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ABSTRACT 

Reactivity worths for large moderator voids similar to those 
produced by steaming in postulated reactor transients were 
measured in the Process Development Pile (PDP) reactor. The ex
perimental results were compared to the computed void worths ob
tained from techniques currently used in routine safety analyses. 
Two major deficiencies were found. The cell calculations used 
to derive macroscopic cross sections do not take into account the 
moderated cells surrounding the void, and the diffusion coeffi
cients do not take into account the finite size of the void. 
These effects led to overpredictions of 30-150% in 6keff for the 
cases ,studied. 

Neutron energy spectrum measurements were used to verify a 
modified lattice pattern that correctly computed the measured 
spectrum, and consequently, improved macroscopic cross sections. 
In addition, a special two-dimensional transport calculation was 
performed to obtain an axially defined diffusion coefficient for 
the void region. The combination of the modified lattice calcu
lations and the axial diffusion coefficient yielded void reactivity 
worths which agreed very well with experiment. 

It was concluded that the computational modules available in 
the JOSHUA system (GLASS, GRIMHX) would yield accurate void re
activity worths in SRL-SRP safety analysis studies, provided the 
above mentioned modifications were made. However, the particular 
cases of embedded voids or partial voids (mixed steam and water) 
were not addressed in this study, and future investigation of 
these void types would provide the information needed for further 
improvements in the computational methods. 
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INTRODUCTION 

Studies of postulated accidents for Savannah River Plant 
production reactors involving positive reactivity transients 
have shown that, if shutdown mechanisms do not operate, the 
transient is initially limited by the formation of steam voids 
in the hottest assemblies and the surrounding moderator. Con
sequently, the reactivity worth of these steam voids must be 
accurately calculated for a meaningful study of the time evolu
tion and ultimate consequences of the postulated transient. 

Present SRP accident analysis codes! employ voided cell 
parameters generated by single-cell infinite lattice calcula
tions in which all D20 regions are reduced to 1% of normal den
sity. A series of Process Development Pile (PDP) experiments 
was conducted to evaluate the present techniques as well as to 
serve as a test for future code development. Additional 
objectives of the experiments were to develop remedial techniques 
if best current calculational methods proved inadequate, and to 
identify void related problem areas that might be studied in 
future experiments. The experimental results indicated that the 
present techniques tend to overestimate void worth in varying 
degrees from one lattice type to another. The primary calcula
tional errors occurred in the neutron energy spectrum and dif
fusion coefficient computed with the lattice code GLASS.2 

A special lattice pattern has been devised which effectively 
removes the errors in the neutron energy spectrum. The lattice 
pattern consists of one to seven voided cells surrounded by two 
complete rings of fUlly moderated fuel cells. Calculation of 
accurate diffusion coefficients requires a two-step process which 
is discussed in detail in subsequent sections. These calculations 
do not require large scale reprogramming of existin~ codes. They 
are similar to those described by Michelini, et aI, but are 
specifically tailored to reactor codes requiring isotropic 
diffusion coefficients, such as GRASS. 4 

There are numerous references in the literature pertaInIng 
to void effects, the most notable being the methods first proposed 
by Benoist. 5 Unfortunately, most of this work is involved with 
the detai led treatment of neutron "channeling" or "streaming", 
and does not treat large scale moderator voids encountered during 
a transient in 020 moderated reactors. In general, a directional 
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or vectored diffusion coefficient is defined with the result 
that the component along the axis of a void (e.g., coolant 
channel) is increased slightly. It is found that, due to the 
infinite lattice assumption in GLASS, the increase in the dif
fusion coefficient for a voided cell is overestimated by as 
much as a factor of ten. A more rigorous calculation is re
quired which removes the infinite lattice assumption and accounts 
for the void volume. 
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EXPERIMENTAL TECHNIQUES 

Moderator Void Formation 

In order to measure the reactivity effects of moderator 
voids, a reliable and reproducible means of creating voided 
cavities in both the coolant and the moderator regions for 
selected fuel assemblies had to be devised. Voids were obtained 
by means of hexagonally shaped aluminum cans enclosing the full 
length of a fuel assembly. These void cans (Figure 1) were 
fabricated and installed around the center seven assemblies of 
three different PDP lattice types. The void can and universal 
sleeve housing (USH) are fitted with separate gas inlets orificed 
to 0.062 in. This feature allows the helium gas to enter or re
lease slowly,. thus preventing sudden changes in reactivity 
(typical max k ~0.15¢/sec). Helium gas pressurization is remotely 
controlled from the PDP control room with the reactor at critical 
(Figure 2). Simultaneously, the PDP reactor operator adjusts 
the 020 height to just offset the negative worth of the void. 
The action is repeated incrementally until the desired voiding 
is obtained or until the procedural void worth limit (40¢) is 
reached. 

The depth of the void in each assembly was determined by 
high-precision pressure readings from a folded, oil-filled 
manometer. These readings were reproducible to approximately 
1 mm of 020 height. A secondary depth indicator in the form of 
a dip tube located at the PDP tank wall also served as a safety 
device. The dip tube was pressurized by the same helium mani
fold as the void cans. The tube was attached to a control rod 
motor drive and calibrated tape. The dip tube was constructed 
in such a way as to ensure the bottom open end could never be 
driven below the bottoms of the void cans. Therefore, in the 
case of overpressurization, bubbling occurs only at the tank 
wall with no reactivity effect. The dip tube also functioned 
as a height indicator. The tube was driven down until it touched 
the surface of the water and this setting was used as a reference. 
Direct readings from this drive motor tape gave a good measure
ment of the void depth. 
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Data Acquisition 

Reactivity Measurement 

All reactivity measurements were made using the electronic 
water height sensor to determine the relative D20 level to ±O.OS mm. 
Changes in 020 level are easily related to axial buckling changes 
since the PDP has a right circular cylindrical geometry. The 
axial buckling changes, 68 2, are related to reactivity worth by 

h . z t e express10n 

6k(~) 
k (l/Seff) 

M2 is the migration area (see the following section) 

Bg2 is the geometric buckling 

Seff is the effective delayed neutron fraction 

Sources of uncertainty and the various corrections applied to 
this type of data are discussed on page 39. 

