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ABSTRACT 

Using the correlation of the fluctuating signals of in-core neutron detectors located in the same 
instruaent guide tube one can measure the void-propagation ve loc i ty in the bundles. Since the i n s 
trument guide tubes are located in the bypass region between four bundles, the neutron detector 
"sees" the void-fract ion fluctuations in different regions of the neighboring bundles with dif ferent 
weights. Neutrons transport theory methods were used to evaluate the weight-function that deter
mines the signal contribution of disturbances acting at dif ferent spat ia l regions. The weight func
tion resul ts have been combined with subchannel predictions to evaluate the cross-spectrum between 
two in-core detectors . 
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1. INTRODUCTION 

In recent years neutron noise experiments have been performed to investigate the information 
contained in the fluctuating part of the Local Power Range Monitor (LRPM) and Traversing In-Core 
Probe (TIP) s ignals (Se i fr i t z and Cio l i , 1973 ; Atta and others , 1978 ; Kosaly and others, 1979 ; 
Fry and others, 1979). It was concluded that above 2 Hz the neutron noise i s driven exclusively by 
the local fluctuations of the void-fraction (moderator d e n s i t y ) . By correlating the signals of i n -
core detectors located in the same instrument guide tube, transit times can be evaluated. Using the 
measured times an axial velocity profi le can be determined. 

In earl ier work the measured velocity prof i le vas identif ied with the ve loc i ty of the steam-phase 
in che neighboring bundles. A recent study (Kosaly and Fahley, 1982) indicates that the measured 
ve loc i ty i s the speed of the propagation of the void disturbances and can be identified with the 
axial kinematic wave ve c i t y in che bundle* (Zuber and Staub, 1967). 

One conclude* that by using the neutron noise technique important thermal-hydraulic information 
can be obtained, that i s , in-core neutron detector* can be used a* flow sensors. By comparing the 
measured and calculated velocity curves two-phase flow correlat ions can be checked and fuel bundle 
Charmal-hydraulic data (flow rate, e t c . ) can bt determined. 

The instrument guide tubes in a BWR core are located in the bypass region between four fuel bundles. 
On* of the d i f f i c u l t i e s of che method i s that the. neutron detector "see*" the void-fraction f luc 
tuation* in different region* of the neighboring bundle* with dif ferent weight*. It i s important 
therefore to evaluate the weight-function that determine* the signal contribution of disturbances 
acting at different spatial posit ions. The shape of the weight function wil l obviously depend on 
frequency. Phenomenological discussions (Wach and Kosaly, 1974), and homogeneous diffusion calcu
lation* (Behringer and other*, 1977, 1979) indicate that for low frequencies Che detector "sets" 
che perturbations through a racher wide apcrCure ( i> 1 meter) . There exiscs a narrow aperture 
component a lso chat becomes dominant above 2 Hz (Wach and Kosily, 1974V In practical experimental 
work che region 2 Hz-20Hz is used for determining void propagation ve loc i ty . 



In ear l ier reports the weight-function was calculated using one-dimensional di f fusion theory 
(Behringer and o thers , 1977, 1979) and two-diaensional (X-Y) Fl approximation (Fry and others ,1981) . 
Recently a s er i e s of papers have been published attacking the problem using a combination of d i f 
fusion theory and the Feinberg-Galanin source-sink method (Dif i l ippo, 1982 ; Analyt is , 1983). We 
bel ieve that to ca lculate the high frequency weight function (2 Hz-20 Hz) near the detector , mult i 
dimensional transport theory i s needed (Kosaly and Sanchez, 1982). The major aim of the present 
publication i s to report on our transport theory ca lcu lat ions and resul ts (Sect . 4 ) . As mentioned 
above the weight function re la tes the fluctuation of the detector signal to the disturbances in 
di f ferent spatial regions. It i s important to rea l i ze that the measured quantity (ve loc i ty ) i s 
evaluated from the cross-spectrum of two detectors located in tha same instrument guide tube. This 
means that by evaluating the weight functions of s ing le detectors one solves only the f i r s t part 
of the task. The quanti t ies of direct thermal-hydraulic interest are the weights determining the 
contribution of the dif ferent subchannels to the cross-spectrum. We br ie f ly discuss th i s point in 
Sect . 4 . 

