 (el (7.15)
? 2y (20 Zy) —y=a = (Zyéa 9)
given the source
DI P
S =% —(z) ‘X)‘y. (7.16)

gz, (QTZV)Z

Defining the alpha to be a single energy group ofiven cross sectiowr,, we can
write the derivative of the response as
R@.y.@)_ 0 {Zlco }_ 105, _Zg 9% _Nog ZoN,g

da do, Z@

59 00,” (zpV00.” T (gg)

(7.17)

where N1 and NIDy is a vector whose only non-zero moment is theetad energy group
position of X, and 2, that containsg,. One example is the capture respon3g)(to a
change in the group 2 (n,alpha) cross sectimy) (vhere the non-zero number would be the

atom density associated with, noting that this definition can select a singletape from a
mixture of isotopes.

Given that the derivative of the operators is idetto those in equation 7.9, we can
write the sensitivity functional as

ANL/NE-13/8



VARI3D & PERSENT: Perturbation and Sensitivity Analysis

M. A. Smith, C. Adams, W. S. Yang, and E. E. Lewis 63
N.LZDQ EEON;,EQ |
Te-1 Te-1~\2
o,Zz| B °  (5zX9)
S, = ——on = . , (7.18)
Zxéa 9 Z;TZX (ZIZ;lQ)Z;TZy ( )Z_lQ
= AR DNdla)Ea X
Zy;a 9 (Z-{/;alg)
which simplifies to
_[NLEQ NLEQ EE(Na)ZQ ZE(N.)ZQ
S, =0, To- T T eTe- - — + o— (719)
5zQ LI 5z2.Q 2%, Q
For a one-group problem we can simplify this furttoe
S = UzNsz _ UZNZDV _ azNzDa + azNzDa — UZNZDX _ O-ZNEV ) (720)
‘ z, z, z, z, z, z,

The response reduces IRFZXZ;l and the finite difference relationship for the siénity
equation is found to be
3, [zx+c[zzaﬂx _z_} 1[; > +clLd _1}

S = X -y z2-70x
©oclx | X, tclE,o,, = > X, +clxg,

2~y

c

(7.21)

y

Using the one-group, one isotope cross section idafable 7.2, we produced the
sensitivity results using both approaches=(0.001]) for three different responses. As can be
seen in Table 7.2, both approaches give a phygica#taningful result. In the first two
responses, the presence of the capture crossrséctibe denominator and only one of its
components in the numerator yields a meaningfusigeity value for each result. In both
cases, the result is positive when the numeratactien changes and negative in the other
cases due to the increase in capture by anothetiaeaThe final sensitivity is not necessarily
meaningful, but it clearly shows that the reactiate ratio is only dependent upon the two
reactions appearing in the response and non-zdfegsare both equally affected by the other
absorptive reactions in the infinite domain.

Table 7.2. One Group, One Isotope Reaction Rat® Bansitivity Results

2 > >
Q=10 quzcapmreqo trmum¢zcapture¢) trltlun% o
2,=05 0.5 0.4998 | -0.5| -0.4998 0.0 0.0
2,=0.45 -0.45 | -0.4508| -0.45 -0.448 0.0 0.0
2,0 =0.01 | -0.01 -0.01 -0.01 -0.01 -1.0 -1.0
2 jreon —0.01 | -0.01 -0.01 -0.01 -0.01 0.0 0.0
2.ium —0.03 | -0.03 -0.03 0.97 0.970 1.0 1.0
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7.2 Infinite Homogeneous One Group Eigenvalue Example

To verify the remaining responses, an eigenvalwbdlpm is necessary. Focusing on
an infinite homogeneous example again, the mudtitgrtransport equation reduces to

1
Ztvgqog :zzs,g,g‘%""Ez/\/ngzf,g%'- (7.22)
g’ g’
Writing in a matrix-vector form, we have:
(2 -Z)e=z.0=1E¢ - p=iL'Ep (7.23)
and its adjoint
IYg=tF'9 - @={IF'p. (7.24)

We also have the solutions Bf and ™" with the stated restrictions discussed earlier
(z.-#E)L=s - [=(z,-#E)'s

(Z.-#E) =S - [ =(z.-iE)"'s
We need to remove the homogeneous component asdisieuequation 2.21 to define

(7.25)

. _E rE'
a = ¢ & a—_=£0 (7.26)
4” Eg 9'Eg
and thus
f=F-ap & [=I-dag. (7.27)
The sensitivity functional is given as
.. 0B(a, A . 0B (a,A) .
5 (0= 20| R@w ) [ Blad) | [z 08 (ad) .| (7.28)
R Ja oa oa

Instead of doing the derivation for a single reg®mat a time, we do it for all responses of
interest and note the common setup for each.

Since a reaction rate sensitivity is not valid meagenvalue problem (see sensitivity
section), we start with the reaction rate ratio

> 'S
_ ;Z’ _ QT; (7.29)
%9 Pz
which has the Lagrange multiplier source
T
oz (72, (7.30)
= T 2 :
vz, (QTZy)
and a solution fofl " given by
'z )z
(z.-4E) 0 =| - £2.)2, (7.31)

T 2
2z, (QTZV)
and equations 7.26 and 7.27.
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Again defining alpha to be a single energy groupaadiven cross sectiod, , the
derivative of the response is found to be

R@.yy')_ 9 {ZIQ}: 105, Zp % _Nog ZeNoe o
A L) A P A T )

The derivative of the operator is written usingraté difference formula

9B(a.k) _B(0,+c@,.K)-B(0,K) _(L~#E)*eZra 1B )-(21E) oo

oa clo, clo,

This approach does not introduce any error, anchéfne matrices only have non-zero terms if
they correspond to the targeterl.

Plugging these into the sensitivity functional ves avrite

¢ 2950 Nt g Nue C” (ézua-%izm)? |
’ ZIQ —yg (Z;f ) g,

Reducing this to a one-group, infinite homogeneprtablem, we have the eigenvalue and

arbitrary flux solution

xXve, VX, \

5 1. =Z_a & ¢=1 & ¢ -=1. (7.35)

The source fol " is found to be zero, and thus we knéw s zero as i~ for this problem:

_5 2, _ 2 2,

(7.34)

k =

- = ¢ = (7.36)
&y (ﬁy) (ﬁY) (ﬁy)
Plugging these results into the functional we se it collapses to
oN, O,N,
2WNaox _ 7.37
S = 3 5 (7.37)

The power fraction sensitivity functional has aentcal form to equation 7.37 noting that
2, =2, in this special case and thus all sensitivitieszaro.

The next response of interest is the reactivitytivarsing generalized perturbation
theory of the form in equation 3.42. Given that #rpations of interest have already been
shown (starts at equation 3.66), we do not reuis#gm here and instead focus on the
eigenvalue sensitivity given by equation 3.49:

1y { (a+cler,A)- B(a,A)}z/J

s, = Ly (7.38)
cia YRy

Inserting the definitions from equation 7.23 we dnav
1 ipT{ . ~AE zzf} 4

s, ==
A ¢'Ep

(7.39)
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The prompt neutron lifetime and beta effective gesity functional have similar
forms to the reactivity worth where the derivatofehe response is found to be

- 0H o o
Raww) Y oa? {¢THY N yTHY YN,y

S o o L CEE Sad (7.40)
@ UE () VEY 4Ry
and
< OF,,
GR(U,‘/’J/’*): Jda l£ {g/ E‘ _}g/ NZwa w MZwa "g E‘ (’g(’g E g/ (7.41)
U () Y URY Gy

for the prompt neutron and beta effectlve termgeNbat neither the neutron velocity nor the
delay family neutron generation is permitted totbe targeted sensitivity variable. Once
again the Lagrange multipliers are zero for the-gioaip case, and the sensitivity functionals
are found to be

o,N v oM, 0o,N,,
ST Vs, & %= V. VI, v, (7.42)
The finite difference approach for the reactivitgrth sensitivity is given as
_ o, R(o,+cw,)-R(0,)
S R(o,) clo,
1 1 C(le]a (Zz _iz ~ 4 Oyt (sz vz, )) 1 ' (7.43)
c|(1+ea,,) (z.-2vz,)(1+ 0, )

With the one-group cross section data in Table th& sensitivity results for a typical
reaction rate ratio and two reactivity coefficiemtsre done. In this case, the finite difference
results (shaded values) were obtained using DIF3Da&=0.0001 and thus are less accurate
than the ones from the above formulas.

Table 7.3. One Group, One Isotope Sensitivity Resul

i =0. 04,2 =0.11

2 capure? > =011
capture K v _ '
Aissionw RW=-0.1 proton O 006 RW —'0.4‘

2,=0.1 0.885| 0.885| -0.613| -0.613 | 1.0| 1.01 | 0.8929 0.9048| 0.8929

2,=0.00€ | 0.0531| 0.0531| -0.0368 | -0.0367 | 0.0/ 0.0 | 0.0357| 0.0476| 0.0357

2 ,«=0.00% | 0.0442| 0.0442| -0.0307 | -0.0306 | 0.0 0.0 | 0.0595| 0.0476| 0.0595

2 4.=0.001| 0.0089| 0.0089| -0.0061 | -0.0060 | 0.0/ 0.0 | 0.0595 0.0 |0.0071

2,,;=0.001 | 0.0089| 0.0089| -0.0061 | -0.0060 | 0.0 0.0 | 0.0595 0.0 | 0.071

2,=0.05 -1.0 | -0.999| 0.693 | 0.693 | -1.0| -1.0 -1.0 | -1.0 | -0.998

v=20 0.0 0.0 1.0 1.0 -1.0| -1.0 -1.0 | -1.0 -1.0
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Note that these results strongly depend upon thaitilen of the microscopic cross sections
and atom densities. In this case, we assume eash sectionl{ and 2, are together) comes

from a different isotope with an atom density oftunFor reactivity worths, the atom density
is modified. Focusing on the reaction rate ratiog acan see that all perturbations are
significant noting again that scattering is alwagso as the problem is infinite.