Migration Area (M2) Measurement 

The migration area, M2, is a crucial parameter in the re
activity equation above, and for this reason measurements of M2 
were obtained by means of asymptotic period data. Initially, 
the reactor was taken critical at low power in the same config
uration which served as the base case for the void reactivity 
measurements. After delayed neutrons had equilibrated, a small 
(~2-3¢) but precisely measured amount of reactivity in the form 
of 020 was added and offset by control rod insertion. Again 
after delayed neutron equilibration, the control rods were 
driven out, putting the reactor on a positive period. A Nuclear 
Data-2200 multichannel analyzer was used to acquire and store 
neutron detector counts as a function of time after the rod 
pull. The in-core neutron detectors were recorded until the PDP 
reached its operating power limit, at which point the operator 
scrammed the reactor. By assuring an asymptotic behavior, 
point reactor kinetics should give an exact solution for the time 
dependent flux in the reactor. The period data were fitted by 
using M2 as the adjustable fitting parameter in a point reactor 
kinetics calculation. 

This same experimental procedure was repeated for the case 
of the maximum void configuration. M2 data for intermediate voids 
was linearly interpolated between these two end-point measurements. 
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Flux Measurement 

As in most extensive experimental reactor programs, radial 
and axial flux shapes were measured to aid in the evaluation 
and optimization of static reactor computations. The standard 
gold pin irradiation technique was employed where high purity 
(>99.9%) gold in the form of 0.062-i~-dia by 0.500-in-long pins, 
both bare and under 30 mil cadmium covers, are inserted in 
equivalent interstitial positions. "Equivalent positions" in
dicates that the nearest neighboring assemblies are all of the 
same type (e.g., three drivers, etc.). Because the neutron 
spectrum is the same for all pins (except in the vicinity of 
voids where corrections are required), the relative flux shapes 
are easily obtained by counting the 411.8 kev gamma activity in 
the irradiated pins with an automatic sample changer and data 
acquisition system. 

Although the gold pin technique is a very effective method 
for flux mapping, it requires one high-power irradiation for 
each map. This requirement would have made detailed mapping of 
the various void configurations tedious and time consuming. 
Therefore, a boron-lined traveling flux monitor was used for 
axial flux scans in and near the void region. Thus, in a single 
reactor run, axial flux data were obtained for all void config
urations. 

It was anticipated that difficulties might arise in the 
generation of accurate diffusion coefficients for the void region. 
One way of directly detecting the effects of changing diffusion 
coefficients would be to observe the flux leaking only from the 
void region. This type of leakage is obtained from the DB 2~ 
leakage term of diffusion theory. In order to measure thi§ effect, 
a neutron collimator was constructed from a mixture of boron 
carbide and polyester resin. The collimator was surrounded by an 
annulus of paraffin. The central aperture (Figure 3) permitted 
a l-in.-dia BFa neutron detector to be remotely raised or lowered 
in the collimator. The collimator was positioned directly over 
the center voided assembly and carefully aligned on the vertical 
axis of the center assembly. Background tests were made with a 
24-in.lucite rod and 20-mil cadmium cover placed in the detector 
channel. Backgrounds were very small, typically 0.1 to 0.5% of 
the total thermal leakage counts, and 0.5 to 2.0% of the total 
epicadmium leakage counts. 

Neutron Spectrum Measurement 

Voiding of coolant and moderator regions causes a spectral 
shift to neutrons of relatively higher energies. This shift is 
grossly overestimated in cell or small supercell calculations 
because the moderating effect of the unvoided remainder of the 
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reactor is not taken into account. Neutron spectrum measurements 
were performed to provide a basis for spectral correction techniques. 
Resonance foil detectors (Table 1) were used to measure the 
spectrum in voided fuel assemblies, interstitial positions, voided 
vacant assemblies, and in the moderator region adjacent to the 
voids. This technique is applicable only to those nuclides which 
have a single strong resonance in the energy region of interest. 
Furthermore, if relative counting techniques are to be used, a 
thermal reference spectrum must be established, and a similar 
set of foils must be simultaneously irradiated in this thermal 
spectrum. For the PDP measurements, a septifoil in Gang III was 
removed to provide a thermal reference point. This position gave 
a 235 U cadmium ratio of ~28.4 which is not adequately thermalized, 
but could be effectively corrected by subsequent cell calculations. 
Figure 4 shows a typical foil stringer as it was placed in the 
reactor test position. Note that copper pins were positioned 
along the length of the strip in order to normalize the axial 
flux variations over the length of the strip, as well as from 
one strip to another where more than one strip was placed at the 
same reactor location. The irradiated foils were counted with 
an automatic sample changer system, but due to half-life and cross 
section differences, foils of a given type were counted at dif
ferent time intervals after the irradiation. The gamma activity 
counted was also obtained at different energy threshold and 
window settings to enhance true signal-to-background ratios. 
The normalization and various corrections applied to the data 
are described on page 39. 

