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ABSTRACT

Power limitation represents a major issue withiacgpapplications aimed to human settlements on
solar system planets. Among these planets, Matsnisidered the most attractive because of its
nearness to the Earth and the probable presentinefals which can be used by the settlers to
live off the land. In this frame, small size nuclg@mwer plants can be an interesting solution to
overcome the energy supply problem. This papereptesa preliminary feasibility study of a 100
kW, self-pressurized water space reactor, with the tndesign a system characterized by
compactness, intrinsic safety and simplicity of th&n reactor control components. To this end an
innovative reactivity control system, based on d¢bhatrol of the primary coolant mass flow rate,
was adopted. The introduction of this system inrergctor design required a comprehensive core
neutronics analysis in order to properly quantifg effect of the coolant on the reactor behaviour
also as a function of the fuel burn-up. Here otlg tmain results of this analysis, concerning
neutron flux profiles and multiplication factorseadiscussed. Moreover preliminary results on
long term reactivity control are presented, shovtlmgpossibility to operate the reactor for as long
as 7 years with no need of human intervention.

Key WordsSpace Nuclear Reactor; Planet Settlement; Regc@®antrol System;
Core Neutronics

1. INTRODUCTION

The study of nuclear power plants for human setl@sion solar system planets represents an atgacti
applied research field for nuclear engineers beraidishe strict requirements that an extra-teriadstr
environment imposes. Several and different reagésigns have been proposed [1, 2, 3], all of them
based on the following requests: (1) high reli&gil{2) relatively cheap R&D programs; (3) posstgito
deploy the plant within a reasonable period of tif# operability and control for a long time withto
any human intervention; (5) adaptability to somsipalar terrestrial applications.

Although many of the these space reactor desigme wlearacterized by unconventional solutions, the
possibility of space nuclear reactor plants baseavell proven and reliable technologies was wetl an
extensively discussed in [4]. Anyway, the desigrsuwéh space systems should allow the development of
different components and the simplification (ongfiation) of redundant systems.

Two major problems deal with the design of the Isa@ and the efficiency of the power cycle. Thathe
sink is a high demanding component because of ithg#ations on the heat transfer in a rarefied
atmosphere where the thermal radiation plays thermale. This leads to extended surfaces, witliga h
risk to be hit and damaged by micrometeorites. Meee heat removal by thermal radiation require$ hig
temperatures of the condensing fluid. This mearedisycle efficiency, not exceeding 12-13% in case

a conventional Rankine cycle. However this ressilacceptable when compared to the efficiency of
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thermoelectric devices which, in spite of their higgliability, show a conversion efficiency of few
percents. Previous works [4, 5] identified the PV¢Rctor as the best solution to meet the requir&gnen
of a space surface application, relying on an uoh@dile operating experience gained in terrestrial
applications; besides, the PWR solution has beeelwadopted for special applications, such asaaucl
submarines and nuclear ships, whose features @ eore similar to those of a space reactor. The
SURE reactor proposed by Cammi et al. [4] was desigbasically as a conventional PWR reactor,
controlled by means of a core moving system: thet besults in terms of reactivity reduction were
obtained dividing the whole core in six slicesdigimovable in radial direction.

To avoid the issues concerning the mechanical desigl the reliability of the core withdrawal system
an innovative reactivity control solution is propdsin this work: the reactor is now cooled and
moderated by water reaching boiling conditionsifaa BWR reactor, but at an higher pressure) and no
control rods neither moving systems are plannealyréactor is controlled varying the mass flow iate
the core and consequently the boiling front heighthis way the moderator density distribution,ieth
strongly affects the core neutronics, can be aegligi bring the reactor power at stationary levels.

Scope of the present paper is to present resutteedeasibility study of a preliminary design bétspace
reactor in terms of core neutronics and its intéwacwith the coolant properties. Moreover resuts
long term reactor operation are presented in oi@e@emonstrate the capabilities of the new redgtivi
control system.

2. DESIGN CHOICES

The main design choices of space reactor configuradre listed in Table I. The reactor is cooled an
moderated by boiling water at the pressure of 1&5 Bhe adoption of a direct cycle would require
shielding of all the components in the water lingsale the reactor vessel; moreover the turbineldvou
work with nuclear steam in absence of any maintemamd repairs for a long period of time. For these
reasons an indirect cycle is adopted and the sie@ot sent directly to the turbine but flows thgbuthe
steam generator where the heat is exchanged vetbettondary system.

The reactor is designed with a completely innoetientrol system based on the amount of water tioste
in the core; the water-steam mixture provides & miggative void reactivity coefficient, which isadsto
control the reactor simply varying the mass flowereirculating through the core. The adopted céntro
strategy avoids the presence in the core of thé&r@orods, as well as of any core withdrawal system
proposed with the previous design. No movable carapts work within the core (except for the coolant
pump), hence a marked improvement in system réityabind simplicity is achieved; the feasibility tife
proposed control system is discussed in detailSantion 4, analyzing the neutronic features of the
reactor.

