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ABSTRACT

A simple mathematical model (RSMASS) has been developed
to provide rapid estimates of reactor and shield masses for
space-based reactor power systems. Approximations are used
rather than correlations or detailed calculations to esti-
mate the reactor fuel mass and the masses of the moderator,
structure, reflector, pressure vessel, miscellaneous compo-
nents, and the reactor shield. The fuel mass is determined
either by neutronics limits, specific power 1limits, or fuel
burnup limits--whichever yields the largest mass.

RSMASS requires the reactor power and energy., 24 reactor
parameters, and 20 shield parameters to be specified. This
parametric approach should provide good mass estimates for a
very broad range of reactor types. Reactor and shield
masses calculated by RSMASS were found to be in good agree-
ment with the masses obtained from detailed calculations.

KEYNOTE: Numbered equations (1 through 51) are the
equations solved in RSMASS.

{1] Input parameters MA%?E?%
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1.0 INTRODUCTION

The Advanced Nuclear Power Systems Division at Sandia
National Laboratories and the NASA Lewis Research Center
provide technical assistance to the Strategic Defense
Initiative, Space Power Office's Independent Evaluation
Group. Our responsibility includes the review of potential
multimegawatt (MMW) space power systems to identify promis-
ing concepts and to determine the technologies that should
be developed. Since launch costs are expected to be a major
consideration for any space-based power system, reasonable
estimates of the power system masses are essential to iden-
tify promising concepts and technologies. System codes are
being developed at Sandia National Laboratories jointly with
NASA Lewis Research Center, which will allow rapid system
mass estimates to be made for a variety of systems over a
broad parameter space. Consequently, a simple reactor/
shield mass model (RSMASS) was developed to be used as a
subroutine in the system codes for nuclear powered systems.

This document describes the reactor/shield mass model
(RSMASS) that has been developed to provide mass estimations
for reactors considered for multimegawatt power systems for
SDI applications. The technical basis for the approach, the
status of the model, model limitations, and future work are
also discussed. Detailed derivations are included in the
appendices.



2.0 SOME PRECAUTIONARY COMMENTS

RSMASS was developed to provide rapid estimates of reac-
tor and shield masses for space power reactors. Our objec-
tive was to keep the RSMASS calculation time to a minimum so
that it could be used as a subroutine in a systems code.
This model is also useful for scoping and parameter studies,
comparing the masses of different types of reactors, deter-
mining the dependence of reactor/shield mass on power level
and duration of operation, and for making rough checks of
the reactor/shield masses predicted by proposers of various
space power reactor concepts. RSMASS does an excellent job
of performing the above tasks and has far exceeded our de-
sign goals with respect to accuracy of results. Howéver, in
order to permit rapid estimates suitable for overall systems
analyses, RSMASS uses a number of simplifying approxima-
tions. These approximations make RSMASS unsuitable as a
design tool and it should not be considered as an alterna-
tive to detailed neutronics, and thermal hydraulics calcula-
tions and other detailed calculations required to make very
accurate mass predictions.

Although the mass model has been validated by compari-
sons with more sophisticated <calculations, some reactor
concepts could possibly incorporate features that are not
directly accounted for by RSMASS,. In some cases reactor
design experience will be required to identify and to
account for these features. In other cases, the impact of
these features will become apparent only after a comparison
is made with more detailed calculations. If innovative
reactor concepts proposed are significantly different from
the ones explored to date, the RSMASS model and input para-
meters may require wupdating to adequately model these
concepts.

It should also be recognized that the reactor parameters
provided by reactor concept proposers may not be:

optimized for low mass

consistent or even possible

desirable for safety or operational reasons
practical or economically feasible.

Furthermore, the reactor parameters supplied by the propos-
ers and the parameters provided in this document are very
preliminary.



Finally, care must be taken when drawing conclusions
from the results obtained from any reactor mass model. For
example, conclusions drawn from a mass study for a particu-
lar gas-cooled reactor should not be considered as represen-
tative or typical of all gas-cooled reactors. There is a
wide variety of design choices; and since mass is not the
only criterion for selection, the reactor masses may be very
different for different design choices. Furthermore, a sys-
tem mass analysis 1s required to determine the net impact of
a reactor choice on the system mass. A concept with a low
reactor mass may require a relatively heavy power conversion
or radiator mass, resulting in a heavy system mass relative
to other concepts.

If the precautions discussed above are observed, RSMASS
should prove to be a valuable tool for providing good reac-
tor/shield mass estimates.



3.0 SELECTION OF BASIC APPROACH

A reactor/shield mass model is required to estimate the
dependence of system mass on power and energy. Although
this model was originally envisioned as a subroutine in a
system code, a "stand-alone" version is also useful to per-
mit quick power and energy parametric studies and to check
mass estimates for specific proposed reactor systems. This
model could also be used to compare different types of reac-
tor systems and to explore sensitivities to changes in fuel
type, temperature limits, and other parameters.

Since the model will be vused for broad parametric
studies, the code should require minimal input data and mini-
mal setup and computational time and should permit varia-
tions in all 1important parameters. Although a code with
these attributes must necessarily be simple, it must not be
s0 simple that accuracy is substantially impaired. The code
should also be transportable to other systems and should be
useable by nonnuclear engineers and scientists (within the
precautions noted in Section 2.0).

As previously stated, nuclear reactors possess attri-
butes that make these objectives difficult to achieve.
Nuclear power systems offer a wide variety of designs,
materials, and parameter choices. A particular design may
be chosen because of its capability for high power densi-
ties, or high burnup, or desirable kinetics characteristics,
etc. These design choices may not be optimized in terms of
mass, and the mass penalty for these choices is not always
obvious to either the proposer or a reviewer. On the other
hand, the use of advanced materials and concepts may result
in reactor masses much 1less than for "typical reactors."
For these reasons, a large range in reactor masses is possi-
ble for various designs that are proposed to achieve the
same power level. A mass model that is a function of only
reactor power cannot accurately predict the masses for many
reactor designs.