From Table 7.3, one can see that the finite diffeeeand PERSENT based results are
generally similar, if not identical, although theaee notable problems with some of the
sensitivities. For the reaction rate sensitivitB§RSENT produces a nearly perfect match
with the finite difference results where the primmarrors stem from round off in the printed
values of the reaction rates from DIF3D (i.e. DIF8BIly prints the result with so many
significant digits). The eigenvalue sensitivityrisarly identical with the errors in the finite
difference (FD) primarily due to round off errororRRhe first reactivity worth, the two codes

produce nearly identical results except kgrwhose difference is traceable to the number of

significant digits printed by PERSENT. This latfgoblem is the primary source of troubles
for the FD error in the second reactivity worthTiable 7.3. In this case we also provide the
FD sensitivities forc=0.001 to show how the small cross section valugeapto be zero.
Note that with the larger factor, the small crossti®n values still have significant error. This
problem is difficult to compensate for in a reablplem as the magnitude of the cross section
is highly variable.

7.3 Infinite Homogeneous Three Group Eigenvalue Example

Extending the infinite homogeneous problem to aedkgroup one, we find the
preceding equations are the same. For this exawgplese the isotopic cross section data and
composition definitions in Tables 7.5 and 7.6.

Table 7.4. Three Group Cross Sections

X Y Z
A\ 0.001 0.001 0.01
N perturbed - 0.001 0.001 0.00001
Group 1 2 3 1 2 3 1 2 3
g, 1.0/ 20| 3.0| 1.0 20| 20| 1.0/2.0| 2.0
g, 0.5/0.5| 0.5
O oo 0.5/0.5| 0.5
o; 1.0/ 10| 10| 1.01.0] 1.0
% 3.0/ 3.0| 3.0|] 2.0 3.0| 3.0
X 0.8| 0.2 0.8/ 0.2
O1.4 4.0 4.0 4.0
O, g 1.0| 5.0 1.0/ 4.0 1.0(4.0
Ossq 1.0 | 10.0{0.0{1.0|10.0{0.0|1.0| 10.0
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Table 7.5. Delay Data for Both Isotop€and Y

A Vd Xd
Group 1 2 3 1 2 3

Family 1 0.03 | 0.0031 0.0032 0.0033 0.6.4| 0.0

Family 2 1.0 0.0027 0.0028 0.0029 0.8.2| 0.0

We first focus on the sensitivity of the eigenval(218836338) with respect to three
scenarios: 1) isotope Z, 2) isotope Y, and 3) getd and Y. Tables 7.6, 7.7, and 7.8 provide
the eigenvalue sensitivity results using PERSENT &D (finite difference) DIF3D

calculations for all three scenarios using a figed.0001 factor.

Table 7.6. Sensitivity Results kfeffective to Isotope Z

PERSENT FD
Group 1 2 3 1 2 3
g, -0.2290 | -0.1709] -0.0543 -0.2293 -0.1709 -0.0547
g, -0.1145| -0.0427| -0.013¢ -0.1147 -0.0430 -0.0138
Oyaon | -0.1145| -0.0427) -0.0136 -0.1147 -0.0480 -0.0138
Oss.q | -0.0337| -0.0017] 0.0000 -0.0340 -0.0021  0.0000
Table 7.7. Sensitivity Results kfeffective to Isotope Y
PERSENT FD
Group 1 2 3 1 2 3

g, -0.0229| -0.0171] -0.0054 -0.0228 -0.01y0 -0.0058
O; 0.2131 | 0.1463| 0.0475 0.2120  0.1460  0.0472
i
7

% 0.2360 | 0.1548| 0.0502 0.235 0.1545  0.04909
-0.0034| -0.0002] -0.0000 -0.003 -0.0005  0.0000

Table 7.8. Sensitivity Results kfeffective to Isotopes X and Y

PERSENT FD
Group 1 2 3 1 2 3
g, -0.0458| -0.0342 -0.013p -0.0462 -0.0345 -0.0138
op 0.5441| 0.2926] 0.0950 0.5442  0.2925 0.0950
% 0.5899 | 0.3097] 0.1004 0.5898 0.3095 0.1003
-0.0067| -0.0003 0.0000 -0.0069 -0.0005 0.0000

A B ol I —— [@))

g

s*-g

Starting with Table 7.6, one can see the PERSENI FD results are very similar. In all
cases, the FD solution accuracy is compromised wleemagnitude of the cross section data
is small. The same is true for Tables 7.7 and Bu8,overall these results are acceptable for

this study.
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The next response to consider is the reactivitythv@t.40894) identified in Table 7.4.
Similar to the previous case, we consider the feitiss with respect to 1) isotope Y and 2)
isotopes X and Y. Tables 7.9 and 7.10 give theiseitg results for the reactivity worth
noting thatc=0.01 was necessary to produce a reasonable sedlwdsv Once again, the
results from PERSENT and FD are very similar incalées except for those reactions with
small cross sections.

Table 7.9. Sensitivity Results fprto isotope Y
PERSENT FD
Group 1 2 3 1 2 3

g, -0.0004| 0.0001f 0.0013 -0.000 0.0002  0.0014
O; -0.2358| -0.1544 -0.050f -0.235 -0.1540 -0.0506
% -0.2354| -0.1545 -0.0518 -0.234 -0.1540 -0.0313
Os~_y | -0.0006| -0.0009 0.0000 -0.000 -0.0009  0.0000

2
2
8
5

Table 7.10. Sensitivity Results fpito isotopes X and Y
PERSENT FD
Group 1 2 3 1 2 3

g, -0.0009| 0.0002] 0.0033 -0.0007 0.0005 0.0034
o; -0.5893| -0.308§ -0.1018 -0.5856 -0.30Y8 -0.1012
V -0.5884| -0.3089 -0.102p -0.5849 -0.30Y8 -0.1025
Os.~_y |-0.0011] -0.0018 0.0000 -0.0009 -0.0018 0.0000

= TO[ WO

The remaining sensitivities of interest akg, A and g for which we only consider

sensitivities to isotopes Y and Z. Starting witg and A, Tables 7.11 and 7.12 give the

sensitivities computed using PERSENT and FD wi#0.01. Following equation 3.53, we
also compute the sensitivities fdr provided in Table 7.13 noting that we use the ERation
to compute the FD sensitivities (i.e. not equaBdB).

Table 7.11. Sensitivity Results fdx; to isotope Z

PERSENT FD
Group 1 2 3 1 2 3

gy 0.1896| -0.1090 -0.4190 0.1898 -0.1087 -0.4160
I, 0.0948| -0.0273 -0.1048 0.0949 -0.0273 -0.1044
poon | 0.0948| -0.0273 -0.1048 0.0949 -0.0273 -0.1044
Os».g | 0.2091| 0.2214] 0.0000 0.2088 0.2210 0.0000

QO 100 1O
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Table 7.12. Sensitivity Results fdx; to isotope Y

PERSENT FD
Group 1 2 3 1 2 3
g, 0.0190 | -0.0109 -0.0419 0.0190 -0.0107 -0.0419
O -0.3739| -0.1799 0.1446 -0.3725 -0.1795 0.1443
% -0.3928| -0.1745 0.165% -0.3915 -0.1740 0.1653
Os».g | 0.0209 | 0.0221] 0.0000 0.0210 0.0221 0.0Q00
Table 7.13. Sensitivity Results fdx to isotope Y
PERSENT FD
Group 1 2 3 1 2 3
g, -0.0039| -0.0280 -0.0478 -0.0040 -0.0281 -0.0474
O -0.1608| -0.0336 0.1921 -0.1606 -0.0338 0.1919
% -0.1569| -0.0196 0.2157 -0.1566 -0.0197 0.2156
Oss.g | 0.0175| 0.0220] 0.0000 0.0174 0.0218 0.0000

The sensitivities forA andA; from PERSENT match the FD results very closely ngttbe

errors are attributable to the selection of theapeaterc. Continuing with 3, we only
consider the sensitivity to the total value rattiem the isotopic component cases given that
PERSENT will not identically give the exact valu@®e approximation made in equation
3.55). Table 7.14 gives the sensitivity with regpecisotope Z, while Table 7.15 gives the
sensitivities with respect to isotope Y. The PERSEBults are again consistent with the FD

result where the remaining error is attributabléhtec factor used in FD.

Table 7.14. Sensitivity Results f@ to isotope Z

PERSENT FD
Group 1 2 3 1 2 3
g, 0.0233 | -0.0154| -0.0061 0.0241 -0.0148 -0.0056
O, 0.0117 | -0.0038/ -0.001%5 0.0120 -0.0087 -0.0009
Opoon | 0.0117 | -0.0038/ -0.0015 0.0120 -0.0087 -0.0009
Oss+.q | -0.0159 | 0.0018| 0.0000 -0.0157 0.0019 0.0000
Table 7.15. Sensitivity Results f@ to isotope Y
PERSENT FD
Group 1 2 3 1 2 3
g, 0.0023 | -0.0015 -0.0006 0.0028 -0.0009 0.0000
Oy -0.2618| -0.1291 -0.0419 -0.2611 -0.1287 -0.0417
% -0.2641| -0.1283 -0.0416 -0.2630 -0.12Y8 -0.0417
Os».g | -0.0016| 0.0002] 0.0000 -0.0009 0.0009 0.0000
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7.4 One Group Reactivity Worth for Bare Reactor Problem

The preceding problems are somewhat trivial to tstdad and solve. A slightly more
complicated problem is a single-node, one grougplpra with vacuum boundary conditions
which is verification problem #11. The cross sawdicare given in Table 7.16, and the
geometry is taken to be a 2D cell with 1 cm siaeyths.

Table 7.16. Single Node, One Group Cross Sectida Da

Isotope >, | I vV | X s,
1 6 1 2 1 0
2 12 2 2 1 0
3 0.5 0 0 0| 05

With DIF3D-VARIANT, only a single node is requirdd get spatial mesh convergence in
diffusion theory. Table 7.17 shows the eigenvaloievergence with respect to mesh when the
geometry is filled with either composition 1 or Bhe eigenvalue converges rapidly with
respect to the spatial flux and leakage approximnatin DIF3D-VARIANT such that a 10
order flux and & order leakage approximation are sufficient forangence.