Residual D20 in Void Region 

Void cans were fabricated by bending 0.060-in.-thick 6061 
aluminum sheet into two half-hex shells on a forming brake. The 
two halves were welded and the seams were ground to permit close 
clustering of up to seven such hexagonal assemblies (Figure 5). 
Machine tolerances and subsequent handling of the assemblies caused 
small spaces between adjacent hexagonal flats; these spaces con
tained small amounts of D2 0 during voided reactor experiments. In 
order to obtain an estimate of the amount of D20 residing in these 
gaps, "feeler" gauges were inserted along the length of the cluster 
at 12-inch intervals in the six accessible gaps. The center assembly 
could not be gauged so the average of the six gaps directly measured 
were applied to the appropriate gaps in the center assembly. The 
results of these measurements gave a residual D2 0 content of approxi
mately 1.3% when distributed over the entire void region. Since all 
of the void calculations to be described later replace normal D20 
moderator and coolant with D20 having 1% of normal density, this 
residual D20 brings the calculation closer to the actual case meas
ured in the reactor. 
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TABLE 1 

Cross Sections ahd Resonance Energies for 
,Resonance Foil Detectors 

Resonance 
Resonance Energy, g (J2200, Integral, 

Isotope electron volts barns barns 

17SLu 0.142 3080.6 8346 b 

2S9pu 0.296 740.9 1626 b 

115In 1.46 195.0 2550 
197Au 4.91 99.4 1490 
166W 18.8 38.0 410 c 

6SCu 577 4.5 2.04 (+1.82)d 

a. Corrected for partially thermalized reference position. 

b. Derived by numerical integration of differential cross 
section over desired lethargy range. 

c. Includes effect of overlapping Cd 18.S eV resonance. 

d. 1.82b smooth (~l/v) cross section integral. 
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CALCULATIONAL MODELS AND CODES 

GLASS Cell Calculation 

The infinite lattice transport theory code, GLASS (formerly 
RAHAB) was used to generate fewgroup cell parameters for both 
normal and voided assemblies for subsequent reactor calculations. 
Using single cell or small supercell lattice patterns (2 or 3 
unique assemblies) resulted in void cell diffusion coefficients 
which were too large by as much as a factor of 10. In addition, 
the 37-group neutron energy spectrum for voided assemblies was 
much too hard, peaking in the kilovolt energy region. Both of 
these effects result from the infinite repeating nature of the 
lattice pattern which does not correctly model the unvoided region 
of the reactor. One approach to correct this model deficiency 
would be to use a coupled-cell calculation which would permit 
a more exact model of the reactor. 

: Response-Matrix Methods 

Response-matrix calculations 6 ,7 (RESPONSE) appear to offer 
a potential solution to the problem identified in GLASS in the 
previous section. The response technique calculates the response 
of a single cell to a neutron current entering through one of 
its faces. This is achieved by a combination of Monte Carlo and 
collision probability methods with the results expressed in the 
form of response matrices for each cell instead of cross sections 
as is the case with GLASS. The global reactor calculation 
(RASCAL) is accomplished by coupling the neutron partial currents 
throughout the reactor. Thus, the effects of adjacent cells are 
more exactly represented since there is no infinite lattice 
assumption made. 

Despite the relatiVe ease and accuracy of reactor modeling, 
the method suffers from several disadvantages with respect to 
voided reactor computations. Chief among these is its limitation 
to two-dimensional reactor calculations. In the PDP void experi
ments, bottom reflector and top boundary extrapolation are crucial 
features for accurate reactivity worth calculations. Top and 
bottom region modeling can be accomplished only with a full three
dimensional reactor calculation. Since RESPONSE does not calculate 
detailed fluxes over the cell, the neutron spectrum is not avail
able for comparison with its experimental equivalent. Finally, 
in comparative GLASS/GRIMHX and RESPONSE/RASCAL 2D studies, the 
reactivity effects due to voids was found to be very similar and 
not in agreement with experiment. 
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GLASS 37-Cell Lattice Patterns 

In order to obtain region-averaged cross section data for 
3-D diffusion theory calculations, a method was devised which 
overcame the hard spectrum difficulties of single or small super
cell GLASS computations. A new lattice pattern was created 
which permitted a single cluster of 37 cells composed of seven 
unique cells (Figure 6). For seven voided assemblies, this new 
pattern allows two additional rings of fully moderated assemblies 
to surround the void, thus softening the spectrum to agree better 
with experiment. This pattern gave good spectral representations 
for all lattices and test locations studied, and is expected to 
have general applicability to all SRP/SRL reactor calculations 
where moderator voiding is present. Experimental spectral data 
and 37-cell GLASS spectra are illustrated on pages 62-67. 

Diffusion Coefficients 

As stated earlier, the reactor calculation (GRASS) over
estimates axial leakage when the diffusion parameters are com
puted with GLASS (including 37-cell lattice patterns). This 
overestimate stems from the fact that the diffusion coefficient, 
or more properly 1/(3 LT), is calculated isotropically on a cell 
by cell basis. Consequently, GLASS does not accurately model the 
finite size of the reactor void with respect to the rest of the 
reactor. 

Anisotropic diffusion effects are generally represented by 
radial and axial diffusion coefficients. In this study, a two
dimensional, two-region transport calculation was used to com
pute axial leakage out of a cylindrically shaped void region in 
the reactor. The computed leakage is equated to the familiar 
DB z '¢ leakage term of diffusion theory. Figure 7 illustrates 
the geometric model and transport equation used to compute this 
"axial" diffusion coefficient. In this equation, Bz ' is measured 
in this experiment, and the ka and LS values are obtained from 
the previously described GLASS calculations. A cosine flux 
distribution is assumed over the height of the reactor. This 
procedure has been coded under the module name LEAK and is ex
ecuted via the JOSHUA2 system. Computer CPU time typically runs 
from 15 to 30 minutes per problem which would be intolerable in 
routine safety analyses. However, the size of the correction on 
D varies smoothly as a function of void radius, and therefore, 
the correction is accurately computed by a polynomial expansion 
representation. Recently, Graves (see Appendix) has suggested an 
alternative method which yields approximately the same axial dif
fusion coefficient, but requires Significantly less computer time. 
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With either method, the use of an axially defined diffusion 
coefficient in an isotropic diffusion theory calculation must be 
justified. In the calculation, the radial component is set equal 
to Daxial. To check the validity of this procedure, a series of 
axially infinite (i.e., no leakage) calculations were run with 
both isotropic and equivalent axial diffusion coefficients. The 
results were identical within the uncertainties of the input 
parameters. This implies that for voids which are small compared 
to the rest of the reactor, radial leakage is insensitive to the 
diffusion coefficients in the void region. As the void region 
gets very large (of the same order as the reactor), the isotropic 
result (GLASS) is obtained. Therefore, direct insertion of axial 
diffusion coefficients in the void region appears justified. A 
summary of the diffusion coefficients obtained by the various 
techniques for the three basic lattice types studied is given in 
Table 2. 