After considering the above facts it became clear that a
simple correlation to obtain reactor/shield masses would be
too crude for the intended purposes. On the other hand,
very detailed calculations would require far too much time
to be useful for parameter studies and for verification of
mass calculations for many concepts.

Based on these conclusions, an intermediate modeling
approach has been taken, which allows the mass to be com-
puted as a function of important parameters. Values for
these parameters will be eventually provided (by the author)



for all reactor types of interest. Hence, once these param-
eters have been specified, the user is required to supply
only the power and energy input data for these reactor types
to determine the masses. If specific designs must be eval-
uated or 1if the dependence on a particular variable 1is
desired, the model will allow these variables to be changed.

For the critical mass calculation, standard approxima-
tions, 1like the four-factor formula, could have been used.
However, a more accurate model, which requires 1less user
experience and less input data, was developed for RSMASS. In
this model the critical mass for compacted, reflected spheres
is an input parameter and the critical mass of the reactor
is obtained by correcting the compacted sphere mass for
voids, heterogeneities, absorber materials, etc. The com-
pacted sphere critical mass data has been obtained, from
transport theory calculations as a function of the moderator
to fuel ratio for several moderators.



4.0 REACTOR MASS MODEL

4.1 Solution Scheme

The sequence used to compute reactor mass 1is to first
compute the reactor fuel mass and then to compute the mass
of all other reactor components. This approach is required
since the mass of all other components is dependent on the
fuel mass. The reactor fuel mass will be determined either
by neutronic 1limits (burnup + criticality), specific power
limits, or fuel burnup fraction limits--whichever yields the
largest mass. The other components considered for this mass
model 1include moderator, structure, reflector, pressure
vessel, and miscellaneous components.

4.2 Fuel Mass
4.2.1 Neutronic Limit
e Burnup Requirement
In order to provide power over the life of the reactor,
uranium-235 must be consumed. If we assume a deposited
energy of 200 Mev/fission and make appropriate adjustments

for conversion of units, the mass of uranium required for
fuel burnup is:

0.38E
Mg = e (1)

U mass required for burnup (kg),.

)
=
®
o}
]
=
o
i

m
i

Energy (MWe e years),[l]

net fractional efficiency,[1] and

(¢}
1]

¢ = fractional fuel enrichment.[1]

Note that the right-hand side of Equation (1) has been
divided by ¢ to convert from uranium-235 mass consumed to
total uranium mass required for burnup. Also note that the
electrical energy E is divided by the net efficiency e to
determine the total thermal energy required. For some appli-
cations, it may be more convenient to replace E/e by Egp.
It should also be pointed out that Equation (1) does not
include fission from plutonium-239 that has been produced
from uranium-238. Although this 1latter consideration 1is
probably not important for these reactor systems, this
effect will be explored later.



e Initial Criticality

The critical wuranium-235 mass (M&) for compacted,
reflected spheres is given in Figure 1 as a function of the
moderator to uranium-235% molecular density ratio (R) for LiH,
ZrHy .7, BeO, and graphite moderators. This data was obtained
from transport theory computer calculations performed by
P. McDaniel and D. Gallup using the FEMP code (Refer-
ence 18). In these calculations, full density (13,600 kg/m3)
UC fuel, 93 percent enriched in wuranium-235, was assumed
with a BeO reflector thickness equal to one-half the sphere
radius. These calculations were checked using the TWODANT
Code (Ref. 19). For unmoderated reactors, the critical mass
is 28 kg. For fully moderated (fully thermalized) reactors,
uranium masses on the order of 1 or 2 kg can be obtained:
however, for BeO and C moderators, full moderation requires
substantial moderator masses.

Power-producing reactors are not compacted spheres;
other materials such as c¢ladding, coolant, and structure
occupy much of the reactor volume. Appendix 1 shows that
the correction for the actual fuel volume fraction and fuel
density is approximately:

MC 13,600 1.5
C VFpF

The <correction for 1lower enrichments is shown in
Appendix 2 to be approximately 1/c¢. The 1/¢ correction
is a reasonable approximation if the fuel enrichment is
fairly high (>40%) or if the reactor is not highly thermal-
ized. For reactors that are both highly thermalized and low
enrichment, resonance effects will need to be accounted for.

Other materials present in the core will either parasit-
ically absorb or scatter neutrons; a correction Cy must be
applied to the critical mass to account for these effects.
A method for obtaining these corrections (Cy) will be dis-
cussed in a forthcoming document. At present a guess 1is
used for Cpy (usually 1.0). This correction may also be
used to correct for heterogeneities and for resonance
capture for moderated low enrichment cores. The effects of
fission product absorption and temperature defect on the
critical mass requirement will be ignored for the reasons
given in Appendix 3.

If the calculated U235 critical mass is then divided
again by the enrichment to get the total uranium mass, then
the formula for the initial uranium critical mass is:
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Cc 1.5
CMMC 13,600

0
M. = (2)
C c2 VFpF
where Mg = initial critical U mass (kg).
Mg = critical mass for compact reflected UC sphere

(kg of U235),([1]

Cq = correction factor for absorbers and for cool-
ant scattering,[l]

VF = fuel volume fraction of core,[1l] and
pF = unhomogenized fuel density (kg/m3).[1]

It should be pointed out that these critical mass esti-
mates do not account for neutron leakage through large leak-
age paths (e.g., large central cavity) that may be present
in some reactor concepts.

e End-of-Life Critical Mass

Since some of the original uranium-235 will burn up
during reactor operation, the end-of-life enrichment will be
lower than the beginning-of-life enrichment. We can define
an effective end-of-life enrichment (eg) as:

CMC Mass of U235 at end of life

E — MC + MB(l-c) ~ Total U mass at end of life

where Mc end-of-1ife critical uranium mass (kg) and

Mp

uranium mass required for burnup.