Table 7.17. Single Node, One Group Diffusion Thdéiyenvalue Convergence

Nodal Nodal Eigenvalue Worth
Flux Leakage| Just Isotope 1 Just Isotope 2
4 1 0.251897 0.277931 0.371861
5 1 0.256935 0.277931 0.294020
6 1 0.256938 0.277932 0.293987
6 2 0.251892 0.276435 0.352468
7 2 0.251892 0.276435 0.352468
8 3 0.251897 0.276436 0.352403
10 4 0.251890 0.276434 0.352487
13 5 0.251890 0.276434 0.352487

We constructed 5 compositions composed of theseetlisotopes” as outlined in
Table 7.18. Notice that the base composition inetuall isotopes which is a requirement for
the sensitivity routine to ensure that there wil & non-zero sensitivity result. The final
sequence of compositions is chosen to show hows#resitivity result changes with a
reduction in the perturbation magnitude.

Table 7.18. Composition Definitions for the Sinblede, One Group Diffusion Problem

Composition| Basg C2 C3 C4 Cb Cé¢
Isotope 1 1.0 0.9 0.99 0.999
Isotope 2 10° | 1.0] 1.0| 0.1 0.01 0.001
Isotope 3 10° 1.0

Starting with the eigenvalue sensitivity of the dasnfiguration, Table 7.19 gives the
sensitivities with respect to each isotope usinRBENT and finite difference. As can be
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seen, the PERSENT and FD results are nearly iggnfibe valuec=0.01 was used for the
FD calculations, and the sensitivities for the oiBetopes are zero as expected.

The remaining sensitivities of interest are for tieactivity worths associated with
replacing the base composition with each of theerotompositions in Table 7.18. Starting
with the C2 and C3 perturbations, Tables 7.20 a@d ghow the sensitivity results for each
reactivity worth, respectively. As can be seen,fthige difference and PERSENT results are
very similar for both reactivity worths.

Table 7.19. Eigenvalue Sensitivity Results for $nigode, One Group Problem

PERSENT| FD
g, -0.66 | -0.65
o, 0.89 0.89
% 1.00 1.00

Table 7.20. C2 Reactivity Worth Sensitivities fon@e Node, One Group Problem

PERSENT FD
Isotope— 1 2 1 2
g, 7.37 -8.2 7.38 -8.2
o -10.0 8.9 -0.94| 8.8
v -11.3 | 10.3| -11.2| 10.Z
Table 7.21. C3 Reactivity Worth Sensitivities fon@e Node, One Group Problem
PERSENT FD
Isotope— 1 2 3 1 2 3
g, 11.1 | -12.38| -0.52| 111 -124 -0.52
o, -15.0| 1381 0.00| -14.9 13.67 0.
v -16.9 | 15.87 0.00| -16.Y 15.71 0.
0, 0.00 0.00 0.016 0 0.0 0.015

Lastly, the sensitivities were calculated for thg C5, and C6 reactivity worths which
were found to be -0.128954, -0.0113768, and -0.p028, respectively. The computed
sensitivities for PERSENT and FD are shown in TabR®2 for isotope 1 and Table 7.23 for
isotope 3. As seen in the tables, even thoughedaetivity worth progressively reduces, both
PERSENT and FD yield consistent results.

Table 7.22. Isotope 1, C4-C6 Sensitivities for 8fgode, One Group Problem

ANL/NE-13/8

PERSENT FD

C4 | C5] C6| C4] C5[] C6
o, | -0.62| -062| -0.61 -0.61 -0.61 -0.61
o, | -110| -1.10| -1.10 -1.09 -1.09 -1.09
v | -1.00] -1.00] -1.00] -0.99 -0.99 -0.99
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Table 7.23. Isotope 3, C4-C6 Sensitivities for $igode, One Group Problem

PERSENT FD
ca C5 C6 c4 C5 C6

o, 0181 | 0.192| 0.193] 0.182 0192  0.193

o, -0.035 | -0.030| -0.030 -0.034 -0.030 -0.030

Note that ac=0.01 factor was used in all of the FD calculatifosthis section. Overall, the
single node, one group benchmark test is not vigigraus, but it allows easy checks with
semi-analytical calculations. Such calculations @mplicated to reproduce because of the
presence of the inhomogeneous eigenvalue solver.

7.5 Three Group Single Node Example

The next example is a 200cm x 200cm problem wittuuan boundary conditions that
uses the data from Tables 7.4 and Table 7.5 andedound as verification problem #12.
With the introduction of vacuum boundary conditiopmge can see the difference in using
diffusion and transport theory, and we also incretaéy increase the difficulty of the
verification problems. We again use FD diffusioredhly for the comparison. Table 7.24
shows the eigenvalue convergence with respect asespnd angular approximations for
diffusion and transport theory.

Table 7.24. Single Node, One Group Diffusion Thdéiyenvalue Convergence

Nodal | Nodal | puer i P3 P5 p7
Flux | Leakage
4 1 0.177310| 0.17889% 0.1788%98 0.178899
5 1 0.177312] 0.178898 0.178904 0.178905
6 1 0.177312] 0.178898 0.178905 0.178907
6 2 0.177306| 0.178892 0.1788%98 0.178899
7 2 0.177306| 0.178892 0.178898 0.178900
8 3 0.177306| 0.178892 0.1788%8 0.178900
10 4 0.177306| 0.178892 0.178898 0.178900
13 5 0.177306| 0.178892 0.1788%98 0.178900

From Table 7.24, one can see that the eigenvalsgmsficantly different between diffusion
and transport (~150 pcm). In both cases, convergariih respect to angle is achieved near
P7 while spatial convergence is observed at Aroi8ler nodal flux and '3 order leakage
approximation. As a consequence, all of the diffngheory calculations are done using these
spatial settings and compared against P7 transptité remainder of this section.

Starting with the eigenvalue, the sensitivitieseveomputed with respect to Isotope Y
and tabulated in Table 7.25. Whether using diffago transport, the eigenvalue sensitivities
compare very well against the finite differenceutess The reactivity worth sensitivities are
tabulated in Table 7.26. Much like the eigenvaleassivities, the PERSENT and finite
difference results are very similar. It is impottato note that there are considerable
differences between diffusion theory and transpothese tables. Most importantly, diffusion
theory overpredicts the sensitivity to the scatigrcross section by nearly an order of
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magnitude for this problem. While the problem usemle-up cross section data rather than
actual cross section data, this overprediction liggts the fact that transport can have an
impact on the sensitivity calculation and thus PERS can be a valuable tool.

Table 7.25. Three Group Sensitivity Result&-@fffective to Isotope Y
| PERSENT | FD
Diffusion
Group 1 2 3 1 2 3

gy -0.0211| -0.0160| -0.0051 -0.0209 -0.01%8 -0.0051
O; 0.2166 0.1462 0.0461 0.2171  0.1466  0.0462
D
D

% 0.2377 0.1542 0.0486 0.238 0.1545  0.0491

Osx.g | -0.0002| 0.0007 0.0002 0.000 0.0011  0.0006
Transport

gy -0.0215| -0.0162] -0.0051 -0.0212 -0.01%7 -0.0050
O; 0.2161 0.1462 0.0462 0.21683 0.1464  0.0464
1
6

% 0.2376 0.1543 0.0488 0.238 0.1543  0.0492
Os+-g | -0.0011| 0.0004 0.0003  -0.000 0.0006  0.0006

Table 7.26. Three Group Sensitivity Resultg ¢d Isotope Y

| PERSENT | FD
Diffusion
Group 1 2 3 1 2 3
g, 0.0361 0.0155 0.0048 0.0360 0.0152 0.0048
o -0.1708 | -0.1561| -0.0750 -0.1707 -0.1558 -0.0749
% -0.2070| -0.1639| -0.0774 -0.2067 -0.1686 -0.0775
Oss.g | 0.2063 0.0604 0.0079 0.2068 0.0605 0.0078
Transport

gy 0.0016 0.0007 0.0030 0.001p 0.0008  0.0029
O; -0.2254| -0.1573| -0.0571 -0.2249 -0.15y0 -0.0872
5
1

% -0.2270| -0.1576| -0.0586 -0.226 -0.15Y3  -0.0885
s*-g | 0.0229 0.0062 0.0015 0.023 0.0063 0.0016

Continuing with the delay parameters, Tables 72 A28 provide the sensitivities
for A; and 3. The results between PERSENT and FD are veryaimiith the exception of

some very low sensitivity values of Beta correspogdo the scattering. In this last case, the
actual change in Beta is below the printed accurapgrted by PERSENT and thus the FD
calculation yields zeros. We also note that theyeralatively little difference between
diffusion theory and transport with regard to eitdelay parameter. This is consistent with
other observations that the delay parameters amdélves relatively insensitive to using
diffusion or transport. Note that this does not mtee distribution is insensitive, but only the
total parameter.
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Table 7.27. Three Group Sensitivity Results"gf to Isotope Y

| PERSENT | FD
Diffusion
Group 1 2 3 1 2 3
gy 0.0176 | -0.0107| -0.040% 0.017F -0.0106 -0.0401
Oy -0.3780| -0.1776| 0.1465 -0.3764 -0.17Yy0 0.1463
% -0.3956 | -0.1722] 0.1667 -0.3941 -0.1719 0.1668
Is».g | 0.0183 0.0228 0.0014 0.0185 0.0228 0.0016
Transport

gy 0.0179 | -0.0108| -0.0406 0.017F -0.0110 -0.0406

O; -0.3773| -0.1777| 0.146Q -0.374 -0.17Y5  0.1455
% -0.3952| -0.1723] 0.1663 -0.394 -0.1719  0.1660

Is+-g | 0.0190 0.0226 0.0013 0.0189 0.0225 0.0012

2
0

Table 7.28. Three Group Sensitivity Results®to Isotope Y

| PERSENT | FD
Diffusion
Group 1 2 3 1 2 3

gy 0.0022 | -0.0015| -0.0006 0.001 -0.0018 -0.0009

B8

O; 0.0494 0.0128 0.0055 0.0480 0.0125  0.0051

% -0.2666 | -0.1268| -0.040Q0 -0.2659 -0.12Y0 -0.0402
3

Is».g | -0.0019 | 0.0002 0.000Q -0.002 0.0000  0.0000
Transport

gy 0.0022 | -0.0015| -0.000¢ 0.002 -0.0014  -0.0005

3

O; 0.0496 0.0127 0.0054 0.0494 0.0129  0.0055

% -0.2663 | -0.1270] -0.0401 -0.2656 -0.12Yy0 -0.0402
8

Is+-g | -0.0018| 0.0002 0.0000  -0.001 0.0005  0.0000

7.6 Three Group Hex Core Verification Problem

Next, we provide results for an extension of theli@a PERSENT perturbation
example shown in Figure 6.1. In that example, weei$ed on the distribution of the reactivity
worth for a control rod insertion. In this case, eansider two perturbations that PERSENT
can perform that were not previously discussedrassc section perturbation and a zone
density perturbation. AFangular flux approximation is used with adeattering kernel (only
P, data was provided) which was combined with"aogder flux and linear leakage spatial
approximations.