Reactor Calculation (GRIMHX) 

GRIMHX4 is a two- or three-dimensional neutronics module in 
GRASS. GRASS is a generalized diffusion theory reactor calcula
tion within the SRL JOSHUA system. The code has a variety of 
symmetry options and mesh point assignments. Unless otherwise 
noted, all calculations were performed in hexagonal geometry for 
a 60° sector of the reactor with three mesh points per hex. 
Cross section data were input as supercell averages for the un
perturbed regions of the reactor and as cell averages for the 
voided regions. . 

Two-Dimensional Analysis 

Initially, a two-dimensional, hexagonal geometry was selected 
using the measured axial buckling. Extrapolated top and bottom 
boundaries were inferred from cosine fits to measured axial flux 
shapes. The base case calculation (no voids) was computed with 
uniformly adjusted VLf parameters to yield keff exactly equal to 
unity. This adjustment is necessary because of uncertainties in 
the 6Li content of the target tubes and, to a lesser extent, be
cause of uncertainties in the 235U content of the fuel tubes. 
Changes in VLf were typically less than 0.5% of that computed by 
GLASS. For the voided calculations, the spectrum-corrected 
cross sections and LEAK-computed diffusion coefficients were used 
in the void region. 6k worth of the void is simply the difference 
between the base and void case eigenvalues. 

Void worths computed using a two-dimensional model were not 
in good agreement with experiment; calculated values were 30 to 
150% greater than the measured values. A significant portion of 
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TABLE 2 

Diffusion Coefficients Derived by Isotropic and Anisotropic Methods 

DIFFUSION COEFFICIENT, D 
PDP Energy GLASs-Normal Pattern GLASS-37 CeU LEAK (2 region reactor) 
Charge Type Group (Isotropic) (Isotropic) (Anisotropic) 

Enriched Lattice I 1.382 1.361 
(Normal Moderation) II 0.8980 0.8724 

Enriched Lattice I 15.86 14.34 9.854 
N (7-cell Voided) II 9.921 8.292 4.026 
'" 

Uranium Metal Lattice I 1.255 1. 214 
(Normal Moderation) II 0.8786 0.8449 

Uranium Metal Lattice I 5.745 6.108 6.074 
(7-cell Voided) II 6.758 6.619 4.595 

Central Vacancy Lattice I 1.279 1. 250 
(Normal Moderation) II 0.8669 0.8281 

Central Vacancy Lattice I 62.53 71.31 13.98 
(7 -cell Voided) II 75.32 61. 71 11. 82 



this discrepancy is due to the treatment of top and bottom boun
daries in the PDP. The bottom is bounded by approximately 50 cm 
of 020 reflector with control rods extending to the tank bottom. 
At the top boundary, the fuel extends beyond the critical 020 
height, and leakage neutrons interact with this fuel to produce 
significant neutron feedback. However, the greatest inaccuracy 
in the two-dimensional (2-D) mockup is simply that, during the 
experiments, the void region did not extend to the tank bottom. 
Structural design fixed the maximum void configuration to a depth 
approximately 30 cm from the bottom of the tank. This 30 cm "void 
reflector" greatly reduces neutron leakage that was computed in 
the 2-D calculation. Although various corrections and estimates 
for these effects could be applied to the 2-D calculation, an 
exact solution is possible with a three-dimensional (3-~) model 
of the reactor. 

Three-Dimensional Analysis 

The three-dimensional option in GRIMHX employs a hex-Z 
geometry which yields an accurate model of the PDP for the void 
studies. The Z-axis was divided into sixteen segments, and mesh 
points were assigned at approximately 10 cm levels. By placing 
the Z-segment boundaries at the same levels that void steps were 
taken in the experiment, it was possible to model the void region 
incrementally in the calculation just as it occurred in the ex
periment. As expected, agreement with experiment was greatly 
improved over the 2-D results. 

However, even after proper treatment of the bottom reflector 
both in and out of the void region, a significant discrepancy 
still existed. The nature of the difficulty was diagnosed by the 
axial flux shape data. Figure 8 shows the axial flux data from 
a set of gold pins irradiated in Gang III. The dashed curve was 
calculated ignoring any reactor components above the critical 
020 height. The solid curve is the same calculation except that 
an additional Z-segment has been added to take into account the 
fuel extending above the 020. For this extended top segment, 
void region cross sections and diffusion coefficients were used. 
Figure 9 illustrates the segmented Z-axis structure of the final 
3-D geometry employed in the analysis. Although this extended 
top segment technique is not required for SRP production reactors, 
it is significant in most, if not all, PDP 3-D calculations 
where precision buckling, critical water height, or reactivity 
information in concerned. The authors strongly recommend that 
future PDP calculations include this technique. 
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DETAILED RESULTS 

The measurements described on pages 14-17 were applied to three 
distinctly different reactor lattice loadings. The first lattice 
type (hereafter referred to as Enriched Lattice) was a uniform 
(7" triangular pitch) loading of highly enriched 23 5U aluminum 
alloy assemblies. The fuel assemblies contained two concentric 
fuel tubes and two 6Li/Al target tubes nested within an aluminum 
outer housing. Figure 10 illustrates a face map for this lattice. 

A second lattice type was constructed by removing the fuel 
assemblies from the void region. The result was to obtain a 
voidable region without neutron production or significant ab
sorption. Thus, voids in this region will affect reactivity almost 
entirely by neutron leakage. In the remainder of the discussion, 
this lattice will be referred to as the Central Vacancy Lattice. 