This just says that when the uranium-235 required for
burnup (eMp) is used |up, the amount of uranium-235
remaining 1is just the mass required for <criticality
(eMc), while the total uranium left in the core will be
the uranium required for «criticality (Mg) plus the
uranium-238 associated with the fuel for burnup [Mg(l-¢)]:
consequently, the enrichment will be reduced at end-of-life.
Accounting for the lower end-of-life enrichment the required
uranium-235 is:



C

O (13,600)1'5 .

€ Vpr

If we divide again by ¢ to get the total uranium required,
then from Equation (2) we have:

0 ¢
M. =M, —
C C CE

Substituting in the terms for e¢g, from its definition,
into the above equation, a quadratic equation is obtained
with the solution:

2
0 0 0
Mo + \/;c + 4M M (1-¢) (3)

2

Knowing Mc we can now solve for the other unknown (¢g)
from its definition:

cMC

E MC + MB(l—c)

(4)

€

(The value for e¢g 1is not reguired for the mass calculation;
however, the value of e¢g is often of interest and is, there-
fore, calculated by RSMASS.)

e Total U Mass to Reach End-of-Life

The total U mass required to achieve criticality through-
out the life of the reactor is just the sum of the uranium
required for burnup and the uranium required for criticality
at end-of-life.

ME = MC + MB (5)

total U mass required based on neutronic
limits (kg).

where Mg

This is the uranium mass required based on neutronic 1limits.

~10-



4.2.2 Specific Power Limit

Although very large quantities of power can be obtained
from small quantities of uranium, heat transfer from the fuel
to the coolant and temperature limits on the fuel, cladding,
and coolant will place a limit on the specific power for a
reactor. This limit will depend on the fuel, geometry, cool-
ant, etc. The mass of uranium required based on specific
power limits is:

PP
M F
P = (6)
Pse
where Mp = U mass required based on specific power limits
(kg).

P = maximum reactor power (MWe).[ll

core spatial peak/avg. power factor,[1]

0
i
1]

Pg = specific power limit (MWyh/kg U),[1] and

e = net efficiency.[1]

In the present version of RSMASS, Pg must be computed
based on heat transfer calculations and temperature 1limits
and then entered as an input parameter and this approach is
a bit cumbersome. At a later date a thermal/hydraulic model
may be built into the code to permit mass calculations
directly from temperature limits.

4.2.3 Burnup Fraction Limit

Although there may be adequate fuel present to provide
the needed energy for a reactor, there will normally be a
limit placed on the fraction of fuel that can be burned up.
This limit is based on fuel damage and gas release considera-
tions for a particular design and operating conditions. For
a maximum permitted burnup fraction of B, the average burnup
fraction 1is B/Pp, and from Eq. (1) we know that the mass of
uranium that is burned up is 0.38 E/e; consequently, the
mass of uranium required based on burnup fraction limits is:

0.38 EPF
Mp = Re (7)
where Mp = U mass required based on burnup fraction limit

(kg)., and

~11-



B = maximum permitted uranium burnup fraction.[1]
(Atoms of uranium fissioned per cm3/total num-
ber of initial uranium atoms per cm3.)

4.2.4 Limiting Uranium Mass

The mass of uranium required for any reactor system will
be the largest of the three masses based on the three poten-

tial limits; i.e.,

M_ = greatest of M M

L and MF . (8)

E’ P’

4.3 Moderator Mass

If a moderator is present in the reactor, the moderator
mass can be computed using the formula for the molecular

density; i.e.:

molecular density = Mass y Avogadro's Number
Vol. Molecular Weight

Using this formula and the definition of R, the mass of the
moderator is determined to be:

M

My = ‘MLR(E

MW
(9)

where MM moderator mass (kg).

R = ratio of the homogenized molecular density of
the moderator to U-235,[1] and

MWy = moderator molecular weight.[1]

4.4 Total Mass of the Fuel and Moderator

MT = ML + MM . (10)

4.5 Reactor Structure Mass

In addition to the fuel and moderator, the reactor core
will contain a coolant and a number of structural components,
such as cladding, grid spacers, cermet parent material, sup-
port structure, etc. In this analysis, the coolant mass
will be assumed to be accounted for in the balance of plant.

-12-



The easiest approach for estimating the structural mass
is to assume all of the structure can be represented by one
material of density pg. Knowing the fuel volume and the
moderator volume and the approximate ratio of the structural
volume to the fuel-plus-moderator volume, the structural
mass can then be computed. Hence, the following steps are
used to compute the structural mass:

. S
T (‘i . “_M> (L
Pr P
s = Pstv p
T
where pr = fuel-plus-moderator homogenized density
(kg/m3),

moderator density (kg/m3),[1]

©
K 5
1

pp = fuel density,[1]

ratio of structure volume to fuel-plus-
moderator volume, (1]

o
<
1

Mg = mass of core structure (kg), and
ps = average structural density (kg/m3).[1]
Initially, Ry is an estimate based on judgement and reactor

design experience. As the design progresses and better
information becomes available, better estimates for Ry will

be obtained.

4.6 Total Core Mass

The total core mass is then:

MTC = MT + MS (13)

total core mass (kg).

where MTC

-13-



4.7 Reflector Mass

To simplify the solution, the core and reflector will be
approximated by a sphere and shell, respectively. Therefore,
the core volume is:

My

Ve = GF;; (14)[1]

where Ve = core volume (m3) and the core radius is given by:

1/3
v
r = (3 —9) (15)

4 7

where r = core radius (m).
The reflector thickness can be assumed to be some frac-
tion of the core radius.