2. THE WEIGHT FUNCTION 

Within the realm of linear transport theory the equation describing the frequency dependence of 
the neutron noise driven by void-fraction fluctuations is the Langevin equation : 
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where ii is the critical flux and, with the usual notations, 
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Here, Ê(r,E) and f (r,E*->-E,$'.ft) are the time averaged (critical) cross sections and it and 

51 are the corresponding frequency-dependent fluctuations. We have also neglected the difference 

between the prompt and the delayed fission spectra and set all fission spectra equal to the static 
spectrum x s t -

For the typical frequency range used in BWR velocity determination via neutron-noise analysis, 
2Hz < f < 20Hz, w* may write 

^ » iu8. 

Furthermore, if we neglect the time dependence of the water and steam d e n s i t i e s , then the f l u c 
tuations of the moderator cross-sections are proportional to the void-fraction fluctuations 
and Eq.(1) becomes 
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are frequency-independent. Moreover, the operator 3 H vanishes outside the moderator. Note that 
H d i f f ers froa the cr i t i ca l operator H by the factor l-S appearing in front of the f i s s i o n terra. 
The operator H approximates H in the frequency region of in teres t , that i s , the frequency depen
dence of the neutron noise i s so le ly determined by the frequency content of the void fraction 
f luctuation. The s i tuation would of course be different at very low (f << 1 Hz) or very high 
(f » 2 0 Hz) frequencies where the frequency-dependent operator H i s to be used. 

Let us now consider a neutron detector characterized by the cross-sect ion E.(r,E) and write the 
fluctuation of the neutron signal in the frequency domain as 
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where the parenthesis denote the scalar product 
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Using standard methods (Bell and Glasstone, 1970) the neutron signal can be manipulated to read 
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where the weight function i s defined as n / (3 H W(r) - -J I / (3_H) *_ dEdil , (9) 
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and where V (r,E,u) is the solution of the adjoint equation 

H* ip* - E d (10) 

with appropriate boundary conditions on the surface S of the control volume V that is assumed 
to contain the detector. We will denote by v* the adjoint function calculated with V « core 

volume and \ji « 0 for all exiting direction on S. For this case the surface contribution on Che 

RHS of Eq. (8) vanishes and the neutron signal is exactly determined by the weight function W . 

Although the shape of the weight function is largely dependent on the shape of the adjoint function 
there is a conceptual difference between the two funccions : the adjoint function v* (r^E,') gives 
the number of neutrons detected in unit^time due to a local neutron source at position r that emits 
neutrons at energy E in the direction .1 , whereas the weight function W (?) gives Che response 
to a localized change of the void fraction. In spite of Che conceptual difference between the 
weight function and the adjoint function it happens in many cases that the spatial distribution 
of che weight function can be well approximated by the spatial behavior of the angular integral 
of the thermal adjoint function. Several authors have assumed this similarity in their work and 
investigated the thermal adjoint rather than the weight function (Fry and others, 1981 ; Analytis, 
1983). 