A third lattice configuration was obtained from the basic 
Enriched Lattice by substituting uranium metal fuel having near 
natural 235U content, for the enriched assemblies in the center 
42 positions including the six fuel positions in the void region. 
The result (Figure 11) is a substitution lattice which permits 
void studies of a near natural uranium metal lattice without the 
need for an entire lattice change. This lattice will be desig
nated the Uranium Metal Lattice. 

Void,Reactivity Worth 

Enriched Lattice 

Measured void worths for the voiding of seVen assemblies in 
the Enriched Lattice are shown in Figure 12. Reactivity is in 
Seff units (¢) and void length is measured with respect to the 
top (critical 020 height) of the reactor. The error bars assigned 
to the data points include uncertainties in critical 020 height, 
void length, and migration area (see later section). The solid 
curve is a GRIMHX 3-0 calculation which agrees very well with the 
experimental data. The corresponding 2-0 calculations using 
spectrum corrected cross sections and proper axial diffusion co
efficients gave a total void worth of 58¢ as compared to the 
measured value of 46.9 tl.8¢. 

Central Vacancy Lattice 

As shown in Figure 13, the voiding of the central seven 
vacant positions produced a significantly different pattern. 
Reactivity worth is observed to rise rapidlY as the top third 
of the reactor is voided, level off in the middle third, and 
then rise rapidly again in the bottom third. The behavior is 
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entirely consistent with the experimental design concept of a 
high leakage region with negligible neutron production and para
sitic absorption. In this design, the rate of leakage increase is 
at a minimum at the reactor midplane, which is what the data is 
implying. The GRIMHX 3-D calculation (solid curve) apparently 
underestimates this leakage effect relative to cross section 
changes, but agrees very well near the top and bottom of the 
reactor. Possible explanations for the middle region discrepancy 
include small errors in input data for residual materials in the 
void region (primarily void cans) or, more likely, inadequacies 
in the model used to generate the diffusion parameters. No 
attempts were made to resolve this relatively small discrepancy 
(~2 to 5¢). A computed total void worth of 37.4¢ was obtained 
with GRIMHX 2D calculations versus a measured worth of 29.2 ±1.2¢. 

Uranium Metal lattice 

The final worth measurements were made for the substituted 
Uranium Metal Lattice and are shown in Figure 14. Again good 
agreement is observed with the calculation slightly underpredict
ing the worth over the bottom two-thirds of the core. In all 
cases, the disagreement between experiment and calculation is 
greatest near the midplane of the reactor. A slight bias may 
exist in the data for this region since the migration area (see 
below) was measured only at the end points (base case and fully 
voided) with linear interpolation of all intermediate voids. 
Further remedial effort is probablY not warranted, but any future 
void measurements shOUld include migration area measurements at 
the midplane void configuration to aid in interpolation. 2-D 
calculations gave a full void worth of 42.l¢ compared to the 
measured value of 37.2 ±1.5¢. 

In order to summarize and better compare all the void worth 
measurements, Table 3 was constructed with a step-by-step cor
rection process. This better identified the direction and 
magnitude of the worth corrections due to spectrum (37-cell 
GLASS) and diffusion coefficient effects (LEAK). Note that the 
uncorrected GLASS cell calculations greatly overpredict 6k and 
that the spectrum correction increases this disagreement. How
ever, the diffusion coefficient correction is so large that it 
offsets the overprediction and spectrum correction almost exactly. 
Two more observations are significant. First, the spectrum 
correction is apparently only a weak function of lattice type, 
increasing 6k 8 to 10% in each case, whereas the diffusion 
correction is a very strong function of lattice type or, more 
specifically, of void region content. 
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TABLE 3 

Detailed Comparison of Measured and Calculated Void Worths* 

PDP Single-cell 
Lattice Type Measurement GLASS 

Enriched Lattice 46.9 ±1.8 77 .1 

Central Vacancy 29.2 ±1.2 78.7 
Lattice 

Natural Uranium 37.2 ±l.5 54.1 
Metal Lattice 

* All reactivity worths in (¢) (Seff = 0.0072). 

** Using 37-cell GLASS + LEAK. 

GRIMEX 2-D 
37-ceZl 
GLASS 

84.8 

86.4 

58.3 

37-cell 
GLASS + LEAK 

58.0 

37.4 

42.1 

GRIMHX~~ 

3-D 

47.1 

26.5 

34.2 



Migration Areas 

Migration areas for each of the test lattices are shown in 
Table 4. The probable errors quoted include uncertainties in 
critical D2D height, counting statistics, and, by far the pre
dominant contributor, uncertainties in the Si'S (delayed neutron 
family components). The direct delayed neutron data (Si and Ai) 
are taken from the compilation and evaluation of Tuttle,S while 
the D2D photo-delayed data is from a compilation by Church. 9 

The values of 6eff entered in the table are computed by the point 
reactor kinetics code. These 6e ff values are used in expressing 
void worths in 6eff units (i.e., dollars and cents). It should 
be noted that differences in the M2 from base to fully voided 
cases are small (5 to 7%), and generally less than the uncer
tainties in the data. Differences due to lattice type are almost 
negligible. 