T = Frr (16)

where T reflector thickness (m) and

Fy = fraction of core radius.[1]

Although Equation (16) is a reasonable approximation over
most ranges, the reflector thickness for very small and very
large reactors may be too small or too large, respectively;
consequently, minimum and maximum reflector thicknesses may
be specified as input parameters. Also, when the code is
used to check the mass predictions for reactors with a
typical reflector thickness, it may be desirable to fix the
reflector thickness at some prespecified value. The fol-
lowing procedure allows for these options:

If T<T.: T=T

min min
T > Tmax: T = Tmax (17)
Tesx >0 T = Teix

-14-



where  Tpip = Mminimum reflector thickness (m),[1]

maximum reflector thickness (m).[1] and

Tmax

Tgix = fixed reflector thickness (m).[1]

Knowing the reflector thickness, the reflector mass can
be approximated by:

Mep = 4m:2'rpRF (18)
where Mrr = reflector mass (kg) and
prF = reflector density (kg/m3).[1]

4.8 Pressure Vessel Mass

The pressure vessel may be located inside or outside the
reflectors; consequently, the pressure vessel radius will be
given by:

Lpy = L + nT (19)
where rpy = pressure vessel radius (m),
n = 0:pressure vessel inside reflector,[1l] and
n = l:pressure vessel outside reflector.[1]

The pressure vessel may be approximated by a cylinder of
radius rpy and height 2rpy with hemispherical ends. The
space within the hemispherical ends of the pressure vessel
includes the coolant plenum space, end fittings, etc. If
the vessel is assumed to have a uniform wall thickness, the
minimum wall thickness based on stress considerations 1is
approximately:

S (20)

-15-



where _ t = pressure vessel thickness (m),
Pr = max coolant pressure (MPa),[1]
S = factor of safety, and

ultimate strength of pressure vessel
material.[1]

Ug

The pressure vessel volume is approximated by Bwrgvt. Then

assuming a factor of safety of 4.0 for reactor pressure ves-
sels, the pressure vessel mass is given by:

P

3 _r
Mpv = 24TIpy G Ppv (21)
where Mpy = pressure vessel mass (kg) and

ppv = bressure vessel density (kg/m3).[1]

4.9 Miscellaneous Mass

Control drives and actuators, 1instrumentation, safety
features, and a number of other miscellaneous components
were not explicitly accounted for in the previous computa-
tions. The mass of these miscellaneous components will be
assumed to be some fraction (F) of the fuel-plus-moderator
mass (Mr). Thus:

MMIS = FMT (22)
where Mmis = mass of miscellaneous components (kg). and

F = multiplier of fuel-plus-moderator mass to
obtain miscellaneous mass.

4.10 Total Reactor Mass

The total reactor mass is the sum of all the component
masses.

Mg = Mpo + Mpp + Mpy + Myrg - (23)

-16-



5.0 SHIELD MASS MODEL

5.1 Neutron Shield Thickness

It is shown in Appendix 4 that the dose at the payload
from a shielded reactor can be approximated by the gener-
alized equation:

CEexp(-ut)
D. =
R reR2
HcLeRp
where C = normalization constant,

4 = generalized shielding coefficient (cm-1),

Rp = the distance from the reactor to the pay-
load (m),
Uc = generalized self-absorption coefficient for the

core (cm-1),
r = core radius (m), and
t = shield thickness (m).

The normalization constant was obtained from a detailed
Monte Carlo calculation (Reference 1). For neutron shielding
U is more commonly represented by the macroscopic removal
cross section Lp, and uc 1is more commonly represented by Ip.
Using these terms and the value for C given in Appendix 4,
the required shield thickness is given by:

-17 2
(1.5x10 )DnrRPECe

-2n E
th = 100% (24)
r
(for typ < 0: tp = 0).
Here, tn = initial neutron shield thickness (m),

E = energy (Mwe - years)[1]
Dp = max allowed payload neutron dose (nvt),

e = net fractional efficiency,[1]
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_.Rp = payload separation distance (m),[1]

Lo = core macroscopic self-absorption cross section
(cm-1),[1] and

L, = shield macroscopic neutron removal cross section
(cm-1) (1]

This assumes that no neutrons are absorbed by the gamma
shield.

5.2 Gamma Shield Thickness

Since the neutron shield will also attenuate gammas, the
neutron shield-gamma attenuation (uptp) must f1gst be
subtracted out,. The required gamma shield thickness is then

given by:

D.u rRz(l.Oxlo—g)e
on|Y—¢ P .
=1
ty.0o © (“Y) 100 * ¥pty (25)

(for ty.0 < 0: ty,0 = 0),

where . ty,o0 first iteration gamma shield thickness (m),

Wy = gamma shield vy-attenuation coefficient
(cm-1),[1] "

Up = neutron shield vy-attenuation coefficient
(cm-1),[1]

Ue = core y-attenuation coefficient (cm-1),[1]
and

Dy = max allowed payload gamma dose (R).[1l]

For this calculation it is assumed that a single energy
group can be used to estimate the attenuation of gammas for
all energies. A preliminary comparison with detailed calcu-
lations suggests that attenuation coefficients for 3 MeV
gammas is a fair approximation as long as the gamma spectrum
from the core and the spectral dependence of the gamma
shield attenuation coefficient is not appreciably different
from the values used in the normalization calculation (see
Appendix 4).

Also, for the derivation of Equation (25) it was assumed
that any gamma photon colliding with the shield material

-18-



will not reach the payload. For thick shields, however,
multiple collisions can scatter a fraction of the photons
back to payload, building up the dose at the payload. This
dose buildup can be accounted for by first computing the
total gamma optical thickness of the shield as:

t = t 26
Bty o (un 0t uYtY'O)IOO (26)

and then computing the buildup factor (Reference 2):

By(u.t) = A, exp(-a,ut, ) + (1 - A) exp(-a ut )

1 . t.0 (27)

where Bo(u.t) gamma dose buildup factor, and

known buildup factor constants[1]
(e.g., Reference 2).

