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COMPARATIVE NEUTRONIC ANALYSIS OF PB- VERSUS NA-COOLED LMR CORES

J. R. Liaw, E. K. Fujita, and D. C. Wade
Reactor Analysis Division

Argonne National Laboratory.
9700 South Cass Avenue

Argormel Illinois 60439 USA

AESTRACT

A comparative neutronic study has been conducted on several LMR cores using both lead-
magnesium eutectic alloy(97.7% Pb - 2.3% Mg) and sodium as coolant. In order to have a consistent
comparison for these two coolants on a common basis, i.e. interchangeable designs, this study used
exactly the same reactor core layout, assembly design parameters, and compositions for structure
material. Only driver fuel enrichments were adjusted respectively for these two coolants in order to
meet the same set of requirements for specified burnup cycles. Equilibrium cycle performance and
coolant void worth were calculated for five different lattice designs, first for sodium coolant and then
for Pb-Mg coolant. Our results indicated a better neutron economy is achieved in cores using Pb-Mg
as coolant which generally have higher breeding performance, smaller burnup reactivity swing, and
lower fissile enrichment. On the otherhand, linear heat rate goes up, power peaking worsens, and
peak fast fluence increases in Pb-Mg cooled cores. Some of these problems may be mitigated if the
design constraint of interchangeability were relaxed. Special emphasis has been put on the void
worth comparison between Na and Pb-Mg coolant. Quite large negative void worths were obtained
for several cases using Pb-Mg as coolant where the Na coolant would have otherwise yielded posi-
tive values. The differences in void worths were explained from basic physical principles involved in
voiding these two coolants. The large negative void worth with Pb-Mg coolant is mainly caused by
the enhanced leakage component rather than the direct spectral hardening effects of heavy coolants.

I. INTRODUCTION

In the e_,rly days of fast reactor development, various kind of liquid metals have been consid-
ered as coolant. 1 Liquid sodium (or NaK eutectic) has been chosen as the preferred coolant for fast
reactors worldwide mainly because of its low neutron capture cross section, low melting point, high
thermal conductivity, low pumping power requirements, compatibility with fuel and structure
materials, and ready availability at low cost. Unfortunately, sodium is extremely chemically active,
it bums readily in the air and reacts with water violently. Furthermore, voiding the sodium from a
large Pu-fueled fast reactors usually adds positive reactivity promptly that must be, adequately com-
pensated or controlled to prevent possible core damages. Consequently, it remains as a prime design
goal to reduce the sodium void reactivity to as low as possible level that is still compatible with other
performance requirements.

Feasibility studies of non-positive void worth in sodium-cooled fast reactors have been reported

by Alekseev et. al.. 2 In their studies, the sodium void worth was reduced in a reactor by increasing
the contribution from the leakage component. They found that non-positive sodium void worths can
be achieved in their proposed new generation of high safety LMR cores which use intra-subassembly

oxide-metal fuel heterogeneity and ductless lattice designs. 3 Enhanced leakage effect that leads to



negative void worth was obtained mainly by reducing both core height and axial blanket or reflector
thickness. A very extensive evaluation of LMR design options for reducing sodium void worth was

also conducted recently by Hill and Khalil. 4 In that study, a self-consistent evaluation on a common
design basis has been made so that void worth reduction achieveable by various design options were
considered at the same time with other associated core physics tradeoffs. Their results indicated that
a tightly coupled, radially heterogeneous configuration can be designed to yield an acceptably low
void worth with some compromise in breeding gain and fissile loading requirement. However, the
sodium void worth, though being reduced substantially in many ways; generally remains finite and
positive. Design options seemed exhausted in order to reduce the sodium void worth any further
without deviating too far from the conventional large sodium-cooled Pu-fueled fast reactor design
concepts.

The positive reactivity worth of voiding sodium is caused mainly by eliminating its moderating
power thus hardens the spectrum. This effect might be alleviated with the use of heavy coolants
which will not slow down neutrons during collisions as much as light coolants. Therefore voiding the
heavy coolants will not harden the spectrum as much as if sodium is voided. Calculations made in

1960 by Yifta and Okrent 5 indicated that negative void worths were obtained for Pb-Bi eutectic
('44.5% Pb - 55.5% Bi) cooled large reactors which the conventional sodium coolant would normally
produce highly positive values. Recently a renewed interest has also been expressed by the Russian

designers z6 to replace sodium by lead as coolant which they hope might reduce the void worth to
nearly zero or even negative values. Furthermore, lead is chemically benign with air and water, thus
avoiding sodium fire and explosion concerns in the conventional LMR designs. Lead is also much
heavier than sodium so that its inertia might enable a better natural circulation when pumps are
tripped.