Fl ux Shape Data 

,Radial Flux 

As stated earlier, radial flux data were obtained from both 
bare and Cd-covered gold pins which were irradiated in each 
lattice configuration investigated and subsequently counted on 
an automatic sample changer system. These data were used to eval
uate the reactor calculations and determine if any appreciable 
discrepancies were present. None of the .lattice configurations 
tested showed large discrepancies except near and in the void 
region. Spectrum changes are significant in this region, and 
special corrections for the data were required. Correction of 
these few data points for spectral effects was not done since 
a complete spectral investigation (see later section) of the void 
region was performed to assist with modifications to the GLASS 
cell calculations. In the subsequent Figures 15-20, the measured 
void-region flux data point is not plotted, but the GRIMHX calcu
lated flux is plotted to zero radius. The GRIMHX calculated flux 
shape is normalized to the experimental data at approximately 90 
cm radius. Note that the radial flux shape is greatly perturbed 
by the presence of a central void. Calculated flux shapes over 
the unvoided portion of the reactor must be in reasonably good 
agreement before spectrum and diffusion coefficient corrections 
are made. Uncertainties in radial flux data are not easy to 
define quantitatively. The statistical counting errors are 
generally less than 1%, but positioning of the pins primarily in 
the radial direction may lead to 5 to 10% errors or more. 
Variation in gold pin weights and purity are responsible for 
less than 1% uncertainty. With the agreement between calculation 
and experiment observed by radial fluxes in the unperturbed 
regions of the reactor, it was concluded that the basic reactor 
calculation was satisfactory and that additional work would 
concentrate on cell parameter generation or in axi.al flux 
discrepancies. 
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TABLE 4 

Measured Migration Areas for Moderator Void Test Lattices 

M2 (c:m 2 ) 

Lattiae Type Baae Caae FuZZ Void Seff 

Enriched Lattice 177 ±9 189 ±9 0.00718 ±0.00036 

Central Vacancy Lattice 172 ±9 180 ±9 0.00718 ±0.00036 

Natural Uranium Metal Lattice 177 ±9 185 ±9 0.00735 ±0.00037 

- 40 -



1.2 

1.0 

0.8 
OJ 
> 
.~ ..., 
'" ~ OJ 
<. . 0.6 x 
::J 
~ 

U. 

0.4 

0.2 

o 

, , , 
\ , 

\ 
..... , , " .. ~ " , - , 

" , ',A ... ' •• , 
-~ ---.-.. . \ . ... , 

• • l 

-

Voi d Boundary 

BASECASE RADIAL FLUX 

EKperiment } 

GRIMHX 
Thermal 

• - Experiment} 
Epithermal 

GRIMHX 

40 80 120 

Reactor Radius, cm 

\ 
\ 
\ . \ 
\ 
\ 
\ 
\ 

~ , 
~ 

~ \ , 

160 

FIGURE 15. Comparison of Measured and Computed Radial Flux Shapes 
- Enriched Lattice - Base Case 

- 41 -



., 
> 
~ 

+' .... 
a; .. . 
>< 
~ 
~ ..... 

2.8 ~---r----r-----r----r----. 

2.4 

,,_ ... , , , 
I 4 \ 

I \ 
4 \ 

4 " 4 \ 
....... "1 \ 

.... 4 4 

" \ ," , 
'4 \ 

I \ 

2.0 

I 4 
I \4 
I \ 
I \ 

1.6 

, \ 

I'--.J' \ \ 1.2 

0.8 

0.4 

o 

" 

I 
I 

I 

• 

~ Void Boundary 

VOIDED RADIAL FLUX 

A - Experiment 

--- GRIMHX 
} Thermal 

• - Experiment } 
_ GRIMHX Epithermal 

40 80 120 

Reactor Radius. em 

\ 

160 

\ 4, 
\ 

\ 

FIGURE 16. Comparison of Measured and Computed Radial Flux Shapes 
- Enriched Lattice - Voided 

- 42 -



QJ 
> 
.~ ..., 
'" ~ 
cu s-. 
)( 

" ~ "-

2~~-----'------~------~-------r--~ 

2.0 

1.6 

0.8 

0.4 

o 

,-, ". , 
I \ 

.1. \ 
Void BOUndary.,;;' 'to 

./ .'" . . \ ,r , \ 
" \ "f \ " .. 

VOIDED RADIAL FLUX 

A - Experiment } 
Thermal 

--- GRIMHX 

• - Experiment} 
Epithermal 

- GRIMHX 

40 80 120 

Reactor Radius. cm 

\ 
\ .. 

\ 

~\ ., 

160 

FIGURE 17. Comparison of Measured and Computed Radial Flux Shapes 
- Central Vacancy Lattice - Base Case 

- 43 -



OJ 
> 
.~ ... .. 
~ 

OJ ... . 
x 
'" ~ ..... 

2~r-----~------~------~----~r-~ 

2.0 

1.6 

1.2 

• 
1.8 

0.4 

o 

Void Boundary 

i~~~ 
,--- \ " "" , . -, "" " '\ '-- "" "",~ "" ,. .. -- ~ \ "" \ BASECASE RADIAL FLUX , 

~ - Experiment } 
Thermal 

--- GRIMHX 

• - Experiment } 
Epithermal 

GRIMHX 

40 80 120 

Reactor Radius. cm 

~, 

'\ ." 

160 

FIGURE 18. Comparison of Measured and Computed Radial Flux Shapes 
- Central Vacancy Lattice - Voided 

- 44 -



.. 
> 
::. 
'" ~ .. ... . 
x 

'" ~ u.. 

2.4 ,.----~---_.---~--___,r_......., 

2.0 

1.6 

1.2 

0.8 

0.4 

o 

• 
Void Boundary • • 

BASECASE RADIAL FLUX 

A - Experiment} Thermal. 

--- GRIMHX 

• - Experiment} 
Epithermal 

- GRIMHX 

40 80 120 

Reactor Radius, cm 

160 

FIGURE 19. Comparison of Measured and Computed Radial Flux Shapes 
- Uranium Metal Lattice - Base Case 

- 45 -



2.8 r-----.------,.....----r---~-...., 

2:4 

2.0 

~ 1.6 
'" .~ 

~ . 
>< 
" ~ 1.2 

" 0.8 

0.4 

o 

I 
I , 

" \ ~ ""J?l I .. ' , 
I • 
I • , 

;(/ 
Void Boundary 

VOIDED RADIAL fLUX 

A- Experiment}Thermal 
---- GRIMHX 

• 

• - Experiment} Epithermal 
- GRIMHX 

40 80 120 

Reactor Radius, em 

160 

FIGURE 20. Comparison of Measured and Computed Radial Flux Shapes 
- Uranium Metal Lattice - Voided 