Ay.ay1.a2

The buildup factor is then inserted back into the gamma
shield thickness calculation and iterated on to determine
the final gamma shield thickness. The 1iteration procedure
is as follows:

9 =1 (28)
D u rR2(1.0x10'9)e
gn |12

N By_, (#.L)E
tyg - _(“Y) 15 s upt (29)
utt'g = (untn + uYtY'l)lOO (30)
Bl(u,t) = Al exp(-alutt'g) + (1 - Al) exp(-azutt.l) . (31)

fy.0-1

If: —%L—l— > 1.05 or < 0.95 ,

Y. (32)

$ =% + 1, and return to (29)
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5.3 Neutron/Gamma Shield Thickness Iteration

Now that the gamma shield thickness has been computed,
we can now recalculate the neutron shield thickness account-

ing for the neutron shielding by the gamma shield:

Y
It
- i S A
tn = tn T (33)
r
where tp = interim neutron shield thickness,

YYr = neutron removal cross section of the gamma
shield (cm-1),[1]

Yr = neutron removal cross section of the neutron
shield (cm-1),[(1) ana

gamma shield thickness for the last iteration
of Equation (29).

Ly

Since the new neutron shield thickness is smaller than
the original tp, the gamma shield thickness must be
recalculated to account for the reduced g¢gamma-shielding by
the neutron shield.

t. o=t B (¢
v~ 5w, a

-ty) (34)

where t; = final gamma shield thickness (m).

Finally, the new gamma shield thickness 1is wused to
compute the final neutron shield thickness.

tn = tn - f_ tY (35)

5.4 Shield Mass Calculation

The assumed shadow shield geometry for this model is
presented in Figure 2. Two gamma shields and two neutron
shields are permitted, and the user may specify the frac-
tional split of the thickness between the first and second
gamma shield and between the first and second neutron shield.

The distance from the far end of the reactor to the first
gamma shield is given by:
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(36)

o
]
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ry

distance to first gamma shield (m), and

)
o g
o
~
®
-
n
]

(multiplier on core radius to get Lg).[1]

1
w
I

t. = F t (37)

where ty = first gamma shield thickness (m) and

Fg = fraction of total gamma shield thickness used
in first gamma shield,[1]

and the first neutron shield thickness 1is

t, = F t (38)

where ty = first neutron shield thickness (m), and

Fn = fraction of total neutron shield thickness
used in first neutron shield.[1]

The distance to the second neutron shield (L) is then:

L, =t, +t (39)

and the thicknesses of the second gamma shield and second
neutron shield are:

ct
1]

tY(l—Fg) (40)

and

ct
i

4 = tn(l—Fn) ’ (41)

-22-



where . t3 thickness of second gamma shield (m) and
tq = thickness of second neutron shield (m).

Since the total reactor radius (rp) given by:

r =or + T (42)

where r = core radius and
T = reflector thickness,

we can compute radii r; through rg in Figure 2 as

r, =r_+ L _Tan@ (43)
1 r s
r2 = rr + (Ls+tl)Tan9 (44)
r3 = rr + (LS+L2)Tan6 (45)
r4 = rr + (LS+L2+t3)Tan6 (46)
w* *
Iy = r. + (Ls+tn+tY)Tan9 (47)
where @ = cone half angle (degrees).[1]

Using the equation for the frustrum of a cone and multi-
plying by the neutron and gamma shield densities, we can
compute the shield mass

G p 1y
_ 9 Ys 2 2 2 2
MYs = 3 [Fl<r1 +ryr, + rz) + t3(¥3 + IaL, + I, (48)
Gp wf
_ _nns 2 2 2 2
Mns = 3 t2<r2 + Lro o+ r3) + t4(r4 + L,rc + r;ﬂ (49)
Mrg = Mpg * Mys (50)
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where .Myg = mass of gamma shield (kg),.
M,g = mass of neutron shield (kg),
Mpg = total mass of shield (kg),.
Pys = gamma shield density (kg/m3).[1]
Pns = heutron shield density (kg/m3),[1]

Gg = geometry correction factor for gamma
shield,l1l] and

Gp = geometry correction factor for neutron
shield.[1]

The geometry correction factors, Gg and G, allow for
deviations from the assumed shadow shield geometry, includ-
ing 2w, 4w, shaped 4w shields, etc.

The final reactor plus shield mass (Mg,g) is then:

Mo,g = Mp + Myg - (51)

-24-



6.0 PRELIMINARY INPUT DATA

Preliminary input data is provided in Tables 1, 2, and 3
for a gas-cooled, ZrH; 7 moderated particle bed reactor, a
liquid-metal-cooled fast reactor, and for a thermionic reac-
tor, respectively. The input data for these systems should
be regarded as very preliminary and the uncertainty in the
values for some of these parameters (particularly for the
gas-cooled reactor) may be substantial. This parameter list
will be updated by the author as concepts are refined and
better data becomes available.
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Table 1