In recent years, the emphasis on the design of LMRs has been placed upon its inherent safety
rather than maximizing its breeding performance. Hence stringent thermal-hydraulic requirements
for a tight lattice and compact core in conventional LMR desig-ns can be relaxed, lt is appropriate to
re-evaluate the non-conventional concept of using heavy metals such as lead or its eutectic as coolant
in LMR designs. This paper summarizes a comparative neutronic study conducted on typical LMR
desig-ns using both lead-magnesium eutectic (97.7% Pb - 2.3% Mg) and sodium as coolant. In order
to have an objective comparison between these two coolants, this study used exactly the same reactor
core geometries, assembly design parameters, and compositions for structure material. Only coolant
sodium is replaced by Pb-Mg eutectic composition and the fissile enrichment of the drivers is

adjusted for each design accordingly. Special emphasis has been put on void worth comparison
between Pb-Mg and Na coolant. Other performance parameters will also be analyzed in order to see
the associated core physics performance differences between these two coolants.

II. PROPERTIES OF PB-MG AS REACTOR COOLANT

The small amount of Mg in the Pb-Mg eutectic lowers the melting point of the alloy to - 251312
(482F) from that of pure lead at - 327C (621F). Its contribution to the neutronic performance is rela-
tively insignificant. Therefore we will focus our attentions on the comparisons between Pb and Na,
without paying much attention to Mg even though it is included in all of our calculations.

The density of Pb is - 13 times that of Na and the atomic weight of Pb is - 9 times that of Na.

For a fixed geometry (or volume), the lead coolant will h_ve - 40 % more atoms per cm 3 than that
for sodium coolant. Furthermore, the melting point of Pb is 621F and the boiling point is - 3159F,
both are much higher than that for Na, giving it a substantially larger working fluid range (melting to
boiling) than does sodium. According to a thermal-hydraulic comparison analysis for Pb and Na coo-

lant, 7 it is found that he Pb-cooled reactor will have much higher ( ~ 17 times) pumping power
requirements, higher natural circulation velocity at higher clad temperature, more severe fluid



hammer effects due to sudden velocity changes, and harder to design a guard heating system to keep
the coolant temperature above the melting point in order to prevent local freezing.

Since Pb atom is heavy, the energy loss of a neutron colliding with Pb nucleus will be very
small. The maximum fractional energy loss per collision for neutrons with Pb is - 2% whereas that
for Na is -- 16%. Therefore, for a fixed fuel and structure composition, a reactor with Pb coolant will
have a harder neutron spectrum than that with Na coolant. Consequently its fertile fission bonus will
be higher, thus its breeding performance will be enhanced. In this study we fixed the lattice geom-
etry and structure compositions, but the fissile enrichment is adjusted for each coolant. So the benefit
of harder neutron spectrum using Pb as coolant is realized by reducing the fissile enrichment.
Consequently a core using Pb coolant does not necessarily have a significantly harder spectrum than
that using Na coolant as we shall see later.

In the energy range between 50 keV and 1 MeV where most of the neutrons will have in a typ-

ical LMR design, the capture cross section of Pb is ~ 10 .z to 10 .s barns, which is - 5 to 10 times
larger than that for Na. The transport cross section irl that same energy range for Pb is ~ 5 to 10
barns, which is - 2 to 3 times that for Na, Consequently, the substitution of Na by Pb will increase
the coolant capture reaction rate slightly (due to a small value of _ of Pb) and reduce the leakage

rate more significantly (smaller diffusion coefficient due to larger value of c_ of Pb). Both the spec-
tral and the leakage effects contribute to a better neutron economy for the Pb-cooled LMRs.
However, neutron leakage rate is greatly enhanced by a larger 8D and a larger flux gradient V_ when
Pb coolant is voided. More discussions on the effects of Pb-coolant voiding will be given in later
sections.

I!1. DESCRIPTIONS OF LMR CORES AND CALCULATIONS

In this study, the LMR reference design is a 900 MWt, tightly coupled, radially heterogeneous
core which has been analyzed in reference 4. The core layout is shown in Fig. 1. This design has an
equivalent core diameter of ~ 90 in. for the 199 subassemblies inside the radial blankets and the steel
shields interface. The active driver fuel height is 38 in. with no axial blanket extension. Both
internal and radial blankets have active fuel height of 38 in. as well.

A systematic variations from the reference case were made on the assembly mechanical designs
to investigate their effects on neutronic performance parameters. A total of five different cases as
shown in Table 1 were studied. Three driver pin sizes (0.25, 0.285, and 0.32 in.) and three pitch to
diameter (P/D) ratios (1.18, 1.36, and 1.54) were chosen. Such changes redistribute the core volume
between the existing three materials: fuel, structure, and coolant. In each design, the structural
material is HT-9 steel. The duct wall thickness is fixed at 0.14 in. and the clading thickness is set to
0.077 x driver pin diameter to conserve the hoop stress. The blanket pin diameter is proportional to
the driver pin diameter. The interassembly gap sizes were determined by standard assembly design
calculations. For smaller P/D bundles, the pressure drop is larger thus a larger interassembly gap is
needed to accommodate the larger duct dilation. As P/D increases, the fuel volume fraction is
reduced and the coolant volume fraction increases while the structure volume fraction remains nearly
constant. The core size changes from - 90 in. (case #2) to - 129 in. (case #5) as the lattice pitct',
changes. Case #2 is the reference LMR design which has a small pitch-to-diameter ratio and a large
pressure drop (57 psi) due to tight lattice design. When the P/D increases, the coolant volume frac-
tions increases significantly (from less than 30% in case #2 to more than 45% ha case #5). Therefore
we anticipate a larger impact will result when increased amount of coolant is voided. Sodium bond
was assunied for all cases. Only the flowing sodium and the interassembly gap sodium were
replaced by Pb-Mg in this comparative study.