- 46 -



Axial Flux 

Axial flux shapes are generally measured in all reactor 
experiments to obtain the top and bottom extrapolation distances 
for inclusion in 2-D reactor calculations. For 3-D calculations, 
the axial flux shapes provide information to test the ability of 
the code to model the axial geometric detail of the reactor. A 
brief description of axial flux discrepancies was given in the 
GRIMHX-3D theoretical section earlier in this report. Basically, 
the 3-D calculation does not give the proper axial flux shape 
if the model is terminated at the critical D20 height (Figure 8). 
This discrepancy results from the fact that leakage neutrons 
interact with the fuel extending above the D20 and raise the 
"effective" top boundary of the reactor. This effect is extremely 
important to the worth of the first 20 to 50 cm of voiding, and 
introduces a non-negligible error for all void configurations. 
The remedy was simply to expand the top boundary of the GRIMHX 
core to the physical top of the PDP fuel and to insert voided 
fewgroup parameters for this extended top region (Figure 9). 
The method yielded excellent agreement between calculated and 
experimental axial fluxes (Figures 8, 21, 22), but more important, 
this change in reactor geometry afforded greatly improved ~k 
calculations as the top third of the void region was voided. 

Whether the calculation is for void effects or otherwise, 
the top boundary region should be included in all future PDP 3-D 
calculations whenever possible. Critical D20 height predictions 
should be improved by 5 to 15 cm with inclusion of the extended 
fuel region. Rod worth and space-time measurements also require 
this top boundary method for accurate computed results. 

Voided axial flux shapes are much more complex to analyze 
and are a strong function of void configuration. Figure 23 shows 
three thermal axial flux profiles for the enriched lattice. The 
axial fluxes were measured at the radial center of the void region 
for the base case and for voids of 136.5 and 262.6 em. The data 
points are indicated by solid circles and the normalized GRIMHX 
fluxes by the solid curve. Thirty-seven axial mesh pOints were 
used in GRIMHX to obtain these results. Figure 24 shows the 
corresponding epithermal fluxes for the same reactor configurations. 
However, the combination of strong spectral changes and the l/v 
nature of the detector preclude a direct comparison of experiment 
and calculation. The solid circles represent the raw data which are 
actually the boron reaction-rate in the detector. The solid curves 
are the GRIMHX Group 1 (2-group treatment) flux calculations 
normalized to the data at the peak values. Note that at the void 
interface, the flux behaves in a very different manner from the 
reaction-rate data. This results from changes in the resonance 
integral due to spectrum changes. At present GRIMHX does not have 
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a reaction-rate edit for axial traverses, but fission rates are 
edited. This fact s~gests that future axial flux profiles should 
be measured with a 23 U fission chamber rather than a boron-lined 
ion chamber in order to have direct comparison to calculation. 
For the present data, a uniform normalization of the data midway 
up the voided portion of the central patch has been performed and 
plotted with the open circles. Except for data points in the 
transition (interface) region, reasonable agreement is observed 
which implies that the epithermal flux calculation is probably 
consistent. Figures 25-28 are similar plots of the same type of 
data for the Central Vacancy and Uranium Metal Lattices. 

Axial leakage Flux 

The axial leakage flux data were obtained in an attempt to 
experimentally modify isotropic infinite-lattice diffusion co
efficients for the anisotropic effects of voiding. The fluxes 
plotted in Figures 29-31 are the actual leakage rates into a 
fixed solid angle representing only those neutrons leaving a 
constant surface area at the core boundary (Figure 3). Un
fortunatelY, attempts to reproduce the data by LEAK calculations 
were unsuccessful. It is apparent that a much more sophisticateq 
model is necessary to perform this type of calculation. The 
experimental data are of interest in a qualitative fashion in that 
leakage deviates from a pure cosine shape. If leakage were 
axially uniform (i.e., a cosine axial shape), a constant Daxial 
would be appropriate. For the Enriched and Uranium Metal Lattices, 
an approximate cosine shape is observed. However, for the Central 
Vacancy Lattice, large deviations are observed from a cosine 
shape, adding evidence to the earlier speCUlations that a constant 
coefficient in the axial direction for this particular lattice 
may be aphysical. Note that in the leakage data, the solid angle 
was fixed such that normal changes in leakage due to geometry of 
the void are removed. 

Additional data \\ere obtained with a variable solid angle 
such that the entire void interface area was always observed by 
the detector/collimator. These data yielded no additional insight 
and \\ere also not amenable to calculated comparisons. 

Neutron Energy Spectra 

Enriched lattice 

Neutron energy spectrum measurements by the resonance foil 
technique were corrected for background and decay. Several ad
ditional corrections were then made. The first correction was 
made to the thermal reference data since a true thermal spectrum 
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was not established. This correction was accomplished by calcu
lating with GLASS a supercell containing a vacant septifoil 
position in which reaction rates were computed for each resonance 
foil isotope at the proper cell position. Effective thermal 
reference cross sections were obtained from the relationship for 
a given foil X by 

(Reaction Rate)X 

(Reaction Rate)Au 
0"2200 

g Au 

the reaction rates are from the GLASS edits 

g is the Wescott g factor 10 

O"A
2u200 

1'S the 2200 m/sec gold t t t' neu ron cap ure cross sec len 

The resonance foil data were next corrected for isotopic abundance, 
thermal and resonance flux depression, and shielding effects of 
cadmium on the desired resonance. With this information, the 
resonance flux for a resonance foil X is computed by the 
following equation 