RSMASS Input Data

REACTOR: Particle Bed Bimodal ZrH; 7 DATE: 2/25/86
(Burst) (Steady State) (Burst) (Steady State)
Parameter Value Alternate Parameter Value Alternate
Reactor Shield
1. e - efficiency 0.5 0.19 25. o - n-shield dose limit (nrt) 1015
2. ¢ - enrichment 0.7 26. b, - Y-dose limit (R) 106
3. R - mod ratlo 70 27. Rp - payload distance (m) 25
4. Hg - compact crit. mass (kg) 1 28. I_ - core remov. x-sec (e Yy 0.11
S. VP -~ fuel + mod. vol. frac. 0.7 29. w, - core Y-atten. x-sec (cn-l) 0.33
6. py - fuel dens. (kg/m’) 13,000 30. ©_ - shield n-removal x-sec (e ) 0.136
1. Co ~ crit. mass correc. 1.6 1. l:l_T -~ Y-shield n-removal x-sec (cm_l) 0.20
8. B - burnup limit 0.50 32. voo- n-shield Y-atten. x-sec (cn-l) 0.029
9. P’ - gpec. power limit (Mw/kq) 20 1.0 33. v - Y-shield Y-atten x-sec (Cl—l) 0.78
10. Pp ~ peak/avq. power 1.3 34. © - cone 1/2 angle (deg.) 15
11. L mod. mol. wt. (g) 93 35. Prns n-shield dens. (kg/mg) 820
12. p - mod. dens. (kg/m>) 5,610 3. py, - Y-shield dens. (kg/n>) 19,350
13. R, - struc./fuel + mod. volume 0.35 37. A 2.7
14. Py - struc. dens. (kg/ma) 10,600 38. 8, shielding parameters -0.086
15. ’r - reflec. frac. of r 0.5 39. ., 0.134
16. Totn ~ min. ref. T(m) 0.05 40. L mult. on r for L’ 3
17. Toax ~ ™aX- ref. T(m) 0.20 41. LA mult. on tn for t2 0.5
18. Teiy ~ fix T (m) ) 0 42. 'g - mult. on tq for tl 0.5
19. Prg ~ refl. dens (kg/m”) 1,700 43. Gq - geomet. correction for Y-shield 1
20. n - press. vess. locator 1 . Gn - geomet. correc. for n-shield 1
21. Us ~ press. vess. (MPa) strength 1,360
22. Pov press. vess. dens. (kg/na) 8,000
23. Pr - coolant press. (MPa) 13.6
4. F - Mis. Mass Fraction 0.5



Table 2

RSMASS Input Data

REACTOR: Liquid Metal Cooled
(Pin)
Parameter Value Alternate
Reactor
1. e - efficliency 0.25
2. - enrichment 0.7
3. R - mod ratio 0
4. ng - compact crit. mass (kg) 28
5. VP - fuel + mod. vol. frac. 0.6
6. pp - fuel dens. (kg/m>) 13.500
7. C. - crit. mass correc. 1.0
8. B - burnup 1limit 0.065
9. P, ~ spec. power limit (Mw/kg) 0.5
10. Py - peak/avg. power 1.3
11. M - mod. mol. wt. (g) 0
-~ 3
12. Pu " mod. dens. (kg/m”) 1
13. Rv - struc./fuel + mod. volume 0.65
14. Py struc. dens. (kg/ma) 12,000
15. 'r - reflec. frac. of r 0.5
16. T - min. ref. T(m) 0.05
min
17. T - max. ref. T (m) 0.20
max
18. Tegx fix T (m) 3 0
19. P refl. dens (kg/m”) 3,000
20. n - press. vess. locator 1
21. U. - press. vess. (MPa) strength 280
22. ppv - press. vess. dens. (kg/na) 8,000
3. Pr - coolant press. (MPa) 0.5
4. P - Mis. Mass Fraction 0.5

DATE: 1/29/86
(Pin)
Parameter Value Alternate
Shield
. o n-shield dose 1imit (nrt) 1018 .
%. o Y-dose limit (R) 10%
27. Rp payload distance (m) 25
28. tc core remov. X-sec (cn_l) 0.125%
29. v, core Y-atten. x-sec (cn.l) 1
30. tr shield n-removal x-sec (cm-l) 0.136
31. trY Y-shield n-removal x-sec (cm_l) 0.2
32. w, n-shield Y-atten. x-sec (cm ') 0.029
3. w Y-shield Y-atten x-sec (cm ) 0.78
34. © cone 1/2 angle (deg.) 15
35. Prs n-shield dens. (kg/na) 820
6. by, Y-shield dens. (kg/m’) 19,350
37. Al 2.7
38. a, shielding parameters -0.086
39. a2 0.134
40. Ps mult. on r for Ls 3
41. F mult. on t_for t 0.5
n n 2
2. F mult. on t_for t 0.5
9 ] 1

43. Gg geomet. correction for Y-shield 1
a“. Gn geomet. correc. for n-shield 1



Table 3

RSMASS Input Data

REACTOR: Thermionic (conventional)
Parameter Value Alternate
Reactor

1. e - efficlency 0.1%
2. « ~ enrichment 0.93
3. R - mod ratio 0

4. Hg - compact crit. mass (kg) 28

5. VF - fuel + mod. vol. frac. 0.36
6. Py ~ fuel dens. (kg/ma) 10,000

7. c. -~ crit. mass correc. 1

8. B - burnup limit 0.06
9. P, - spec. power limit (MW/kg) 0.01
10. P. - peak/avg. power 1.3
11. H.' - mod. mol. wt. (g; 0
12. Pu " mod. dens. (kg/m”) 1
13. R, - struc./fuel + mod. volume 2
WM. p - struc. dens. (kg/m’) 12,000
15. 'r - reflec. frac. of r 0.35
16. Tlin - min. ref. T(m) 0.05
17. T-.‘ - max. ref. T (m) 0.20
18. Tflx - fix T (m) 3 (]
19. Prg " refl. dens (kg/m”) 2,200
20. n - press. vess. locator 1
21. U. ~ press. vess. (MPa) strength 280
22. Pov press. vess. dens. (kglla) 8,000
23, Pr - coolant press. (MPa) 0.2
4. P - Mis. Mass PFraction 0.5

DATE: 1/29/86

Parameter Value Alternate
Shield

5. b n-shield dose limit (nrt) 1018 '
%. o Y-dose limit (R) 10
27. Rp payload distance (m) 25
28. tc core remov. x-sec (cn-l) 0.14
29. v, core Y-atten. x-sec (cn-l) 0.96
Jo. & shield n-removal x-sec (cl—l) 0.136
. trY Y-shield n-removal x-sec (cm 1) 0.20
32. w n-shield Y-atten. x-sec (cm 1) 0.029
33. vy Y-shield Y-atten x-sec (c-—l) 0.78
34. o cone 1/2 angle (deg.) 15
35. Pos n-shield dens. (kglma) 820
36. Pyg Y-shield dens. (kq/na) 19,350
37. Al 2.7
38. °l shielding parameters ~0.086
39. a, 0.134
40. 's mult. on r for L' 3
41. ’n mult. on tn for tz 0.5
2. Fg mult. on tq for tl 0.5
43. Gg geomet. correction for Y-shield 1
«“. Gn geomet. correc. for n-shield 1