Equilibrium cycle performance and coolant void worth calculations were performed for each
case, first for sodium coolant and then for the Pb-Mg coolant. The refueling cycle length is 365 days
and the capacity factor is 80%. Fissile enrichments and fuel residence times were adjusted in each
case so that the discharge burnup would be roughly the same. The equilibrium cycle performance

parameters were calculated by REBUS-3 code s using the nodal option in hex-z 3-D geometry with a
9-group ENDF/B-V neutron cross section set. Coolant void worths were calculated for the
End-of-Equilibrium-Cycle (EOEC) core compositions with a 21-group ENDF/B-V neutron cross
section set. Real fluxes were calculated for the flooded states and adjoint fluxes were calculated for
the voided states. Exact perturbation theory was assumed and the edits of coolant void reactivity
worths were given by regions as well as by reaction types or components.

IV. EQUILIBRIUM CYCLE PERFORMANCE PARAMETERS

Table 1 shows the key performance parameters for the LMR cores for the five cases with both
Na and Pb-Mg as coolant side by side for easy comparison. The impacts and interpretations of the
lattice design variations on performance parameters have been addressed in detail in reference 4 for
sodium coolant and therefore would not be repeated here. Only the differences in performance
parameters between the Na coolant and the Pb-Mg coolant will be highlighted and analyzed in the
following paragraphs.

For the reasons mentioned in Section H, a lead cooled core will have better neutron economy
for breeding, thus leads to a smaller burnup reactivity swing and a lower fissile loading requirement.
This can easily be seen in comparing the results between Na and Pb-Mg coolants in the reference
design (case #2) for the following items: (i) the breeding ratio with Na is 1.055 versus 1.138 with
Pb-Mg; (ii) the bumup swing with Na is 0.599% versus -0.285% _Sk/kk'with Pb-Mg; (iii) the fissile
loading with Na is 367.1 versus 329.1 kg/y with Pb-Mg; and (v) the neutron leakage out of the
driver, internal and radial blankets is 23.8% with Na versus 20.3% with Pb-Mg.

Since our design approach is based on a fixed lattice geometry and searching for the fuel enrich-
ment to sustain a burnup cycle, a core with better neutron economy will have lower fissile enrich-
ment. Consequently, a higher flux level will be required in order to produce the same power output.
In general the flux levels in lead cooled core are roughly 20-30% higher than that cooled by sodium.
This higher flux level in lead cooled core shifts power to the blanket regions, causes higher power
peaking and larger flux gradients in outer core regions, and enhances the leakage component of coo-
lant void reactivity worths. However, optimizing the core layouts for the Pb-Mg coolant would
alleviate the power peaking problem.

The variation of fissile enrichments versus P/D (cases #2, #3, #4) for a fixed pin diameter of
0.285 in. using Na or Pb-Mg as coolant are shown in Fig. 2. A difference of- 2 to 3 % in fissile
enrichments is found between Na and Pb-Mg coolant. As P/D increases for a fixed pin diameter, the
coolant volume fractions increase at the expense of fuel volume fractions. This leads to a higher fis-
sile enrichments for the drivers. The two curves in Fig. 2 are very similar indicating that the varia-
tions in P/D for both coolants will have similar impacts on core performance parameters.

For a fixed pitch to diameter ratio (P/D = 1.54), the variation of fissile enrichments versus pin
diameter from 0.25, 0.285, to 0.32 in. (cases #1, #4, #5) can be found in Table 1. Such a variation
reduces coolant fraction and increases fuel fraction, just the opposite to the previous variation. The
neutron economy improves in these cases as pin diameter increases and the breeding performance
gets better. This leads to lower annual fissile makeups and smaller burnup reactivity swings as pin
diameter increases. Of course the initial fissile requirement will increase as the pin diameter
increases in these cases. The advantage of Pb-Mg over Na as coolant in neutron economy is still
clearly being maintained.