The cross section perturbation we consider is amease in the third group of the
sodium gamma cross section by 5%. The base eigenval this calculation was 1.14440
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while the perturbed eigenvalue is 1.14430. Cle#nig is a very small perturbation. The
second perturbation is a 5% density increase inréflector assembly which yielded an
eigenvalue of 1.14458. This particular perturbatomiion was added to make some desired
user reactivity worths easier to implement. Witbpect to the sensitivity test, we choose to
consider sensitivities to U238, noting that we stvifrom diffusion theory to £flux with a B
scattering kernel combined with & 6rder flux and linear leakage approximation. Tah29
gives the computed sensitivities for U-238 for bpénturbations

Table 7.29. Three Group Sensitivities of VerificatiProblem #4 to U-238.

| PERSENT | FD
Na Cross Section Perturbation
Group 1 2 3 1 2 3
g, 0.0103 0.0355 -0.472% 0.0104 0.03%6 -0.4708
O; -0.1489 | -0.0005| -0.0001 -0.1481 -0.0005 0.0000
v -0.1939 | -0.0006 0.000¢ -0.1931 -0.0005 0.0001
Ogas g | -0.0062 0.0075 0.0301 -0.0060 0.0081 0.0291
Oindass-g | 0.0852 0.0512 0.0001 0.0852 0.0512 0.0001
Onansg | 0.0009 0.0009
Reflector Density Perturbation
g, 0.0003 -0.1096| -1.1716 0.0004 -0.1095 -1.1596
O; -0.1165 0.0001 0.0007 -0.1163 0.0002 0.0007
v -0.1178 0.0004 0.0009 -0.1174  0.0005 0.0010
Ogass.g | -0.0711| -0.3590| -0.4619 -0.0716 -0.3628 -0.4692
Oieasts—g | -0.0834| -0.1332| -0.0012 -0.0833 -0.1331 -0.0011
Onansg | -0.0007 -0.0005

As seen in Table 7.29, the PERSENT and FD restdtyery similar noting that=0.01 was
used for all of the FD calculations.

The only sensitivities of interest not well-testedthe previous benchmarks are the
power fraction and the reaction rate ratio sensigis. Referring to back to Figure 6.1, we first
computed the sensitivity of the power fraction lud buter core (0.6895) which is tabulated in
Table 7.30 and the sensitivity of the ratio of PaIZidsion to U238 capture reaction rates
(1.747984) in the outer core region (see Figurg ér& provided in Table 7.31. A ¢=0.01
setting was used for all of the FD calculations.

Much like the previous tables, the PERSENT and Fi2rénce results are again seen
to be very similar. It is important to note thabsle results with large errors are directly
attributable to the inability to get enough premison the output of DIF3D. As an example,

the o, sensitivity for the power fraction in Table 7.30-0.0003, depends upon the sixth
significant digit change in the power fraction fr@h692957 to 0.692955 which is at the limit
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of the precision provided by the DIF3D standardpatit From PERSENT, one can see this
sensitivity is similar (actually reported as -0.Q0) but not identical in Table 7.30.

Table 7.30. Three Group Sensitivities of Outer Geogver Fraction to U-238.

PERSENT FD
Group 1 2 3 1 2 3
g, 0.0005 | -0.0027| -0.0098 0.0004 -0.0027 -0.0102
Oy -0.0272 | -0.0002| -0.0001 -0.0270 -0.00p3 -0.0001
% -0.0049 | 0.0000 0.0000 -0.0045 0.0000 0.0000
Taassg | 0.0047 0.0039 0.0009 0.0040  0.0032  0.0007
Oineast-g | 0.0152 | -0.0009| 0.0000 0.0143 -0.0007  0.0000
Onans.g | 0.0001 0.0000 0.0000 0.0001  0.0000 0.0000
Table 7.31. Three Group Sensitivities of ReactiateRRatio to U-238.
PERSENT FD
Group 1 2 3 1 2 3
g, -0.0370| -0.2058| -0.6193 -0.0368 -0.2056 -0.6228
o -0.0029 | 0.0000 0.0000 -0.0032 -0.0005 -0.0005
% -0.0024 | 0.0000 0.000Q -0.0027 -0.0005 0.0000
Ogasr-g | 0.0014 | -0.0110| -0.0072 0.0014 -0.0112 -0.0062
Oneast-g | -0.0293| -0.0234| 0.0000 -0.0271 -0.0218 0.0000
Ononsg | -0.0003 | 0.0000 0.0000 -0.0009 0.0000 0.0000

Overall, the above power fraction and reaction naio tests are more prone to
numerical roundoff (convergence error especiallighvinite difference and thus we consider
the comparison provided by Tables 7.30 and 7.3letsufficient proof that PERSENT can
obtain the sensitivities.

We now make a note on computational effort. The 8ERT calculations for this
benchmark problem required a total computationedrebf 53 seconds (three forward and
three adjoint eigenvalue problems and two inhomegaa ones) on a modern workstation. A
considerable portion of this effort is spent on thkomogeneous solve where a total of 90
fission source iterations are used for the two mbgeneous problems compared with a total
of 111 for the six eigenvalue calculations (20Eibs source iterations for entire PERSENT
calculation). The finite difference calculationseded to complete Tables 7.29 through 7.31
obviously required a larger amount of time (~126@&lt fission source iterations) for Table
7.29, but that time is comparable to PERSENT gitrentime spent on the inhomogeneous
solves and various integral operations done in FENRISto build the tables of data. As the
number of energy groups increases, the PERSENT odelibgy will require less
computational effort than finite difference by achwider margin.
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7.7 Twenty-one Group Sensitivity

The last problem we consider is the calculatiosefdsitivities for the sodium density
worth of the 21 group problem defined earlier it®m 6.2. In this case, we increase the flux
approximation to Pand use a$scattering kernel and compare it against the sidiu theory
result. Noting that each diffusion theory calcudatiakes ~23 seconds and eagltdtculation
takes 40 minutes, the sensitivities are much moqeersive than any of the previous
problems. PERSENT will compute 16 total reactiotesavhen specifying the “everything”
option for alpha.

Noting that each application of the coefficient mais approximately equivalent to a
single outer iteration (0.5 seconds in diffusioedty and 48 seconds ins Bansport) this
calculation will require 16*21=336 applications (168conds in diffusion theory and 4.5
hours in B transport), it is strongly advised that users cesgtion. In the 33 group problem,
we have 29 unique isotope labels of interest inolgidtructure, fuel, and coolant. Computing
the transport sensitivities of just the eigenvdioeall reactions of all isotopes will require
29*16*21=9744 applications which translate to 13Qursoof computational effort. We
performed these calculations by precomputing aodrgf the NHFLUX and NAFLUX files
and simultaneously carrying out the sensitivities €ach reaction of each isotope. This
requires at most 168 input problems per sensitityy only requires ~30 minutes of
computational effort per reaction of any given dgm. Note that performing the finite
difference sensitivities is considerably more exgpemas each of the 9744 applications would
require a flux solution.

While the generation of all of these sensitivitestraightforward, the purpose of this
manuscript is to demonstrate the significance ofiftpaa transport versus diffusion theory
capability. Therefore, rather than generate sefitsés for all isotopes, we only consider the
sensitivities for Na, Fe, and Pu239. One especiailyortant aspect to note is the ability to
compute the sensitivities to anisotropic scatteri@fall of the sensitivities to compute, we
choose to study the behavior of the eigenvaluengiueTables 7.32 through 7.36, a sodium
density perturbation given in Tables 7.37 throughly and the point kinetics parameter
given in Tables 7.42 through 7.46. The diffusioredty eigenvalue was computed as
1.041997 while the ftransport eigenvalue was 1.054364 ¢Pattering kernel). The sodium
density reactivity worth in diffusion theory wasmsputed as 0.0170233 while thetRansport
worth was 0.0179385. Finally, was computed in diffusion theory to be 3.999 while the
Ps transport value is 3.9610".

Starting with the eigenvalue sensitivity, Table3Z7through 7.34 give the sensitivities
for the o, Gelasiic @NAGineiasiic Cross sections for isotopes Na, Fe, and Pu-238eTa35 gives
the sensitivities of theyssion andv cross sections for Pu-239 while Table 7.36 givesR
anisotropicoeasiic Scattering cross section of all three targetedofses. Note that in all of
these tables and Tables 7.37 through 7.46, thatiséies are multiplied by 1dto improve
the readability of the data. In Table 7.32, one se@ that the, sensitivities for Pu-239 and
Fe are more than an order of magnitude greater tthamorresponding sensitivities for Na.
The peak of the sensitivities for each isotope oxat different energies due to the different
resonance characteristics of each isotope. Congpan$ the diffusion theory result to the
transport shows very little impact for this crosstson for any of the targeted isotopes. This is
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expected as the, cross section is not the dominant portion of ttaltcross section in these
isotopes and thus does not dramatically changéukesolution (either spectrum or leakage)
whether it be diffusion or transport theory.

The sensitivities foroesic given in Table 7.33 show a considerable increase i
magnitude relative to the, sensitivities in Table 7.32. Most interesting e tthange in Na
sensitivities in Table 7.33 for transport. Uponsapbinspection, the sensitivities for nearly all
energy groups are substantially reduced when usargport, with the exception being the
large negative sensitivities for the resonance eanfgich increase when using transport. The
Fe sensitivities are also observed to decrease¢Hee of Na while the Pu239 sensitivities are
much more like those in Table 7.33. The behavioNafis expected as it accounts for a bulk
of the elastic scattering in the core region fokalaclosely by Fe. One interesting thing to
note is that there is a significant amount of cleangthe Fe sensitivity from diffusion to
transport in the higher energy groups, but the lofilthe total change still comes from a few
key energy groups again associated with resonandke problem.