7.0 COMPARISON WITH DETAILED CALCULATIONS

A comparison has been completed of the reactor/shield
masses obtained from detailed calculations by the proposers
of space power reactors (References 6 through 17) with the
masses calculated by RSMASS for these proposed reactors. An
initial goal for agreement between RSMASS calculated masses
and the masses obtained from detailed calculations was chosen
to be a factor of two. Discrepancies greater than a factor
of two would be indicative of either a modeling deficiency
by RSMASS, an inappropriate parameter choice for RSMASS, or
an error in the detailed calculations.

Figqure 3 compares the RSMASS reactor/shield masses for
liquid metal cooled reactors with the masses calculated by
various laboratories for their proposed reactors. Except
for the Rockwell SP-100 reactor, all of the reactors are for
MMW power. Good agreement is observed for all of the pro-
posed reactors. A similar comparison was made for thermi-
onic reactors. The two cases shown in Figure 4 are General
Atomic's (GA) SP-100 and their 2 MW "growth" design. Again,
the agreement is good. (A direct comparison of these thermi-
onic reactor masses with masses for other types of reactors
may be misleading since these designs have not been optimized
for MMW requirements. Also, a system mass analysis is re-
quired to evaluate the net mass impact of thermionic reac-
tors relative to other concepts since the thermionic reactor
mass also includes the power conversion system mass.)

Figure 5 compares the reactor/shield masses for
Brookhaven National Laboratory's (BNL) gas cooled reactors
with the masses calculated by RSMASS. It should be pointed
out that the calculated gas cooled reactor masses appear to
be very sensitive to the reactor input parameter choices and
some values for gas cooled reactor parameters are only an
educated guess at this time (such as the moderator-to-fuel
ratio, the critical mass correction factor, and the specific
power 1limit). Nonetheless, the RSMASS calculated reactor
mass 1is in good agreement with BNL's masses for both the
ZrH; ,7 moderated bimodal concept and the LiH moderated
burst mode reactor concept.

A number of other comparisons and studies are now under
way. In some instances RSMASS has uncovered oversights in
the more detailed calculational efforts. RSMASS 1is also
providing some insights into the mass advantages and dis-
advantages for the various concepts as a function of operat-
ing conditions and as a function of important parameters

(such as fuel density). When these studies have been com-
pleted a report will be provided which will discuss the
results of the analysis. For now, it may be concluded that
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RSMASS can provide good estimates of reactor and shield
masses for a broad variety of reactor concepts proposed for
MMW space power applications. These estimates will probably
not be more than 50% different than masses computed using
more detailed and time consuming calculation methods; much
better than our original goal.
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8.0 STATUS, LIMITATIONS, AND FUTURE WORK

The preliminary reactor/shield mass modeling has been
completed. The next order of business will be to obtain
more accurate 1input parameters for the models, to obtain
input parameters for other types of reactors, and to
continue checking the models against more detailed calcula-

tions. Once the model has been verified, a preliminary
parameter study will be performed and the results will be
discussed in a forthcoming document. A method that will

provide corrections for parasitic absorbers will also be
discussed in this forthcoming document.
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Effect of Fuel Density on Critical Mass

-37-



APPENDIX 1

Effect of Fuel Density on Critical Mass

Figure 9 in Reference 3 shows that the critical fuel mass
is not strongly dependent on the molecular composition of the
fuel (UC,, UO,, etc.): consequently, Figure 1 should be
applicable to any fuel composition. Figures 9 and 16 in Ref-
erence 3, however, show that the critical mass is a strong
function of fuel density. The functional dependence of the
critical mass on fuel density is derived in the following.

The effective neutron multiplication factor (kegg) can be
expressed as: -

k
-]

k =z — (A-1)
1 + L2B2
where kKo = the neutron multiplication factor for an
infinite medium,
L = diffusion 1length--related to the effective
distance a neutron travels from birth to cap-

ture, and

B2

buckling--a geometric factor determining neu-
tron leakage.

If we assume a spherical reactor,

B2 = (‘rr/r)2

Then from (A-1) for just critical systems

k

= (A-2)
2 1 4+ L%/l

2
1l + Lc(w/rc)

where the subscript C refers to the compacted sphere case
and the parameters without subscripts refer to reactor cases
with lower fuel densities. But
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(A-3)

where Ly, = macroscopic transport cross section, and since
L ~ p (where p = density), then L ~ 1/p.

Now from (A-2)

2 2
(LC/rC) = (L/r) (A-4)
or r/rc = L/LC = pC/p . (A-5)
. 4 3
Since M= p 3 mr = mass of fuel (A-6)
M r 3
s - (5 x-)
MC c\"C

where Mg is the compacted «critical mass. Substituting from

(A-5)

3
o (P P
Mg pc\p p

Since p 1is the homogenized density, we can express p
in terms of the unhomogenized fuel density (pg) and the
fuel volume fraction. The critical mass correction Ffactor
for density is then:

. L. C 2
critical mass MC Pc
Cd = correction factor = M = \VFo_ . (A-9)
for density P

For full density UC, pc = 13,600 kg/m3. Therefore,
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2

cy - (%;%9—9) . (A-10)
F

However, since the reflector density will not change
(reflector density change 1is implicitly assumed in this
derivation), Cq is overestimated. From the data in Refer-
ence 3, the density-volume fraction correction is found to
be better approximated by:

1.5
c, - (-1%;,%9) . (A-11)
F
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APPENDIX 2