We believe that to solve the adjoint problem near an approximately point-like BUR in-core detector, 
multidimensional transport theory is needed. Using this approach and performing total core calcu
lations is outside the realm of practical possibilities. In what follows we will use a control 
volume V that is substantially smaller than the core volume. We define the approximate weight 
function W(?) by Eq. (9) and assume that the signal fluctuation of the detector can still be 
written in a form analogous to Eq. (8) 
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Using a control volume that is smaller than the core volume (V < V ) means that the weight function 
is calculated only inside the control volume. It also means that the neutron signal is calculated 
with a certain error. The error of the calculation will largely depend on the adjoint boundary 
condition* one prescribes on the surface of the control volume. Let r 0 be a spatial point inside 



the control volume V and consider the case when the detector signal i s produced by the localized 
void-fract ion fluctuation 6a (t) - off - t ) . Then the difference between the weight function 

hi O calculated with V < V (W) and the "true" weight function (W ) can be written as c c 
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Thus the error on the weight function i s determined by the difference of two terms accounting 
respect ively for the neutrons leaving aad entering the voluae. 

In the forthcoming transport theory calculations we wi l l consider a control volume ? that i s , for 
pract ical reasons, much smaller than the volume of the core. In choosing V we rely on experimental' 
evidence and on core-size diffusion calculations (Kosily and Sanchez, 1964). we w i l l compute the 
adjoint function by prescribing vacuum boundary conditions on the surface, chat i s , id* (f ,E,3) * 0 

for outgoing direct ions . Then the pos i t ive term on the RHS of Eq. (12) vanishes and the error on 
the weight function depends only on the product of the adjoint function and the perturbed flux for 
ingoing directions on the surface S. On the other hand, let us remark that within the volume V the 
adjoint function can be calculated exactly by requiring that on the surface <li (f ,E,*) - >;>* (r ,E,3) 
for a l l outgoing direct ions . Since we do not know <ii+ the above approach i s u n r e a l i s t i c . c 

One can, however, account for Che exi t ing "adjoint neutrons" in an approximate way by using an 
appropriate albedo boundary condition. We assume that the exact angular d is tr ibut ion of Che adjoint 
par t i c l e s leaving the surface S does not appreciably affect the solution ** (except in locations 
near Che surface) and select a local-albedo boundary condition with isotropic re f l ec t ion . We require 
that 

id* (r ,E,a) - ;• S(r" ,E) J* . (r ,E) (13) 
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for all outgoing directions. Here J, , (r ,E) is the incoming adjoint current. If the surface of 
the control volume is far from the detector (which is the localized source for Che adjoint problem) 
the albedo 6(r ,£) can be calculated using diffusion theory. In the forthcoming calculations we 
invoke a one-dimensional diffusion model and compute che albedos by modeling Che reaccor as a 
homogeneous critical sphere. This introduces « supplementary approximation in that we replace 
S(r s,E) by the ;. erage albedo 8(E) on the surface of the control volume. With boundary condition 
(13) we account for the average balance of particles entering and leaving the control volume 
and therefore we expect that the error will be much smaller than in che case when che vacuum boun
dary condicion has been applied. We have also used che albedo boundary condicion Co compute che 
adjoint function. 

3. THE CALCULATIONAL MODEL 

The calculation of the adjoint function id requires che solution of a source problem in a sub-
critical medium. When setting up the model for the solution of che adjoint problem one has to 
consider that a miniature fission chamber represents a highly localized source and therefore one 
expects the adjoint angular flux to be strongly anisotropic. Another reason for using transport 
theory is the strong heterogeneity of the environment of che detector in a typical BWR fuel 
assembly. It is important to consider furthermore that the detector adjoint function is not 
separable in the space variables. In particular, in a BWR che form of Che adjoint functicn will 
be strongly affected by the differences in the neutron streaming in che axial and Che transverse 
directions. (Whereas the reactor is essentially homogeneous in the axial direction, it has strong 
heterogenities in the transverse direction). 