The oinelasiic Scattering results shown in Table 7.34 are vemilar to the o,
sensitivities in both magnitude and transport/diien behavior. Note that because this is a
threshold reaction, there is an energy below whohinelastic scattering occurs. As a
consequence, the bulk of the sensitivities comenftbose groups with a large inelastic
scattering probability.

Of all the sensitivities listed in Tables 7.32 tigh 7.36, the sensititivies to tbession
andv cross sections are certainly the most importantheag dominate the fission neutron
production. As a consequence, the sensitivitiesatiteast an order of magnitude larger than
those observed with the other cross sections as ise€able 7.35. Close inspection shows
that the magnitude of the sensitivities almostoiol the shape of the flux spectrum for the
system. Interestingly, there is little if any dié@mce between the diffusion and transport
results which indicates that changing these cressans does not fundamentally change the
shape of the solution.

One of the main advantages of having a transpers(s a diffusion-only) sensitivity
capability is that the impact of the anisotropiatsering cross sections can be assessed. In the
current version, we only allow sensitivities foetR scattering kernel noting that it would be
quite trivial to modify the code to target higheder moments. Table 7.36 gives the P
scattering sensitivities for each targeted isotdpese values are smaller than the sensitivities
observed for the isotropic scattering moments. dnegal, this is the expected result as the
magnitude of the higher order moments should betlean the isotropic component. The size
of the core also reduces the impact that the aoisiot scattering kernel has on the overall
solution and thus sensitivities.

From Tables 7.32 through 7.36, it should be clbat the cross sections associated
with the fission neutron production are by far thest important with regard to sensitivities
while those that have a minor impact on the flubuson are the least important. Unlike the
previous calculations, we did not expend any aodi#i effort to verify the sensitivities by
performing FD calculations. This is primarily besauof the overwhelming computational
expense associated with that effort as evident ttwrexpense of the PERSENT work.
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Table 7.32. Twenty-one Group Sensitivitl® of the Eigenvalue fos,.

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Na e Pu239
14,190,700 0.00 -0.01 0.00 0.00 -0.01 0.00 0.50%10% | -2.70%
6,065,310 0.00 -0.03 0.00 0.00 -0.03 0.00 0.70% 0%.2 -2.10%
3,678,790 -0.01] -0.11 -0.02 -0.01 -0.11 -0.02  0.70%30% | -2.00%
2,231,300 -0.01] -0.24 -0.06 -0.01  -0.23 -0.06 0.70%70% | -1.40%
1,353,350 -0.02] -0.59 -0.16 -0.02 -0.59 -0.17 0.80%70% | -1.20%
820,850 -0.04| -1.86 -0.85 -0.04 -1.85 -0.86  0.70%40% | -1.00%
497,871 -0.05] -1.24 -1.25 -0.05 -1.24 -1.26  0.309%.10%| -1.10%
301,974 -0.11] -1.70 -1.8§ -0.11 -1.70 -1.90 0.309%.10%| -0.90%
183,156 -0.12| -1.86 -2.19 -0.12 -1.86 -2.20  0.109%.20%| -0.90%
111,090 0.00 -2.39 -2.38 0.00 -2.39 -2.40  0.30% 10% | -0.80%
67,380 -0.08] -1.13 -2.66 -0.08 -1.18 -2.69  0.10%.20% | -0.80%
40,868 -0.14| -2.26 -2.24 -0.14 -2.28 -2.28 -0.60%30%)| -1.50%
24,788 0.00 -0.92 -3.54 0.00 -0.98 -3.97 -0.109%.90%| -0.70%
15,034 0.00 -0.80 -3.06 0.00 -0.81L -3.08 0.00% 0%%-0.50%
9,119 -0.02| -0.99 -2.45 -0.02  -0.99 -2.46  0.10% 40% | -0.40%
5,531 -0.08| -0.22 -2.320 -0.08 -0.22 -2.33  0.10% 90% | -0.60%
3,355 -0.42| -0.06 -1.34 -041 -0.06 -1.34 0.20% 00% | -0.50%
2,035 -0.21| -0.29 -3.620 -0.201  -0.29 -3.63 -0.109%.70%| -0.10%
1,234 -0.10| -4.35 -5.00 -0.10 -4.38 -5.01 -0.70%.80%| -0.20%
454 -0.04| -0.72 -2.24)  -0.05 -0.74 -2.26 -1.2098.30%| -1.00%
61 -0.02| -0.43 -0.19] -0.02 -0.44 -0.20 -0.8098.40%)| -2.70%
Total -1.48 | -22.18 | -37.46 | -1.48 | -22.29 | -37.71
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Table 7.33. Twenty-one Group Sensitivitl® of the Eigenvalue fofejastio

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Na Fe Pu239
14,190,700 0.10 0.86 0.04 0.06 0.75 0.04 73.50% 60%4.| 14.70%
6,065,310 0.73 2.85 0.15 0.5b 2.5p 0.13 31.90% (0%.0 11.80%
3,678,790 1.57 6.28 0.30 1.04 5.6[1 0.27 50.90% (0%4.9 11.20%
2,231,300 1.35 5.99 0.24 0.6 5.38 0.22 103.20% 30%.| 8.20%
1,353,350 1.52 5.99 0.19 0.89 5.51 0.17 69.90% 98.80 7.00%
820,850 1.96 8.06 0.34 1.28 7.36 0.32 60.00% 9.60%4.50%
497,871 -1.25 6.54 0.15 -1.86 5.29 0.12 -32.70% 6@8. | 17.70%
301,974 -0.27 4.18 0.22 -0.86 3.26 0.21 -68.30% 20%8. 5.40%
183,156 -0.79 4.78 0.25 -1.33 4.04 0.23 -40.50% 40°8. 7.50%
111,090 -1.79 2.83 0.13 -1.93 2.73 0.13 -6.90% .60 1.00%
67,380 -1.09 0.52 0.09 -1.16 0.43 0.09 -6.30% 8.80%2.70%
40,868 -0.29 4.58 0.05 -0.99 1.56 0.02 -70.70% 8Wa.| 190.80%
24,788 1.64 2.21 0.13 1.40 2.09 0.12 17.10% 5.60% .1092
15,034 0.72 1.13 0.06 0.65 1.07 0.06 10.60% 6.40% .60%
9,119 0.20 0.48 0.01 0.18 0.46 0.0 8.70% 4.00% 09.1
5,531 0.15 0.05 0.01 0.1% 0.0% 0.0 3.70% -0.70% 70%.
3,355 0.51 0.12 0.00 0.48 0.13 0.00 6.10% -4.70% .80Rb
2,035 -0.01| -0.14 0.00 -0.02  -0.14 0.00 -15.70% 0%4 | -193.60%
1,234 0.08 -0.01 0.01 0.09 0.00 -0.01 -7.30% 326.80193.10%
454 -0.19| -1.32 0.02 -0.1Y -1.3b% -0.02 10.80% %060 -192.30%
61 -0.06 | -0.47 0.00 -0.05 -0.47 0.00 13.90% -1.409491.70%
Total 4.77 | 55.52 239 | -0.99 | 46.39 2.13
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Table 7.34. Twenty-one Group Sensitivitle® of the Eigenvalue fosineiastio

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Na Fe Pu239
14,190,700 -0.34 -1.65 -0.04 -0.38 -1.73 -0.04 20% | -4.10% -6.10%
6,065,310 -0.36] -4.40 -0.27 -0.47 -4.54 -0.29 Q%4 -3.10% -4.40%
3,678,790 -2.19]  -7.17 -0.8¢ -2.35 -7.37 -0.92 80 -2.80% -3.60%
2,231,300 -1.500 -11.03 -0.92 -1.61 -11.02 -0.94 10% 0.10% -2.50%
1,353,350 -2.17,  -7.70 -0.53 -2.20 -7.64 -0.55 %50 0.80% -2.30%
820,850 -3.09] -0.24 -0.69 -3.10 -0.24 -0.70 -0.30%-0.80% -1.90%
497,871 -0.04/ -0.13 -0.1§ -0.04 -0.14 -0.19 -0.40%-5.00% -6.50%
301,974 0.00 -0.06 -0.07 0.00 -0.06 -0.08 0.00% 80% -4.80%
183,156 0.00 -0.07 -0.12 0.00 -0.08 -0.12 0.00% 20% -3.50%
111,090 0.00 -0.10 -0.08 0.00 -0.10 -0.08 0.000%0 0%.2| 0.40%
67,380 0.00 -0.11 -0.04 0.00 -0.11 -0.04 0.00P% %.00 2.40%
40,868 0.00 -0.09 -0.01] 0.00 -0.1P -0.02 0.00% 5@% | -36.90%
24,788 0.00 -0.19 0.03 0.00 -0.19 0.03 0.00P% 0.109%2.20%
15,034 0.00 0.00 0.02 0.00 0.00 0.02 0.00P% 2.60% 2090.
9,119 0.00 0.00 0.00 0.00 0.00 0.0D 0.00% 0.00% 0%.4
5,531 0.00 0.00 0.00 0.00 0.00 0.0D 0.00%% 0.00% 09%.0
3,355 0.00 0.00 0.00 0.00 0.00 0.00 0.00% 0.00% 09%.0
2,035 0.00 0.00 0.00 0.00 0.00 0.0D 0.00%% 0.00% 0%.0
1,234 0.00 0.00 0.00 0.00 0.00 0.0D 0.00% 0.00% 0%.0
454 0.00 0.00 0.00 0.0C 0.0( 0.00 0.00% 0.00% 0.00%
61 0.00 0.00 0.00 0.00 0.00 0.00 0.00% 0.00% 0.00%
Total -9.69 | -3294 | -3.79 |-10.15| -33.33 | -3.92
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Table 7.35. Twenty-one Group Sensitivitls¥ of the Eigenvalue for Pu-238ssion andv.