Enrichment Correction to Critical Mass

For fast and epithermal reactors we can assume that the
product of the fast fission and resonance escape factors is

approximately unity. Then,
vﬁf
k, = T (A-12)
a
where v = neutrons/fission,
L¢ = macroscopic fission cross section, and
L5 = macroscopic absorption cross section.
Then from (A-1) for a critical reactor,
ﬂZ vif
1 + = (A-13)
3g, £.r? 2a
tr-a
2 172
)i 1
or r = (A-14)
38, . [vEe
T -1
a
Since M ~ pr3, and noting that Iy, is insensitive to

changes in ¢,

1 1 3/2

M ~ E; vZf .
-1
a
Now,
25 2%
il T £°
.7 .25 25 28 28
a N da + N oa

-42—~
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Here, - N = uranium atom density,
2% = U-235,
28 = U-238,
o¢ = microscopic fission cross section, and
g = microscopic absorption cross section.

The atom densities for U235 and U238 are

NZS = ¢N
(A-17)

N28

(l1-¢)N

Substituting (A-16) and (A-17) into (A-15) we have for a
reactor with enrichment ¢:

1 1 372

Le cNogs ‘ (1-c)No§8 veNo2>2 (A-18)

£ -1
25 28
No,” + (1-¢)Noj

where Mp. = mass for 1lower enrichment case, and for a fully
enriched system (Mg)

3/2
1 1
M~ . (A-19)
0 Nozs vchs
a f -1
025
a

3/2

(A-20)

1
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For fast reactor v = 2.6, cf =~ 1.4, © ~ 1.65, O ~ 0.26,

a a
and for thermal reactors v = 2.4, cgs = §77, dzs = 676,
028 ~ 2.7.
Substituting, we obtain:
M 3/2
ﬁ—li ~ (l) (A-21)
0 €

However, as in Appendix 1, the reflector characteristics
are not affected by changes in the enrichment, and, using the
same approximate reduction in the power of the exponent, we
can make the crude approximation:

MLC
0

~
~

L

(A-22)

=

A comparison of this approximation with detailed calcula-
tional results in Reference 4 showed this approximation to be
reasonable for fast reactors (~20 percent).
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APPENDIX 3
Fission Products and Temperature Defect
Fission products and increased absorptions due to the

temperature 1increase at full power will reduce the core
reactivity. 1If we use the definition for reactivity change:

_ reactivity _ 2 1 _
8p = change - (R-23)

(note that p as used in Appendix 3 will stand for reac-
tivity rather than density).

We can compute the effect of reactivity change on the
core size from (A-1) and (A-23) as:

2 2
r, Apr2
;.'_ = + Ap + 1 . (A-24)

-

For reactors under consideration, rz/szz is <1.0; there-

fore, when reflector effects are accou&%ed for (as in Appen-
dix 1) the maximum change in mass is given by:

M
ﬁz < (1 + 2Ap)1'5 . (A-25)
1

Thus, the <change 1in mass required for the combined
effects of fission products and temperature defect, if the
combined worth 1is assumed =$3.00 (Ap = 0.023), 1is less than
7 percent. The effect of fission products and temperature
will consequently be ignored.
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- APPENDIX 4

Shielding Thickness Derivations

Since the shield will be very close to the reactor for
most MMW systems, a point source approximation is not appro-
priate, and any source term must include volumetric param-
eters. The total source that must be considered will be
proportional to the source density integrated over the
surface area "seen" by the shield. The source strength will
be proportional to the average power density multiplied by
the fraction of radiation leaving the end surface (A) of the
reactor (see Figure 6). Since most of the radiation will be
absorbed in the reactor volume, only a fraction proportional
to 1/uc will reach surface A (uc 1is the core self-
absorption coefficient). From this discussion, it is seen
that the total source strength is proportional to:

total
S ~ d§§:§§ b ¢ - x A = source (A-26)
Y ¥c strength
or s ~ 23 x + x r? (A-27)
r ¥e
S ~ r—P— . (A-28)
¥c

It is anticipated that the payload will always be several
meters from the shield; consequently, the radiation attenua-
tion through the shield can be approximated by (Reference 5):

exp(-ut)

and the solid angle radiation attenuation between the reactor
and shield is given by the familiar:

1
2
RP
where U = generalized attenuation coefficient for shield.,
t = shield thickness, and
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GEOMETRY OF REACTOR/SHIELD ASSUMED FOR DOSE DERIVATION
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Figure 6. Geometry of Reactor/Shield Assumed for Dose Derivation



_Rp = distance between reactor surface (A) and pay-
load.

The total dose at the payload will depend on the time
integral of the dose rate at the payload. The integral dose
at the payload is, therefore, proportional to:

D ~ L M x time (A_zg)
R ruc RZ
P
or D, - ¢ EEXRL=ML _ (A-30)
eru.Rp

where Dgr dose at location Rg (R),

E = electrical energy (MW years),
e = net fractional efficiency, and
C = constant of proportionality.

(Note that for gamma shield calculations the gamma dose due
to neutron captures in the shield has not been explicitly
accounted for. It is also assumed that the gamma dose at the
payload can be computed by using coefficients for a single
energy. From the data in Reference 1 it appears that 3 MeV
gammas can be used for this approximation.)

Although the approximate relationship described above
should provide a reasonable estimate of the influence of
variations in the important parameters, this approach is not
very reliable for determining the absolute value of the dose
DgR. A much more reliable method would require very time
consuming, detailed Monte Carlo calculations, which would be
impractical for our purposes. In order to provide reason-
able accuracy while maintaining the simplicity of Equa-
tion (A-30), the parameters from a detailed Monte Carlo
calculation (Reference 1) were used in Equation (A-30) to
determine the normalization <coefficient C. The values
obtained for C are given below.

Cc

Neutrons

6.6 X
Gammas 1.0 x
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