V. COOLANT VOID WORTH COMPARISON

Coolant void worths were calculated for the EOEC core compositions and the results are sum-
marized in Table 1 for the five cases with both Na and Pb-Mg as coolant. As expected the coolant
void worth does become smaller when Na is substituted by Pb-Mg in ali cases. In several cases
where coolant volume fraction is large (cases #1, #4, and #5 with P/D = 1.54), the void worths turn
into negative values as postulated for Pb-Mg coolant. The trends of coolant void reactivity worths
versus lattice design parameter changes will be discussed in this section. The differences in void
worth resulting from differences in the nuclear properties of the coolants will be discussed in the
next section.

For a fixed pin diameter of .285 in., the impact of varying P/D from 1.18, 1.36 to 1.54 (cases #2,
#3, and #4) on the void worth can be seen in Fig. 3. As the P/D ratio increases, larger amount of
coolant will be voided and one may anticipate a larger impact on the reactivi_ worths. For Na coo-
lant, the void worths e:daibit some non-linear behavior and its explanation has been given in refer-
ence 4. However, the void worths for Pb-Mg coolant show a steady decline trend as the P/D
increases. The margin in void worth between Na and Pb-Mg coolant widens from - 10 to .--30 ( x

10.3 5k/"kk') as P/D increases from 1.18 to 1.54. As shown in Table 1, most of the difference is con-
tributed by the drivers and the radial blankets with small contribution by the inner blankets.

For a fixed P/D ratio, the impact of varying pin diameter from 0.25, 0.285, to 0.32 in. (cases #1,
#4, and #5) on the void worth can be seen in Fig. 4. As the pin diameter increases, the assembly size
and core size increase proportionally. But the fuel and coolant volume fractions remain relatively
invariant. The increase in core size will affect the spectral and capture components of the void worth
more significantly than the leakage component which comes predominantly from the peripheral
regions of the reactor. As can be seen in Table 1, the Pb-Mg coolant void worths are negative for all
three cases where otherwise the Na void worths are highly positive. The increasing trends of void

worths for Na and Pb-Mg as coolant are similar, with a fixed margin of - 30 x 10-3 _k/k.k' being
maintained for ali three cases. Again, most of the difference comes from the radial blankets, some
from the drivers, and very small difference is from the internal blankets. The trends of void worths
in Figs. 3 and 4 due to varying lattice parameters are fairly similar for both the Na coolant and the
Pb-Mg coolant. The interpretation of these trends for Na coolant in reference 4 is generally appli-
cable to the Pb-Mg coolant. Therefore we will focus our attention in next section mainly on the dfr-
ferences (margins) in void reactivity worths between Na and Pb-Mg as coolant for the reference
LMR design (case #2).

VI. PHYSICAL INTERPRETATIONS OF VOID WORTH DIFFERENCES

In order to fully understand these trends observed in Figs. 3 and 4, especially what causes the
large margins between Na and Pb-Mg coolants, one needs to look into the basic physical reasons

involved in coolant void reactivity worth. According to Hummel and Okrent, 9there are three major
components that make up the bulk of coolant void reactivity worth. They are the capture, spectral,
and leakage component. Relatively smaller contributions from fission reactions and the fission
source (nu-fission) terms are also found when coolant is voided. They can be neglected in most cases
in this study (see Table 2). Reactivity contributions from each of these three major components may
be positive or negative with varying magnitudes depending on which regions are voided. The intri-
cate interplay of these components from various regions of the reactm- determines the total void reac-
tivity worth.

In the next few paragraphs, we will use the same notations for void worth formula as those
found in reference 9 without further clarifications. However, it is important to note here that the per-
turbation denominator N defined as following:



N = Zk v (1)
v k j

remains relatively invariant for this comparative study, lt is a normalization constant depending
mainly on the reactor power. Therefore for a fixed reactor power at 900 MWt, its value changes
ve;y little (< 5 %) between cases in this study. Thus we can assume the perturbation denominator N
to be a constant in the following discussions so that it does not complicate the analysis unnecessarily.

VI.1 Spectral Component

The increase of rl (ratio of neutron production to absorption) with neutron energy enables the
production of excess neutrons for breeding in a fast reactor. However, this increase of rl with energy
leads to an increase in the excess neutrons produced when the coolant is voided and the spectrum
hardens, thus adding a positive reactivity to the reactor. This effect can be quantified as the spectral
component of void reactivity worth as following:

v e,j

where _SE is the change in the total scattering cross section caused by voiding the coolant, ¢" is the

perturbed adjoint flux, N is the perturbation denominator, and j and k are energy group indices. The
spectral component can become increasingly dominant if the core volume V is allowed to increase,
thus leading to a positive coolant void worth in large conventional LMRs.

When Na coolant is substituted by the Pb-Mg coolant, major impacts on the spectral component

are the following: (i) increased flux level Cj which is needed to maintain the same total reactor
power output due to the reduced fissile enrichment; and (ii) increased magnitude of perturbation 5E,
due to more Pb-Mg atoms are removed and larger scattering cross section of Pb than Na. Both of
these factors make the spectral component of void worth of Pb-Mg coolant larger than that of Na
coolant in the interior regions of the reactor where spectral component is most important. As can be
seen from Table 2, the spectral component from Pb coolant is roughly 30% higher than that from the
Na coolant in the interior regions such as inner core and internal blankets. Whereas in the peripheral
regions of the reactor such as gas plena, radial blankets and radial shields, the Na coolant has higher
spectral component than the Pb coolant.