Diffusion Transport Error of Diffusion
Upper Energy Nu Fission Nu Fissign Nu Fissipn
14,190,700 2.58 1.77 2.61 1.77 -1.00% -0.20%
6,065,310 8.25 5.61 8.31 5.61 -0.70%  0.00%
3,678,790 21.66 14.08 21.79 14.05 -0.60% 0.20%
2,231,300 31.91 21.00 31.94 20.8\8 -0.10%  0.60%
1,353,350 35.52 24.21] 35.49 24.05 0.10%  0.70%
820,850 58.48 40.65 58.39 40.3f7 0.20%  0.70%
497,871 47.86 34.17 47.76 33.9p 0.20%  0.70%
301,974 54.22 39.32 54.14 39.09 0.20%0  0.60%
183,156 58.27 42.86 58.19 42.6p 0.10%  0.50%
111,090 50.04 37.35 49.96 37.1)7 0.20%  0.50%
67,380 42.33 32.06 42.24 31.89 0.2006  0.50%
40,868 31.52 24.18 31.61 24.16 -0.30% 0.10%
24,788 37.82 29.17 37.88 29.17  -0.20% 0.00%
15,034 25.49 19.58 25.53 19.60 -0.20% -0.10%
9,119 15.40 11.77 15.43 11.78 -0.20% -0.10%
5,531 11.81 9.01 11.85 9.03 -0.3006  -0.20%
3,355 5.45 4.15 5.46 4.16 -0.20% -0.10%
2,035 17.47 13.27 17.46 13.25 0.10%  0.20%
1,234 25.83 19.61 25.82 19.59 0.10%  0.10%
454 10.09 7.43 10.16 7.48 -0.70%  -0.60%
61 0.86 0.64 0.88 0.65 -2.20% -2.00%
Total 592.87 | 431.91 | 592.89 | 430.32
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Table 7.36. Twenty-one Group Sensitivitls® of the Eigenvalue for Rejastio

Na Fe Pu239

14,190,700 -0.07 -0.70 -0.03
6,065,310 -0.28 -1.80 -0.12
3,678,790 -0.96 -3.06 -0.22
2,231,300 -1.13 -2.66 -0.16
1,353,350 -1.29 -1.70 -0.11
820,850 -1.67 -2.46 -0.17
497,871 -0.21 -0.64 -0.06
301,974| -0.20 -0.67 -0.07
183,156| -0.11 -0.36 -0.05
111,090| -0.06 -0.19 -0.02
67,380 -0.05 -0.23 -0.01
40,868| 0.00 -0.03 0.00
24,788 -0.07 -0.12 0.00
15,034 -0.03 -0.06 0.00
9,119| 0.00 -0.01 0.00
5,531 -0.01 0.00 0.00
3,355| 0.00 0.00 0.00
2,035| 0.00 0.00 0.00
1,234| 0.00 0.00 0.00
4541 0.00 0.01 0.00

61| 0.00 0.01 0.00

Total -6.15 | -14.69 | -1.02
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Table 7.37. Twenty-one Group Sensitivitl® of the Na Density Perturbation foy.

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Na Fe Pu239
14,190,700 0.03 -0.03 0.00 0.08 -0.03 0.00 4.00% 70%. 0.00%
6,065,310 0.11 -0.10 -0.01 0.10 -0.09 -0.01 4.70% .90% 1.60%
3,678,790 0.31 -0.46 -0.06 0.29 -0.43 -0.06 4.80% .70% 1.90%
2,231,300 0.49 -0.48 -0.07 0.4y -0.42 -0.06 5.60% 3.80% 6.30%
1,353,350 0.64 -2.79 -0.61 0.6D -2.54 -0.58 5.60% .60% 5.20%
820,850 1.51 -9.70 -3.41 1.48 -8.91 -3.23 5.70% 0B.9| 5.60%
497,871 1.62 -5.90 -4.26 1.58 -5.45 -4.04 5.80% 0®B.3| 5.40%
301,974 4.03 -5.57 -3.75 3.80 -5.12 -3.50 6.10% 0%B.7| 7.20%
183,156 4.28 -3.27 -0.64 4.038 -2.97 -0.95 6.20% 00%. | 15.10%
111,090 0.07 -4.02 -0.82 0.06 -3.65 -0.12 6.30% 20%. | 13.90%
67,380 2.69 0.00 4.00 2.53 0.03 3.81 6.30% -110/1%.00%
40,868 5.08 -1.33 1.84 4.81 -1.38 1.51 5.70% -4.10921.90%
24,788 0.07 1.80 15.79 0.06 1.71 15.00 6.60% 5.30%%.30%
15,034 0.14 4.06 22.671 0.13 3.83 21.47 6.80% 6.20%%6.60%
9,119 0.79 5.53 18.87 0.74 5.20 17.86 6.80% 6.40% .60%
5,531 2.96 -1.88| -25.11 2.78 -1.77  -23./6  6.40% 0%2| 5.70%
3,355 14,28/ 0.19 9.68] 13.39 0.18 9.18 6.60% 5.60% .50%
2,035 7.24 411 78.45 6.73 3.86 74.06 7.50% 6.50% .90%
1,234 3.45| 70.83] 113.08 3.22 66.23 106{12 7.20% 0%.9 6.60%
454 0.86 2.70 40.78§ 0.81 2.59 38.13 6.20% 4.30% 0%.0
61 0.04 -0.30 0.44 0.04 -0.23 0.43 0.10M0 33.80% 09%.3
Total 50.67 | 5341 | 266.86 | 47.58 | 50.63 | 251.04
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Table 7.38. Twenty-one Group Sensitivitl® of the Na Density Perturbation f6gastic

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Na Fe Pu239
14,190,700 -0.48 8.77 0.49 -0.11 6.94 0.37 321.10926.30% 32.00%
6,065,310 -14.29  22.92 1.36§ -12.31 18.94 1.05 26.10 21.00% 29.50%
3,678,790 -13.59 60.97 3.34 -8.63  49.43 2.58 57.50%23.30% 29.50%
2,231,300 14.68 43.59 1.73 18.23  36.33 1.85 -19.50920.00% 27.80%
1,353,350 34.24 61.47 2.33 35.27 51.84 1.86 -2.90%18.60% 24.90%
820,850 4547 96.12 5.85 46.92 83.88 5.04 -3.10% .60%4 16.10%
497,871 86.87| 48.63 1.39 89.76  35.24 0.94 -3.20% .0088 48.50%
301,974 68.86] 29.75 2.49 68.16 23.40 2.18 1.00% 1024. 14.00%
183,156 64.54| 15.88 1.27 65.86 11.79 0.94 -2.00% .8084 35.20%
111,090 75.89 4.71 0.51 70.66 4.47 0.39 7.40% 5.50%29.70%
67,380 48.95| -11.13 0.26 4550 -8.87 0.24 7.60% 5@5. 8.20%
40,868 21.67 6.06 -0.26 3455 -4.14 -0.53  -37.309%246-70% | -50.90%
24,788 -37.19 -3.85 -0.57 -29.88 -3.12 -0.57 24.50%23.60% -1.10%
15,034 -26.77  -10.53 -0.46 -23.93 -9.60 -0.48 1%90 9.70% -3.40%
9,119 -7.24| -4.51 -0.14 -6.5Y -4.26 -0.14 10.20% 80% -1.00%
5,531 -10.320 6.71 0.38 -9.88 6.7% 0.37 4.40% -0.50% 2.60%
3,355 -22.64 -1.07 -0.01 -20.12 -1.61 -0.01 12.50%-33.70% -17.50%
2,035 -406| -1760 -052 -357 -16.44 -0.49 13.90% 7.10% 6.90%
1,234 -6.50| -2093 -0.36 -558 -19.44 -0.35 16.40% 7.70% 4.70%
454 1.17 -3.39 0.00 1.33 -3.04 0.00 -12.10% 11.70%384.40%
61 0.24 -0.68 0.00 0.28 -0.58 0.00 -14.70% 17.50% 55.6%
Total 31949 | 331.88 | 19.07 | 355.95| 257.91 | 14.75
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Table 7.39. Twenty-one Group Sensitivitls® of the Na Density Perturbation fofeiastio

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 N3 Fe Pu239 Na Fe Pu239
14,190,700 17.34 -1164 -0.283 17.19 -11.86 -0.26 80%.| -1.90% -9.00%
6,065,310 2482 -6.63 -0.62 24.70 -7.28 -0.68  0.50%8.90% -9.50%
3,678,790 101.79 -30.26 | -3.57 | 99.09 -30.89 -3.73 2.70% -2.00% -4.20%
2,231,300 7149 -1469 -1.34 6854 -12;79 -135 0%.3 14.90% -0.40%
1,353,350 92.86 -59.40 -299 88.47 -5438 -209 0%.0 9.20% 0.00%
820,850 107.69 -2.17 -4.75 | 103.31 -2.00 -4.54 | 4.20% 8.70% 4.60%
497,871 1.19 -1.09 -1.22 1.14 -1.06 -1.31  430% 0%.1| -6.80%
301,974 0.00 -0.40 -0.23 0.00 -0.39 -0.22 0.00% 0%.7| 2.60%
183,156 0.00 -0.50 -0.47 0.00 -0.47 -0.46 0.00% 0%.1 1.60%
111,090 0.00 -0.76 -0.58 0.00 -0.66 -0.52  0.00% 10%. 11.10%
67,380 0.00 -0.75 -0.23 0.00 -0.683 -0.18 0.00% (0%.1 28.60%
40,868 0.00 -0.79 -0.26 0.00 -1.00 -0.33 0.00% 8% | -22.10%
24,788 0.00 -0.64 0.13 0.00 -0.58 0.09 0.00% 10.209%%2.60%
15,034 0.00 -0.01 -0.06 0.00 -0.01 -0.08 0.00% %.90 -18.20%
9,119 0.00 0.00 0.00 0.0 0.00 0.0D 0.00% 0.00% 5.72%%
5,531 0.00 0.00 0.00 0.0(C 0.00 0.0D 0.00% 0.00% 09%.0
3,355 0.00 0.00 0.00 0.0( 0.00 0.0D 0.00% 0.00% 09.0
2,035 0.00 0.00 0.00 0.0(C 0.00 0.0D 0.00% 0.00% 09%.0
1,234 0.00 0.00 0.00 0.0(C 0.00 0.0D 0.00% 0.00% 09.0
454 0.00 0.00 0.00 0.0Q 0.0d 0.00 0.00% 0.00% 0.00%
61 0.00 0.00 0.00 0.00 0.00 0.00 0.00% 0.00% 0.00%
Total 417.17 | -129.74 | -16.43 | 402.43 | -124.01 | -16.56
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Table 7.40. Twenty-one Group Sensitivitle of the Na Density Perturbation for Pu28gsion andv.