l/f is the cadmium resonance shielding factor 

ACd is the cadmium-covered corrected activity for foil X X 

A~ef is the reference acti vi ty for foil X 

pth and pres are the thermal and resonance flux depression 
factors 

g O"xeff is the effective thermal reference cross section 

(R.I.)X is the infinite dilution resonance integral for 
foil X 

In the case of the 63 CU resonance, the flux must be computed 
with a resonance and a l/v smooth component. The l/v component 
is tied experimentally to a convenient low-energy resonance such 
as the IISIn resonance at 1.46 eV. Finally, the subcadmium 
resonances of 239 pu and 176 Lu require a special two-step procedure. 
Because these resonances are broad, the fluX energy shape over 
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the resonance must be used to estimate the flux at the resonance 
peak energy. This technique is described in detail in Reference 
11. Basically, a flux shape guess (or computed estimate) is used 
in the first step to calculate the reaction rates over the 
resonance. Equal lethargy units are marked off on either side 
of the resonance centroid, and appropriate resonance cutoff points 
are selected. The differential cross section is numerically in
tegrated over these two cutoff points to obtain the resonance 
integral, and the resonance flux is calculated as in the case of 
epicadmium resonances. The second step is to_fit the spectrum 
computed by GLASS to all of the resonance flux data and use the 
resulting 37 energy group fluxes to recompute the reaction rate 
procedure. This results in an approximate 10 to 20% change in 
sub cadmium resonance fluxes. 

In the Enriched Lattice, three positions were monitored for 
spectral information. Figure 32 shows the spectrum at the center 
of the void region. Figure 33 is obtained from foils placed in 
the center of one of the void-region fuel assemblies, and Figure 
34 is obtained from a location in the moderated region adjacent 
to the void (approximately 5 cm from the void interface). The 
striking feature of all these spectra is their similarity to a 
normally moderated spectrum which shows a thermal peak followed 
by a relatively flat (l!E flux) dependence out to very high 
energies ('VI MeV). The dashed curves in the figures represent 
the spectrum which results from a single cell or small supercell 
calculation. The solid curve is the normalized 37-energy group 
flux using the special 37-cell lattice pattern. The normaliza
tion point is at the gold 4.9 eV resonance. 

Uranium Metal Lattice 

Similar data and analyses were obtained for the Uranium Metal 
Lattice and are illustrated in Figures 35-37. Note that no attempt 
has been made to assign uncertainties to the data. Because of the 
large number of data corrections and graphical treatment of sub
cadmium resonances, quantitative error analysis would be difficult. 
Best estimates without rigor indicate about ±25 to 30% uncertainty 
in the worst cases. Since the differences between calculated and 
experimental results span several orders of magnitude, these un
certainties are quite acceptable. Further refinement of data 
or experimental technique would have no meaningfUl effect on 
the computed void reactivity worths. 
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CONCLUSIONS 

Calculations of moderator void reactivity worths using 
standard lattice patterns and diffusion coefficients will result 
in a significant overestimate of the void worth; this is non
conservative for reactor safety analysis. However, by using a 
37-cell lattice pattern and by computing diffusion coefficients 
either by the LEAK code or by Graves alternate method (see 
Appendix), good estimates of void worths will result. 

Because the efficacy of the basic codes has been established 
for complete voiding of relatively large regions (7 assemblies), 
no further experiments of this particular type are deemed necessary 
at this time. However, other void-related questions are unre
solved and should be reviewed for potential experimental evalua
tion. All experimental void studies to date have been dominated 
by neutron leakage out of the core. Therefore, calculational 
accuracy of void worth resulting from an embedded void in the 
core interior is still untested. Scoping calculations will be 
necessary to determine if this type of measurement is feasible 
and if the results of such a measurement will add to our under
standing of void effects. 

Another variation in void calculations is encountered when 
incomplete voiding occurs (i.e., mixed steam and liquid), and 
this effect has never been tested by controlled experiment at 
SRP/SRL. We are presently able to calculate with confidence 
reactivity worths for 0% and 100% void fractions. However, for 
intermediate void fractions, significant nonlinearities may 
exist. In fact, calculations of void worth as a function of 
void fraction show a rapid increase in void worth at higher void 
fractions. Experiments for fractional voiding are rather diffi
cult, especially at high void fractions. 
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APPENDIX 

Modified Benoist Method for Diffusion Coefficient Generation for 
Large Moderator Voids 

By: W. E. Graves, Savannah· River Laboratory 

Transverse leakage is treated in diffusion theory reactor 
calculations by introducing regionwise fictitious absorption 
cross sections equal to DBy2 where, 

l: A.' <Pi v. 
1 i 1 1 

D= ".3 (1 ) 
l: <p. v. 
. 1 1 
1 

Here A.' is a mean free path associated with a particular region. 
If voias are present and infinite medium properties are assigned, 
equation (1) \d 11 generally overestimate the negative reacti vi ty 
change due to leakage. Benoist i has introduced a more accurate 
transport theory method of obtaining average diffusion coefficients. 
The basic equation in isotropic form, is 

D = 

P .. 
1J 

(2) 

where A is the infinite medium transport mean free path and Pij 
is the probability that a neutron originating in region j will 
have its first collision in region i (assuming uniform source 
strength in j). Benoist's application of equation (2) to a unit 
cell is generalized here to treat a few contiguous regions in 
the reactor. Equating expressions (1) and (2) provides a means 
for evaluating Ai. For the balance of this derivation, a two
region configuration will be assumed to simplify the mathematics. 
Also assuming the first region to be a void or "near void" region 
and the second to have normal moderation, leads to the approximation 
that Af = A2. All but one of the probabilities can be eliminated 
by the conservation relations; 

PlI+P211 
(3) 
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and the reciprocity relation 

(4) 

Since region 2 is thick enough that first flight transmission 
is negligible, the remaining probability factor PI! may be replaced 
by Pc, the first flight collision probability. Solving for A{/AZ 
and using the approximation that 'i>I = cf>z, it can be shown that 

For cylindrical geometry, including anisotropy, equation (5) 
becomes 

Dr/D~ 

where Tr and Tz are graphed by Benoist! and Df, D~ indicate an 
axial diffusion coefficient. Comparisons of calculations using 
equation (6) have been made to the transport theory calculations 
of module LEAK and were found to be slightly larger (5-15%). 
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