Since we desire to investigate the coupling between axial and transverse directions, in this work 
we have modeled the three-dimensional environment of the in-core detector into an R-Z configuration. 
In this modal tha material environment of a detector is "cylinderized" around the vertical axis 
passing chrough che detector. It follows from che discussion in Secc. 2 chat the proper choice 
of the control volume is of upmost importance. From experimental results (Kostic, 1976) we know 
that the coherence (Bendat and Piersol, 1980) between cwo LPRM3 at the same axial level but 
located in different instrument guide tubes vanishes for the frequencies of interest. Since 'he 
radial separation of the detectors was 60 cm we conclude chat within 30 cm from the resp'-'ive. 
detectors their adjoint functions decrease substantially. Based on the above observation 've have 
modeled the control volume as a cylinder with center che detector and dimensions D • 43.1 cm and 
H • 50.5 cm. 



Reference cross-sect ions were calculated (Lanning, 1981) by modeling a typical BUR 8 x S fuel 
assembly into an X-Y geometry consis t ing of an external water gap, a rectangular box of .21 cm of 
thickness, an internal water gap of .20 cm of thickness and 8 x 8 prehomogenized fuel c e l l s . The 
external vater gap has a thickness of .47 cm at the detector corner and of .95 cm at the opposite 
corner. Of the 64 fuel c e l l s 6 are poisoned and 2 are water rods. The fuel c e l l s are squares 
with sides of 1.65 a s . Using th i s X-T model, a 17 energy-group transport calculation was performed 
for an assembly near .'te beginning of i t s burn-up (1000 megawatt-day per metric ton of uranium 
metal) and a basic se t of cross-sect ions were obtained frost an edi t in the standard 4 energy groups. 
The cross sections were evaluated for void fraction values within the assembly box of 0, 40 and '70 X. 
The R-Z cross-sect ions were obtain».-* by preserving the reaction rates of the corresponding X-Y refe
rence cross-sect ions . For the calculât:on of the adjoint function in the R-Z model the detector-
source was modeled as a homogeneous cylinder of 2.54 cm height and 0.2 cm radius. Since the in -
core detector i s a f i s s ion chamber we chose the vE. cross-sect ion of U 2 3 5 as the cross-section 

characterizing the detection process. The four-groups, v£, cross-sect ions were computed by placing 
a f o i l of uranium 235 at the position of the detector. 

The R-Z four energy-group transport calculat ions were performed with Che S„ transport code TWOTRAS-II 
(Lathrop and Brinkley, 1973). Preliminary S4 calculations in our R-Z geometrical model showed 

a quite strong ray effect (Sanchez and Mc Cormick, 1982). After several adjustments of the calcula-
tional R-Z nesh and the order N of the angular approximation we adopted a S, approximation and a 

calculationel mesh for which the ray e f f ec t was very small. All the resu l t s presented here have been 
obtained with this S, approximation. In the S„ calculation a f ine calculat ional mesh i s used to 
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divide the control volume into homogeneous zones. Since the adjoint function was expected to vary 
more rapidly near the detector than .ar from f t , a non-uniform mesh (Kosaly and Sanchez, 1984) was 
selected to minimize the errors introduced by the nuaerical scheme. Two calculat ions were performed 
with the same control volume for each detector . F irs t , the shape of the c r i t i c a l angular flux :\i 
was obtained from the S„ solution of the c r i t i c a l problem with re f l e c t i ve boundaries (specular ° 

ref lect ion for the top and bottom surfaces and i sotropic , i . e . , "white", re f lec t ion for the lateral 
surface). Second, the adjoint angular flux iji was calculated. 

4. RESULTS 

Figure 1 shows the space dependence of the adjoint functions for LPRM B located at 137.2 cm above 
core bottom. The thermal adjoint ii* i s normalized to unity at the middle of the detector. The 

adjoint function becomes broader with increasing energy value. Near the peak the thermal adjoint 
i s much larger than Che adjoints in the higher energy groups. The calculation was performed with 
the vacuum boundary condition. The spat ia l behavior of che corresponding weight function is shown 
in f i g . 2 . Since W weights the signal contribution of the void-fraction fluctuations in che bundle, 
we did not indicate i t s value in the outer wacer gap, that i s , for r < 0.96 cm. The R-Z behavior 
shown in Fig. 2 suggests that che signal contribution of che perturbation i s heavily weighted coward 
the immediate v i c i n i t y of che deteccor. (The radial distance between the detector and che middle 
of che fuel bundle is • 10 cm). Figure 3 shows che cross-sectional views of Fig . 2 in che radial 
and che axial d irect ions . The resu l t s verify the assumption chac Che axial and Che cransversal 
dependence cannoc be separated, chat i s , che calculation of Che weighc function is an inherencly 
three dimensional problem. 