Comparison of the neutron spectra for the inner core region, either flooded or voided, revealed
that both Na and Pb-Mg coolants have quite similar neutron energy characteristics. The hardening of
the spectrum due to voiding was observed for both coolants. As P/D increases for a fixed pin diam..
eter, the hardening of neutron spectrum is more enhanced which should also make the capture and
spectral components of void worth more positive. But the increase in leakage component (negative)
in the peripheral regions is even larger, thus make it overshadow the spectral contribution and hence
dominating the total coolant void worth as we shall see in the next section.



VI.2 Leakage Component

The leakage component of coolant void worth can be expressed as follows:

(3)
V

which accounts for the fact that loss of coolant allows more neutrons to escapethe core leading to a
reactivity loss. This component may dominate for small and leaky LMRs leading to a negative void
worth.

The difference in the leakage component when Na is substituted by Pb-Mg is caused by the fol-

lowing: (i) increased magnitude of perturbation on the diffusion coefficient of a region _SDj;and (ii)

increased spatial gradient of the flux ej and/or adjoint ¢; due to higher flux levels that are needed in
Pb-Mg cooled cores to maintain same power level with lower fissile enrichments. These fluxes must
vanish at the extrapolation distances for a fixed core boundary for both coolants respectively. It is
important to note that the leakage component is dependent on the spatial flux shape, i.e., the gradient.
Thus, the effect comes predominantly from the core boundaries where the gradient is usually the
largest. The bulk of the difference in total coolant void reactivity worths between Na and Pb-Mg

coolant is caused by the leakage components near the core boundaries, i.e., outer core and radial
blanket regions.

The leakage component for Pb coolant is roughly a factor of 2 to 3 of that for Na coolant in
almost every region of the core, even the central regions where the flux gradients are very small.
This difference is mainly caused by the perturbation in diffusion coefficient between these two coo-

lants. The perturbation 5Dj can be calculated as follows:

_SD_.°id= tr (4)
J 3Z Z'

tr tr

where Z'tr is the transport cross section of the perturbed (or voided) state. The macroscopic transport

cross section :Etrconsists of three components:

Y.tr= Nccrm +Nsctr+Nlfrr,. / (5)

where the first term represents coolant, the second term represents structure, and the third term repre-
sents fuel. Most of the contribution to Etr comes from the structure (- 65 %), followed by that from

fuel (- 20 %), and then by coolant (-- 15 %). Since thebulk (~ 85 %) of:Etr will not be affected when

Na is substituted by Pb-Mg in this study, the denominator in Equation 4 remains roughly constant for
both coolants. Therefore the perturbation in diffusion coefficient is mainly determined by _SZtr.

To a good approximation, we can express the perturbation on the transport cross section as

5Zt,,=5Ncam+N 5atrs+Nf_ ,./ (6)

where the first term accounts for the change in coolant number density, the second and third term
account for the transport cross section changes in structure and fuel due to spectral hardening of
voiding the coolant. Due to larger number of Pb-Mg atoms are removed and the transport cross sec-
tion of Pb is larger than that for Na by a factor of two or more, the first term for Pb coolant is there-
fore larger than that for Na coolant in proportion. The differences in the second and third term
between Pb and Na coolant are relatively smaller when compared to the first term. Thus the perturba-



tion in 5Z_ due to coolant voiding on the leakage components is a multiplier to the flux gradients V#

and Vdp° in equation 3. This fact can be seen from the data shown in Table 2 where the leakage com-
ponents from almost all regions of the reactor are a factorof two or more for Pb coolant than that for
Na coolant, even in the core central regions where the flux gradients are small.

VI.3 Capture Component

The capture component of coolant void reactivity worth is calculated from the expression:

if •8kC=P'= --_-, 5Xj,j¢ dV o (7)
v

which is the reactivity gain caused by the elimination of coolant capture as well as the reduction of
capture by other materials due to the hardening of the neutron spectrum when coolant is voided.

The difference in the capture component when Na is substituted by Pb-Mg are the following:

(i) increased magnitude of perturbation in 5Z_j due to more Pb-Mg atoms are removed and higher
capture cross section for Pb-Mg coolant than Na coolant, a factor of 3 larger (more negative) can be

seen in Table 2 for Pb coolant in most regions; and (ii) increased flux level ¢_ in the driver regions
needed to maintain the same total reactor power output due to reduced fissile enrichment. Both of
these factors make the capture component larger for the Pb coolant than the Na coolant. Compared
to the spectral and leakage components, the capture component contributes rather small amount of
reactivity to the total coolant void worth in all cases in this study.