ANL/NE-13/8

Diffusion Transport Error of Diffusion
Upper Energy Nu Fissior Nu Fissign Nu Fissign
14,190,700 7.44 3.87 7.10 3.53 4.70% 9.50%
6,065,310 16.18 8.65 15.12 7.72 7.00% 12.10%
3,678,790 52.04 25.58 48.8% 22.88 6.50%0 11.80%
2,231,300 3.63 -8.03 0.77 -10.21  369.90%  -21.30%
1,353,350 96.22 53.98 87.44 47.27 10.0000 14.20%
820,850 181.79 110.32 166.01  98.31 9.50% 12.20%
497,871 13449 87.77) 121.46 77.14 10.700%0 13.80%
301,974 86.16 56.42 75.80 48.05 13.70% 17.40%
183,156 1.33 -3.16 -4.12 -8.02 -132.40%  -60.60%
111,090 11.13 6.79 6.03 2.22 84.60% 205.80%
67,380 -56.70| -41.29 -56.91 -42.24 -0.40% -2.30%
40,868 -11.13 -5.10 -11.19 -6.24 -0.50% -18.30%
24,788 -140.96 -102.41 -134.66 -98.04 4.70% 4.50%
15,034 -174.61 -130.91 -165.12 -123.73 5.80% 5.80%
9,119 -111.377 -83.49] -105.04 -78.64 6.00% 6.20%%
5,631 136.56| 106.28 129.27 100.62 5.60% 5.60%
3,355 -37.41| -28.02] -35.40 -26.50 5.70% 5.70%
2,035 -376.53 -285.55 -354.84 -268.96 6.10% 6.20%
1,234 -581.559 -441.02 -544.68 -412.81 6.80% 6.80%
454 -185.07| -136.6% -172.69 -127.42 7.20% 7.20%
61 -1.89 -1.39 -1.86 -1.36 2.10% 2.10%
Total -950.26 | -807.36 | -928.64 | -796.42
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Table 7.41. Twenty-one Group Sensitivitl® of the Na Density Perturbation fof &sjastic

Na Fe Pu239

14,190,700 1.50 -6.57 -0.34
6,065,310 5.99 -13.03| -0.91
3,678,790 19.81 | -26.09| -2.09
2,231,300 22.67 | -14.27| -0.92
1,353,350 20.13 | -14.16, -1.12
820,850| 29.40 | -26.63| -2.55
497,871 2.54 -4.39 -0.45
301,974| 3.28 -4.67 -0.62
183,156, 1.59 -1.40 -0.18
111,090, 0.95 -0.69 -0.07
67,380 0.99 -0.62 -0.03
40,868 0.04 0.03 0.00
24,788| 0.80 0.05 0.02
15,034| 0.57 0.30 0.01
9,119/ 0.08 0.08 0.00
5,531| 0.02 -0.11 0.00
3,355/ 0.00 -0.01 0.00
2,035/ 0.05 0.19 0.00
1,234| 0.00 0.17 0.00
454 | -0.04 0.04 0.00

61| -0.01 0.01 0.00

Total 110.34 | -111.78 | -9.24
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Table 7.42. Twenty-one Group Sensitivitl® of A for o,.

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Nal Fe Pu239
14,190,700 0.00 0.00 0.00 0.00 0.00 0.00 295.5% .9245| 111.2%
6,065,310 0.00 0.01 0.00 0.00 0.00 0.90 8563.1% 9400 | 170.7%
3,678,790 0.00 0.05 0.01 0.0D 0.00 0.90 -2648,8%5641% | 180.2%
2,231,300 0.00 0.05 0.03 0.00 -0.06 0.01 -225.7% 79406 | 424.1%
1,353,350 0.00 -0.08 0.05 -0.01 -0.34 -0.02 -97.2% -77.5% -380.5%
820,850 -0.01) -0.67 0.09 -0.03 -1.51 -0.29 -65.100 56.0% -132.4%
497,871 -0.03| -1.05 -0.25 -0.05 -1.68 -0.81 -40.2P6 -35.5% -69.4%
301,974 -0.10, -1.77 -0.85 -0.16 -2.56 -1.70 -33.600 -30.9% -50.2%
183,156 -0.16| -2.78 -1.70  -0.22 -3.66 -2.69 -25.800 -24.0% -36.8%
111,090 0.00 -4.82 -2.74 0.00 -5.95 -3.82 -20.500 9.1% -28.2%
67,380 -0.17| -2.85 -4.22 -0.21  -3.39 -5.42 -16.9% 15.9% -22.1%
40,868 -0.39| -7.20 -458 -04p -8.40D -5.60 -14.9% 14.2% -18.3%
24,788 -0.01| -4.14 -9.78 -0.01L -468 -11.85 -11.2P6 -10.7% -13.8%
15,034 -0.02| -4.28| -1041 -0.02 -468 -11[77 -9.30%6 -8.60% -11.5%
9,119 -0.11| -5.86 -9.46 -0.12 -6.34 -10.b4 -8.10% 7.60% -10.30%
5,531 -0.50| -1.61| -10.0%5 -0.54 -1.783 -11.08 -7.00p6 -7.00% -9.30%
3,355 -2.80| -0.46 -6.17) -3.00 -0.50 -6.75 -6.40% .40% -8.60%
2,035 -1.76| -2.80| -21.2% -1.87 -296 -22./8 -5.7006 -5.30% -6.70%
1,234 -1.26| -5492 -41.84 -1.32 -57.35 -43/98 %70 -4.20% -4.90%
454 -1.39| -2493 -35.10 -1.4p -25.56 -36.41 -2.10%% -2.50% -3.60%
61 -1.35| -33.75] -9.80, -1.35 -34.18 -10.p4 0.10% 30% -2.40%
Total -10.06 | -153.86 | -168.00 | -10.77 | -165.44 | -185.06
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Table 7.43. Twenty-one Group Sensitivitle® of A for ceastio

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Nal Fe Pu239
14,190,700 -0.16 -1.24 -0.11  -0.07 -0.72 -0.08  8Q% 73.50% 39.10%
6,065,310 -1.23]  -4.13 -0.34 -0.71 -2.46 -0.29 710 67.70% 35.10%
3,678,790 -2.33] -8.37 -0.76 -1.07 -4.65 -0.56 10%2| 79.90% 34.70%
2,231,300 -0.86/ -5.03 -0.6( 0.41 -1.52 -0.46 -30%7 230.70% 31.90%
1,353,350 0.26 -2.02 -0.43 1.5p 1.31 -0.33 -83.50%254.10% 30.50%
820,850 5.75 7.39 -0.60 6.85 11.28 -0.45 -16.10% 4.5 33.40%
497,871 9.19 6.81 -0.24 8.65 9.28 -0.16 6.20% 26.6) 44.80%
301,974 8.38| 13.55 -0.26 797 14.61 -0.18 520060  209%. 45.40%
183,156 10.01 13.83 -0.26 9.4l  15.33 -0.17 6.4000 .80% 55.60%
111,090 9.33] 11.86 -0.08 8.56 13.39 -0.05 9.10%0  .4aPh 63.80%
67,380 7.77| 13.92 -0.01 7.18 1441 0.01 8.10% 98.40 -175.40%
40,868 9.52| 17.33 0.13 7.16 8.59 0.13 33.00% 104.60 5.00%
24,788 19.58] 23.28 0.08 19.27 23.09 0.12 1.60P0 99.80 -33.40%
15,034 9.01| 14.07 0.04 9.18 14.16 0.06 -1.3000 99.70 -30.10%
9,119 4.33 3.91 0.02 4.53 4.10 0.08 -4.40% -4.60% 8.30%
5,531 2.21 1.55 -0.01 2.41 1.7% -0.01 -8.20% -1%.40 20.60%
3,355 2.78 1.31 0.02 2.63 1.28 0.0p 5.90% 2.5000 00%.
2,035 3.57 7.86 0.07 3.49 7.78 0.06 2.30% 1.00p0  30(P4.
1,234 5.67| 24.86 0.07 574 25.03 0.05 -1.20P% -0.70%51.90%
454 -2.62| -10.11] -0.16] -2.23 -10.59 -0.20 17.40% .60% -19.30%
61 -3.29| -17.78] -0.10, -2.78 -18.08 -0.12 18.2000 70% -14.70%
Total 96.88 | 112.84 | -3.57 | 98.07 | 127.34 | -2.60
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Table 7.44. Twenty-one Group Sensitivitle of A for cinelastio

Diffusion Transport Error of Diffusion
Upper Energy Na Fe Pu239 Na Fe Pu239 Na Fe Pu239
14,190,700 0.76 4.10 0.10 0.64 3.43 0.08 17.80% 30%8.| 17.80%
6,065,310 1.29, 12.81 0.70 1.2 11.01 0.60 5.40% 30%6.| 17.20%
3,678,790 5.49| 18.73 2.19 461 15.78 1.84 18.90%.7098 | 19.10%
2,231,300 3.81] 27.88 2.33 3.22 23.03 1.95 18.60%.1024 | 19.60%
1,353,350 5.88| 23.66 1.45 493 20.10 1.23 19.20%.70%4 | 18.00%
820,850 9.23 0.92 2.12 7.71 0.81 1.80 19.70% 13.30%7.80%
497,871 0.13 0.55 0.55 0.11 0.49 0.47 17.20% 11.80%.20%
301,974 0.00 0.30 0.25 0.00 0.27 0.21 0.00%  11.4090.20%
183,156 0.00 0.41 0.35 0.00 0.38 0.29 0.00% 9.20%2.10%
111,090 0.00 0.40 0.23 0.00 0.38 0.18 0.00% 7.10%6.0026
67,380 0.00 0.37 0.11 0.00 0.34 0.09 0.00% 9.20% .7028
40,868 0.00 1.33 0.10 0.00 1.12 0.08 0.00%  19.2099.60%%0
24,788 0.00 3.84 0.24 0.00 3.73 0.24 0.00% 2.80% .5092
15,034 0.00 0.04 0.10 0.00 0.04 0.10 0.00%  -2.50%.20%
9,119 0.00 0.00 0.01 0.00 0.00 0.0 0.00% 0.00% 009%.
5,531 0.00 0.00 0.00 0.00 0.00 0.0D 0.00% 0.00% 09.0
3,355 0.00 0.00 0.00 0.00 0.00 0.0D 0.00% 0.00% 09.0
2,035 0.00 0.00 0.00 0.00 0.00 0.0D 0.00% 0.00% 09.0
1,234 0.00 0.00 0.00 0.00 0.00 0.0D 0.00% 0.00% 09.0
454 0.00 0.00 0.00 0.0( 0.0q 0.00 0.00P% 0.00% 0.00%
61 0.00 0.00 0.00 0.00 0.00 0.00 0.00% 0.00% 0.00%
Total 26.58 | 95.33 | 10.83 | 22.45 | 80.90 9.17
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Table 7.45. Twenty-one Group Sensitivitlé® of A for Pu-23%sission andv.