Figure 4 shows che weight function calculated with the albedo boundary condit ion. The albedos 
were computed from the adjoint d i f fus ion equation by modeling the reactor as a homogeneous sphere 
with the detector at i t s center (Kosâly and Sanchez, 1984). The resulting albedo values <6j".8223, 
B, - .8953, g. • .9200, i, » .9660) refer to Che surface of a sphere of radius 21.2 cm. Compa
rison of Figures 2 and 4 shows chat the weight functions match nearly exacdy in che spatial region 
where Che functions «re not very small compared to their peak value. It would be of course false 
to conclude that by using the vacuum boundary condicions we obtain resul ts chat "are valid". A 
detailed comparison shows that by considering the vacuum boundary condition we are making tremendous 
errors in the "wings" that i s where the weight function is small compared to i t s peak value. We 
are however interested in the results only in spatial regions that contribute to che signal with 
4 substantial weight. We conclude that from the point of view of the present discussion ic i s 
just i f ied co use vacuum boundary condit ions. 

Using the vacuum boundary condition we have also calculated che weights functions for LPRMS A and 
C (Kosily and Sanchez, 1964). In spi te of the difference between the void fraccions (a * 0, 0.4 
and 0.7 for LPRMS A, B ind C, respect ively) che weight* function* are nearly ident ica l . That the 
sens i t iv i ty volume dais not depend on the axi. . position is due to che compensacion of two di f 
ferent e f f e c . j . Wit', increasing void fraction che ooderacor material becomes "looser", which 



shortens the optical path between the detector and any point inside the bundle. This effect ob
viously "helps" the neutrons gett ing to the detector, that i s , i t makes the weight function 
broader . The "loosening" of the moderator material w i l l , however, resul t in decreasing moderation 
which makes i t l e s s probable that a neutron causing f i s s ion inside the bundle w i l l be represented 
in the detector signal by i t s progenies. It seens that this lat ter e f f ec t compensates the former, 
resulting in weight functions that depend only very weakly on the void fract ion. For a further 
discussion of the void fraction dependence we refer to Kosily and Sanchez (1984). 

Two main conclusions can be inferred from the results : 

(1) The weight function has a major peak near the detector 
(2) The weight function does not depend appreciably on the void fract ion . 

Discussing the above conclusions l e t us point out that they contradict some of the resu l t s published 
earl ier in the l i t erature . According to the X-Z PI calculations reviewed by Fry and co-workers 
(1984), the thermal adjoint function is much broader than found in the present ca lculat ion . The 
results depend quite s ens i t i ve ly on the void-fraction. The results presented by. these authors 
come from a low order approximation. It is fa ir to point, out on Che other hand, that they are 
total core calculat ions , whereas we were using a small control volume. We believe that the 
differences between the shape of the adjoint functions published by Fry and co-workers and in 
the present work i s mainly due to the different geometries considered in the two publications. It 
i s physically obvious that the adjoint functions have the stronger peaks the more localized the 
detector i s . The small f i s s i o n chambers considered in our °.-Z geometry resemble point- l ike detec
tors . In the X-Z geometry considered by Fry and co-workers the detectors were represented by line 
sources. That the adjoint functions corresponding to a l ine source are much broader than the ad
joint functions corresponding to a point source can be shown from core-s ize diffusion calculations 
as well as from the behavior of elementary solutions of the transport equation (Case and others, 
1953 ; Sanchez, 1974). 