VII. CONCLUSIONS AND DISCUSSIONS

Based on the analysis performed and the results obtained in this study, we concluded the fol-
lowing:

1. Major differences in basic nuclear data between Pb and Na are the following: (i) the transport
cross section for Pb is ~ 2 to 3 times that for Na; (ii) the capture cross section of Pb is - 5 to 10 times
that for Na, but the magnitude is relatively small; and (iii) for a fixed lattice design, there are 40%
more Pb atoms than Na atoms. These differences manifest themselves in equilibrium cycle perform-
ance parameters as well as coolant void worths rather directly.

2. Equilibrium cycle analysis indicated that the Pb-Mg cooled LMR cores in general have better
neutron economy over the Na cooled cores. Higher breeding ratios, lower burnup reactivity swings,
and lower fissile loadings are obtained for the Pb-Mg cooled cores. However, power peaking, linear
heat rates, discharge bumups, and fast fluences suffered degradation in the Pb-Mg cases. (The
power peaking and linear heat rating can be improved if the design constraint of interchangeability
were relaxed.) Such results are the consequences of higher flux levels in Pb-Mg cooled _ _'s that
are required to maintain the same power output with reduced fissile enrichment for a fixed core
geometry. Spectral effects from substituting Na by Pb-Mg do not have dramatic and direct impacts
on neutronics as one have anticipated intuitively.

3. Coolant void worths are reduced substantially in the Pb-Mg cases over the Na cases.
Negative values were achieved in three cases where the coolant fractions are large (P/D = 1.54) with
Pb-Mg coolant where otherwise Na coolant would have yield large positive void worths. The trends
of void worths versus lattice design parameters are fairly similar between Pb-Mg and Na coolant. A
favorable margin of void worth is maintained for Pb-Mg over Na as coolant in all cases.



4. The bulk (> 80%) of differences in coolant void worths between Pb-Mg and Na coolant is
caused by the leakage component from outer regions of the reactor. There are two main reasons for
the enhanced leakage effect in Pb-Mg coolant: (i) the magnitude of perturbation in diffusion coeffi-
cient due to voiding Pb-Mg is ~ twice as large as that for Na coolant; and (ii) the flux gradients are
larger for Pb-Mg coolant due to higher flux levels needed to maintain the same power density with
lower enrichment fuel in drivers. 0'

5. The lattice design and core configuration are based on the LMR design which was optimized
for the Na coolant. Therefore the neutronic performance of these cases may be improved for the
Pb-Mg coolant if we re-optimize the LMR design.

6. Some other heavy liquid metal coolants which have similar neutronic properties as the Pb-Mg
eutectic but lower melting points may worth our consideration in future studies. One is lead-bismuth
(44.5% Pb - 55.5% Bi) which has a melting point of 257F (125C) and the boiling point of 3038F
(1670C). The other one is the lead-bismuth-tin ternary alloy (50% Bi - 31.2% Pb - 18.8% Sn) which
has a melting point of only ~ 94C (201F).

7. Although Pb-Mg cooled LMRs have improved coolant void reactivity worths over the
sodium cooled LNfRs, several thermal-hydraulic design issues need to be addressed. Some of the
key concerns are: (i) pumping power requirement; (ii) higher natural circulation velocity at higher
clad temperature; (iii) more severe fluid hammer effect; and (iv) guard heating system to prevent
local freezing. Finally, the chemical compatibility of Pb-based coolants were not addressed at all in
this neutronics scoping study.
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TABLE I. PER.FO_MANCE CI-L,kRACTERISTICS FOR LMR CORES

D[rVF2,PL-'qDL-k\IETER,in. _ "_95 .236 155 .3_.0

IDP,/','_'RPIN P/D 1.54 I.IS 1.26 1.54 I J4

LATTICE PITCH, in. 6.9 6.I 6.9 7.7 8.7 ,

DRIVER RESIDENCE

TD,tE, Cycl:s 3 4 4 4 $

C00 L:kNT N...! ]_5 N_! ]_b N...! _ Na Pbb ._ Pb

BU';,NUP P,.EACTIXTI'Y

$WLNG, %11: 3.555 3.051 0.599 -0.285 I.$10 1.1-'7 2.._67 2202 2.117 1.960

BREEDL'dG RATIO
Driver .2993 .3579 .4-174 .49.u, .3505 .4365 .3".24 .3529 .3419 .a352

IB .'.930 .3347 .3979 .4346 .3493 .33._4 "_035 .3413 _C96 .3_31

RB .1563 .170.4 .2C97 ./"091 .19_ .1934 .17:5 .1759 .1771 .1801
Toul .7535 .3630 1.0550 1.13_2 .9Z23 1.0134 .7955 .9001 .g'135 .9234

PE.-LKLLNE._ PO\Vk-q,k--lfr

Driver ('BOL) 14.9 15.9 14.4 14.R 14.7 15.5 15.1 16.2 15.3 16.1
Blanket ('EOL) 9.0 10.9 14.4 16.1 113 13.5 9.5 11.6 10.0 11.9

POWER. PE.M,,.A.,"NGFACTOR 1.576 1.632 1.701 1.744 1.621 1.713 1.614 1.726 1.64.4 1.77..!