Diffusion Transport Error of Diffusion
Upper Energy Nu Fission Nu Fissian Nu Fission
14,190,700 -4.05 -3.37 -2.89 -2.56 40.40% 31.40%
6,065,310 -12.89] -10.99 -9.14 -8.44 41.00% 30.20%
3,678,790 -33.43] -28.11 -23.68 -21.73 41.50% 29.40%
2,231,300 -48.23| -42.14  -33.76  -32.59 42.90% 29.30%
1,353,350 -52.51| -48.73 -36.41 -37.76 44.20% 29.10%
820,850 -81.31] -79.32 -5490 -61.01 48.10% 30.0006
497,871 -62.47| -65.20 -40.90 -49.82 52.70% 30.900%
301,974 -65.05| -71.76 -40.64 -54.14 60.00%0 32.5000
183,156 -59.35| -71.35 -33.21 -52.20 78.70% 36.7000
111,090 -40.24| -54.87 -17.80 -38.18 126.00% 43.70%
67,380 -22.81| -39.06 -3.87 -24.756  489.30% 57.80%
40,868 -8.17 -23.15 591 -12.44  -238.20% 86.20%
24,788 11.03| -12.84 27.88 0.17 -60.40%  -7444.30%
15,034 21.09 1.02 32.47 9.78 -35.00% -89.6000
9,119 19.68 5.70 26.55 10.97 -25.90% -48.00P%6
5,531 20.48 8.37 25.79 12.42 -20.60% -32.60P06
3,355 11.05 5.06 13.47 6.92 -18.00% -26.90%
2,035 56.13 31.47 63.73 37.31 -11.90% -15.60%
1,234 147.35] 95.35] 158.73 104.06 -7.20% -8.40%
454 126.38| 84.69| 132.13 88.88 -4.40% -4.70%
61 39.67 28.30 40.58 28.91 -2.20% -2.10%
Total -37.63 | -290.94 | 230.07 | -96.19
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Table 7.46. Twenty-one Group Sensitivitl® of A for P, Geastie
Upper Energy. Na Fe Pu239
14,190,700 0.10 0.70 0.07
6,065,310 0.39 1.78 0.25
3,678,790 1.30 2.97 0.46
2,231,300 1.35 1.95 0.33
1,353,350 1.15 0.52 0.21
820,850, 1.31 0.37 0.27
497,871 0.07 -0.30 0.10
301,974 0.05 -0.29 0.08
183,156/ -0.03 -0.39 0.05
111,090] -0.02 -0.25 0.02
67,380| -0.04 -0.39 0.00
40,868/ 0.03 0.04 0.00
24,788 -0.27 -0.55 0.00
15,034| -0.08 -0.26 0.00
9,119| -0.01 -0.02 0.00
5531 0.03 -0.02 0.00
3,355 0.00 0.01 0.00
2,035/ -0.04 -0.07 0.00
1,234| -0.01 -0.09 0.00
454 0.06 0.09 0.00
61| 0.08 0.22 0.00

Total 5.42 6.00 1.84
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Continuing with the sensitivities of the sodium diéy perturbation, as can be inferred
from a reactivity worth of 0.017, this is a consamlde change in the sodium content of the
reactor (it is a sodium void worth) and we can expather large sensitivities. Starting with
the o, sensitivities given in Table 7.37, one observedramatic change relative to the
eigenvalue sensitivities of Table 7.32 for all #hisotopes. A bulk of this change occurs in
the lower energy groups for all isotopes not beeati®e lower energy range is more
important, but actually because it is less impdrtarthe perturbed case. The large positive
number is an artifact of the way the reactivity thois defined. It is quite obvious that the
sodium density perturbation would be affected bgnges in the capture cross section of
sodium and one can understand that the subsegasdgring of the spectrum will alter the
importance of the resonances for all of the isadopes a final note, there is again relatively
little difference between diffusion and transpdrédry when estimating the sensitivities of
this cross section data.

The Gelastic aNd Ginelastic SENSitivities for the sodium density perturbateme given in
Tables 7.38 and 7.39. As was the case with dhesensitivity, these sensitivities are
considerably larger than the eigenvalue sensiwitior the same cross sections. As an
example, for inelastic Na scattering, we see d s®@asitivity of 0.417 while the eigenvalue
was merely 0.009. Looking at the elastic scatterdegsitivities, one can see significant
changes in the Fe values between diffusion andsp@h mostly attributable to the higher
energy groups. The same behavior is seen in tHastne scattering sensitivities, but the
threshold reaction precludes any contribution flomer energy groups. Of the two results,
we note the extremely high importance of the fouttrough sixth energy group sodium
inelastic scattering cross section, as all of #sgivities are considerably higher than those
for the elastic scattering cross sections. Thigligbts the fact that when the sodium is
voided, the spectrum is hardened, and thus crostsose that result in softening of the
spectrum become far more important.

Looking at the Pu238xssion andv sensitivities in Table 7.40, one can see that drey
of the same magnitude as the eigenvalue sensibuityncreased by about a factor of two for
the sodium density perturbation problem. Much like eigenvalue sensitivities, no real
difference is observed between diffusion and trartspn this case and the sensitivity
distribution matches the actual flux profile. Wistimportant to note in this case is that the
sensitivities of the other reactions are no loreyeorder of magnitude smaller than those for
orission andv, but they are now on par with them. This is evadenf the importance of the
spectrum change on those cross sections.

Table 7.41 is the last table of sodium density yrbdtion results and displays the
higher order inelastic scattering cross sectiorsisigities. Once again, the sensitivities are
about an order of magnitude larger than the eigeevsensitivities and one can see that the
upper energy regimes are clearly the dominant comms due to the spectrum change.

To complete the scope of the sensitivity calculajove computed the sensitivities of
A with respect to the same reactions of the sanmepss. Starting witls, in Table 7.42, one
can see that the sensitivity values are distindiljerent from the reactivity worth and
eigenvalue sensitivities. Specifically looking laé tPu-239 result, the lower energy groups are
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most important as the parasitic capture removesrares that would otherwise be available
for potential fissions in the lower energy groups. was the case with the eigenvalue and
sodium density, the use of diffusion theory or §@ort did not make a significant difference
in computing theA sensitivities.

Continuing with theseastic and cinelastic reactions in Tables 7.43 and 7.44, one can see
that the higher energy ranges typically have pasisensitivities while the lower energy ones
have negative sensitivities. The positive values easily be explained in that as more
collisions are required to slow the neutrons dowrenergy will increase the net lifetime.
Increasing the scattering rate in the lower enesgymes will decrease the lifetime due to
more leakage and parasitic absorption rather tliesioh. The net value would seem to
indicate that increasing the elastic scatteringodfNa and Pu-239 will increase the lifetime
while Pu-239 has little to no effect. As was theecavith the other sensitivities, there is little
difference between diffusion and transport.

Looking at the Pu-238sssion andv sensitivities forA in Table 7.45, one observes a
notable difference from the eigenvalue and redgtiworth cases. In Table 7.45, the
sensitivities clearly have a negative upper enenyy positive lower energy tilt for all three
isotopes. None of them show any real similariteethe underlying flux spectrum and there is
a considerable change in the sensitivity when $witgfrom diffusion to transport. Much like
the reactivity worth and eigenvalue sensitivitidsg distribution can be explained by the
impact on the net production and destruction otnmogs in the system.

To conclude the example, we look at theoBastic sensitivities forA in Table 7.46.
Unlike the other reactions, changes to the anipatrgcattering kernel are much less
important, as they merely pose a change in the estudpthe scattering rather than its
magnitude. This tends to highlight the importaneamisotropic scattering for the sodium
density reactivity worth rather than stating anythaboutA.
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8 Conclusions

Overall, PERSENT performed excellently on the pddtion and sensitivity
benchmark problems shown in Sections 6 and 7. Althese benchmark problems are
included as part of the test suite and normallye tedss than 30 minutes to complete on a
modern workstation (3 GHz Intel Xeon dual core chith 4MB L2 Cache and 32GB
aggregate memory at 1333 MHz). For perturbationmh@roblems, PERSENT provides an
ability to generate and view the detailed spatiaitdbutions to any given reactivity worth or
kinetics parameter of interest. For sensitivity ljeons, PERSENT clearly generated the
desired results in a fraction of the computatioef@drt required if using a finite difference
method for obtaining the results. While we did geherate a complete list of sensitivities for
the last benchmark, as a whole, the precedingfdetrcchmarks is sufficient to demonstrate
that the sensitivity functionality of PERSENT is skimg correctly and yielding physically
meaningful results.

From Section 4, the input and output descriptioWARI3D is provided for historical
reasons as is the code itself. However, becausé&SENR can be applied in diffusion theory,
it can also obtain identical if not superior sabuis for the same problems (Cartesian and
hexagonal geometries) as VARI3D and thus shoulddmsidered its replacement. The input
and output for PERSENT are relatively intuitive andst of it is a follow on to the input and
output results observed in DIF3D and generated BRN2D (its inspiration). Overall, the
computational effort required to carry out PERSENdsed perturbation and sensitivity
calculations is acceptable and there are cleantyomstrated ways in the preceding sections
on how to handle slow computational performance Wbrgaking up the PERSENT
computation into multiple steps using the “MAKE_INP_ONLY” option. For any and all
support on PERSENT, feel free to conswdta-software@anl.goas necessary.
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