All the results given in this section have been based on cell-homogenization. This approach 
contradicts the discussion given by Difilippo (1932), Analytic (1983), Sweeney (1980) and 
Sweeney and Robinson (1980). According to these reports the spatial behavior of the local compo
nent of the neutron-noise i s dominated by attenuation e f for t s in the moderator between the fuel 
pins. If th i s i s true then any kind of hooogenization i s misleading. (Core-homogânization and 
cell-homogenization a l i k e ) . The most detailed discussion of the above point of view is due to 
Analytis (1983) whose derivations are based on the Feinberg-Galanin method. Discussing the philo
sophy put forward by th i s author we point out that the Feinberg-Galanin method was devised for 
heavy-water or graphite moderator cores with large l a t t i c e p i tch , which is not the case of a 
BWR l a t t i c e . We also remark that the Feinberg-Galanin method assuming inf in ice ly chin fuel pins 
wil l greatly overemphasize the "pure moderator effect" discussed bv the aforementioned authors. 
We therefore believe that the ce l l homogenized approach wil l provide val id results for Che 
actual case of a BWR core. We are presently performing heterogeneous calculations in order to 
compare Che resulcs to the earl ier cel l homogenized ones. The preliminary results seem to corro
borate our view that the "pure moderator effect" i s negl igible in a BWR-lattice (Haghighat, 1983). 

According to the present resul ts the weight-function has a strong p*ak near the deCector. One may 
conclude from the results chat Che neutron noise signal is nearly to ta l ly determined by the void 
fraction fluctuations in the corner subchannel. This conclusion contradicts the resulcs published 
recently by Kosily and Fahley (1982). In chis reference measured ve loc i ty profi les have bren 
compared to cocal bundle calculations resulting in a sat is factory agreement between Che experi
mental and theoretical r e s u l t s . Since the corner subchannel i s known to be the least typical 
of the subchannels (Lahey and Moody, 1977), i f the neutron detector does not see further than the 
corner area, i t i s d i f f i cu l t to rationalize why the total bundle calculat ions agree wich che 
measured values. Let us point out chat the signal contribution of a given spatial region depends 
not only on the behavior of the weight function but a lso on che magnitude of che void fraction 
f luctuations. If, for example, Che void fraction discurbances were very small in che corner sub
channel and much larger in che central areas, chac could cercainly compensate che "ueighc-
funccion effect". A further important remark concerns the geometry of a BWR fuel channel : while 
only a very small part of the flow-area belongs to the. corner subchannel, i t i s the side and 
the central subchannels that carry the major part of the flow. This simple geometrical effect 
("area-effect") obviously counteracts the strong peak of the weight-funccion in Che corner area 
and may explain why che measured veloci ty values are quite c lose to che calculated bundle ave
raged v e l o c i t i e s . 

In the neutron noise method of velocity determination the s ignals of two detectors located up
stream and down»cream in che same instrument guide cube are simultaneously recorded and che 
cross-power spectral density of che cwo-signals is evaluaccd (Kosily and Fahley, 1982 ; Bendac 
and Piersol , 1980). According to experimental evidence there is a broad frequency region 
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rig. I. The space dependence of Che adjoint functions corresponding to LP3M B 
in the four energy groups (group 4 > thermal group). Control volume : 
D » 43.1 cm, H • 50,5 cm. Vacuus) boundary condition. 
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Fig. 3. The axial and radial cross-sect ional views of the weight function shown in figure 2. 
The weight function i s normalized to unity at the axial level of the midpoint of 
LPRM B (z » 2d * 137.2 cm) and at the radial distance corresponding to the middle 
of the f i r s t calculations! mesh inside the region with boi l ing (r • 1.16 cat). 
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rig. The weight function at LPRM B. 
Albedo boundary condition. 

z »112cm 

Control volume : D • 43.1 cm, H • 50.5 cm. 