PEAK/AVG DISCHARGE

BURNUP, MWd/%:g
Driver 150/110 1551109 150/104 151110"2. 1.49/le.g 15-t/I07 152/112 1611110 15:dlll 163/110
IB 30119 35_1 49:31 55134 ,:0D..5 46,'2-7 33;21 36_.2 34_0 39,2.2

RB 15,'6.3 1515.5 _/_.7 21/$,0 19/'7.7 19r7.0 17/6.5 1716.0 17,'6.6 1715.9

PE.kK FAST FLUENCE,
10_n/cm "- 22-9 2.77 3.51 3.96 2.93 3.45 2.43 3.0"_ 2.59 3.16

MAS-_FLOWS, kg/y
Fissile(driver) 596.1 $07.9 367.1 329.1 447.6 394.0 $37.3 466.3 515.4 44fi.0

DRIVER FISSILE

ENRICI-L-MEN'r,% I-LM 29.2 25.3 13.5 16.g 22.9 20.1 27.4 23.3 26.1 22.7

HEAVY METAL LOADING, k_/y
Driver 2003.5 1953.1 1953.0 1953.1 1974.3

IB 1336.3 1295.3 1303.3 1302.9 1314.4

RB 1491.6 14._.4 1:.60.4 1454.4 1467.3
Total 4536.7 4700.3 47_.7 4715.4 4756.5

N ED-FP,O N LEAKAGE"
BOEC 27.,_ 22.7 2.3,3 20.3 25.4 21.0 26.8 21.7 _.9 20.3

EOEC 29.4 23.9 24,0 20,1 26.1 21.2 27.9 22.4 26.8 21.3

COOLANT VOiD WORTH,

10° _ k/(ld:')

Driver 9.95 5.0a II.I_ 4.90 1233 2.16 11.42 - 2.47 12.65 - 0.39

IB 13 ._ 10,_ 8.20 7.7"7 12.23 11.12 13.94 10.72 14.__"'_ 10.:33
RB . 3.48 -14.30 - 022 4.09 - 1.65 9.58 - 2.X7 -13.46 - 2.43 -12..Sl
To_l t_ 17.00 -10,04 17_51 7,95 21.3_ 0.92 19.27 - gag 20.58 - 7.36

aNeutron leakage out of the Driver, IB, and RB regions.
bDriveplus IB, includes their upper plenum regions.



Table 2. Comparison of coolant void worth by regions
c and components for the reference LMR core0
0
L REACTION / COM_O_.NT
A
N SUM OF

T REG_0N CAPTURE FISSION NU-FISSION SPECTRAL R-LEAKAGE Z-LEAKAn_ "REACTIONS

NA IC_P,E 1.84E-04 I. 42E-05 -5.75E-05 3.97E-03 -I.07E-04 -9.17E-04 3.09E-03
PB ICOKE 5 .81E-04 8 .69E-06 -3.29E-05 5.17E-03 -2.60E-04 -2.42E-03 3 .06E-03

NA MCOP-E 3.85E-04 2.12E-Q5 -8.66E-05 7.88E-03 -3.68E-04 -I. 97E-03 5.86E-03
PB MCORE 1.21E-03 8.20E-06 -3.022.-05 1.01E-02 -I.00E-03 ' -5.08E-03 5.20E-03

NA C_-._i_._- 3.57E-04 -5.04E-06 2.68E-05 7.15E-03 -3.37E-03 -I. 92E-03 2.24E-03
PB OCORE 1.05E-03 -5.71E-06 3.267'.-05 8.76E-03 -a. 83E-03 -4.36E-03 -3.35E-03

NA TCOP/ 9.26E-04 3.03E-05 -I .17E-04 I.90E-02 -3.84E-_3 -4.81E-03 1 .lIE-02

PB TCORE 2.BSE-03 I.!2E-05 -3.05E-05 2.40E-02 -I. 01E-02 -I.19E-02 4.90E-03

NA ._L 5.51E-06 0.0 0.0 I.77E-04 -I .81E-05 -3.93E-04 -2.28E-04
PB IC_L 1.lIE-05 0.0 0.0 1.03E-04 -4.69E-05 -7.05E-04 -6.3TE-04

NA MC2L 9.36E-06 0.0 0.0 3.57E-04 -4.77E-05 -8.78E-04 -5.60E-04
PB M_L 2.07E-05 0.0 0.0 2.02E-04 -!.10Z-04 -1.52E-03 -1.412.-03

NA OCI_L 1.09E-05 0.0 0.0 3.18E-04 -2.04E-04 -8.29E-04 -7.04E-04

PB OC_L 2.00E-05 0.0 0.0 1.75E-04 -3.52E-04 -1.35E-03 -1.5_-03

NA T_L 2.57E-05 0.0 0.0 8.52E-04 -2.70E--04 -2.10E-03 -!.49E-03
PB TC2L 5.18E-05 0.0 0.0 4.81E-04 -5.09E-04 -3.58E-03 -3.56i'--03

NA IBLKT 9.12E-05 1.92-'-0=; -5.73E-06 I.84E-03 -4.25E-05 -2.14E-04 I.67E-03
PB IBI.KT 2.38E-04 1.06E-06 -I .I6_--07 2.13E-03 -I.10E-04 -6.07E-04 I. 65E-03

NA _,_U2. 2.35E-04 2.00E-06 -5.96E-06 4.28E-03 -4 .SIE-05 -5.50E-04 3.92.?.-03
PB _ 6.15E-04 -I.07E-06 1.18E-05 5.02E-03 -1.26E-04 -1.59E-03 3.93E-03

NA OBLLU2 I.67E-04 -8.73E-07 3.27E-06 3.08E-03 -2.03E-04 -4.34E-04 2.612.-03
PB OBI/T 4.34E-04 -2.23E-06 1 .07E-05 3.55E-03 -6.59E-04 -I. 14E-03 2.19E-03

_ NA I.h_.KT 4.94E-04 3.05E-06 -B. 4-_E-06 9.21E-03 -2.9!_-04 -1.20E-03 8.20E-03
PB I.h,_,K'21.29E-03 -2.25E-06 2.24E-05 I. 07E-02 -8.95E-04 -3.34E-03 7.77E-03

NA I_L 2.62E-06 0.0 0.0 7.23E-05 -I.01E-06 -1.28E-04 -5.43E-05
PB I_L 4.53E-06 0.0 0.0 4.09E-05 -1.83E-06 -2.41E-04 -!.gTE-04

NA MB2L 4 .47E-06 0.0 0.0 I. 79E-04 -I .68E-05 -3.44E-04 -1.787,-04

PB _L 9.22E-06 0.0 0.0 9.63E-05 -4.13E-05 -6.13E-04 -5.48Z-04

NA OB2L 3.78E-06 0.0 0.0 1.19E-04 -1.89E-05 -2.59E-04 -1.54E-04
PB OB2L 7.09E-06 0.0 0.0 6.52E-05 -3.00E-05 -4.58E-04 -4.16E-04

NA INeL 1.09E-05 0.0 0.0 3.71E-04 -3 .67E-05 -7.31E-04 -3.86_-04
PB Ih_L 2.08E-05 0.0 0.0 2.02E-04 -7.32E-05 -1.31E-03 -I. 16Z-03

NA RB/KT I.07E-04 -2.87E-06 I. 66T_-05 I. 89E-03 -2.34E-03 -i. 94E-04 -5.24E-04
PB R2J,KT 2.08E-04 -I. 95E-06 1.22E-05 1.73E-03 -5.61E-03 -4.39E-04 -4.09E-03

NA RDPL 3.44E-06 0.0 0.0 9.14E-05 -I .50E-04 -I. 45E-04 -2.00E-04

PB RDPL 4.79E-06 0.0 0.0 4.33E-05 -2.41E-04 -2.26E-04 -4.19E-04

NA REACT. 1.53E-03 3.05E-05 -I.09E-04 3.01E-02 -6.47E-03 -6.20E-03 1.89E-02

PB REACT 4.34E-03 6.98E=06 4 .05E-06 3.65E-02 -I .66E-02 -I. 56E-02 a .5TE-03

NA TOTAL 1.57E-03 3.05E-05 -I.09E--04 3.14E-02 -6.93E-03 -9.18E-03 1.6BE-02
PB TOTAL 4.42E-03 6.98E-06 4.05E-06 3.72E-02 -1.74E-02 -2.08E-02 3.43E-03

REGION DEFINITION

ICOR.E : I:_-;-_CCP,E IC2L = _.'N_,RCORE PLENUM IB2L = INNER BLKT PLEh_'_
MCORE = MIDDLZ COPE MCI_L = KIDD'--ECORE PLF.NUM MP2L = .MIDDLE B'_-KT_LE_M.

OCORE : OUT'.:LqCOPE OCPL = OUT_.._CORE PLENUM OB2L = OUTER BLKT PLENUM
TCORE = TOTAL CORE TCPL = TOTAL C3RE PLENUM INeL = TOTAL BLKT PLF.NUM

IBLKT = _ BLKT RBLKT = RADIAL BI,,_T
M_LKT = MI2.D_--_BL_.T RDPL = RADIAL BI.KT PLENUM

0BLKT = OUTr.-_RBL._T REACT. : TC.ORE + INBKT + RB/KT
INBKT : TOTAL BI.TT TOTAL = REACT. + TC_L +INPL + RDPL



l l"l l q
b