The other design choices are not significantlyedéht from SURE reactor; the pressure is the sdmae o
conventional PWR in favour of a better neutron nmatien in the boiling region and a higher efficignc
of the thermodynamic cycle, thanks to the high&urséion temperature which is about 345°C. Subabole
water enters the reactor at a temperature of 33B€ fuel is a metal matrix composed by 45% of kigh
enriched uranium (93%J}) and 55% of Zrh;. This type of fuel has been used and fully testedtarth

in TRIGA reactors [6] for a long time and it hashealso qualified for space, being utilized in 8¢AP
10A reactor [7]. The presence of hydrogen mixedwithe fuel in metal matrix assures that a fracod

the moderator is solid, which is the main advantafj¢he provided fuel. The thermal properties of
uranium-zirconium hydride are listed in Table Hgy are given as function of temperatilireexpressed

in K, and hydrogen content in ZrH,. As far as fuel density is concerned, changes tduthermal
expansions have been neglected because sucha@siativer a range of temperatures of 500 K, are les
than 1%. Hence, the density is evaluated at 30AKaa a function of hydrogen content only.
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Table | Space reactor main parameters.

Parameter Choice Parameter Result

Net power 100 kW Core

Design Integral layout Uranium mass 21.5 kg

Fuel 93% enriched uranium Fuel mass 47.8 kg

Composition 45% U - 55% ZrH Core height 0.241'm

Cladding AISI 316 L Core diameter 0.276 m

Fuel rod diameter 1.52 cm Core power density TN k

Cladding OD 1.78 cm No. of cluster 19 with 7 rods

Cladding thickness 0.112 cm

Fuel cluster geometry Wrapped hexagonal  Vessel

Core geometry Hexagonal External Sphere ID 14m

Inlet temperature 335°C Internal Sphere ID 0.85m

Outlet temperature 344.9°C Internal Sphere thick.020 m

Pressure 15.5 MPa

Primary side mass flow 1 kg/s Reflector

Coolant area 0.016"m Height 0.321m

Coolant velocity 0.098 m/s0.016’m Thickness 0.1m

Secondary side mass flow  0.347 kg/s

Thermodynamic cycle Rankine Steam generator

Max temperature 325°C Geometry Spiral

Min temperature 165°C oD/t 0.025/0.00225 m

Inlet turbine pressure 4.8 MPa Total length 100 m

Net efficiency 125%

Thermal power 800 kW Chimney height 0.22m
Reactor weight 5300 kg

Table Il Uranium-zirconium hydride thermophysical properties.

Property Expression
Thermal conductivityl A=A, IV, +A,,, V.
¢, = 2502+ 47460k +(3.103010°° + 2.00810° [X)(T +
Specific heat [8;, [J/(moIK)] (1.943010°° +6.35810°° [X)
_ =
L , _ 67.9 ) s
Thermal diffusivity [9]a [cm®/s] a= [T + 162010° ({200 x)- 118[102J -116010
1
Density [6] Ozt e
ensty [0loz P =0 1706+ 0.0042 [x

" VU, Vi represent the volume fractions of uranium andoziem hydride respectively.
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3. REACTOR LAYOUT

A preliminary layout of the space reactor is degcin Fig. 1. All the primary system components, i.
the reactor core, the barrel, the steam genertitermain coolant pump and the instrumentations are
hosted inside the reactor vessel, resulting irstheamed “integral layout” commonly adopted in sale
Generation Ill+ reactors designs. The chosen cordigpn minimizes the size and the mass of the
primary system.

The core is composed of 19 wrapped hexagonal sglmblies. Every assembly contains 7 fuel pinafor
total number of 133 fuel rods. The wrapped arrareggrmpermits to tune the inlet mass flow rate inheac
fuel assembly by means of orifices in order to haveadial outlet temperature distribution as flat a
possible. The water flows upward through the coré then through a chimney which promotes natural
circulation; once the flow reaches the top of thenmey, the coolant is directed downward through th
annular downcomer region, where the steam genernattes are located. The steam-water mixture flows
on the outer surface of the steam generator t@xekanging heat with the secondary fluid (watesymlo

to the lower plenum, where the coolant is colle@ad then rises again through the core by meatiseof
circulating pump.

g

UPPER TANK

SHIELDING

Startup valve

reflector

CORE

LOWERTANK LU Sh“td°wfwa'y

v

Figure 1 Layout of the space reactor pressure vedse
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The reactor vessel, characterized by a spheriegleshs made of stainless steel AlSI 316 L. Theary
system is provided with an upper and lower taniea at controlling the mass of water hosted indide
vessel and designed to start up the system anddshrt quickly the reactor in case of an accidental
event. The two tanks are connected by an extefpealwith a charging pump, not shown in Fig 1. The
steam generator is located in the annular spaseebatthe reactor barrel and the vessel; a spibastu
configuration has been adopted with six tubes &xtaround the chimney and eight more tubes in the
core region. The higher primary system pressure @ttube outer surface, hence primary stressexf are
compressive type; this means that most deteriorati@chanism leading to tube failure, such as
intergranular stress corrosion cracking, shouldnirerently eliminated. The coolant pump is of spool
type; it assures the criticality of the reactorywag the mass flow rate in the primary system anid i
located entirely within the reactor vessel; onlyainpenetrations for the electrical cables are iregu
High temperature windings and bearing materialsuader development for terrestrial reactors, ahén
IRIS case [10].

The power conversion system is the well known Ramkiycle, duly simplified. Reasonably low turbine
efficiency is assumed, to account for its smak sizhich stands outside present technology possbil

A superheated steam cycle is considered, instead pftentially more efficient saturated steam gycle
operating between the same temperatures, which bege discarded to avoid the need of moisture
separators. Moisture presence is reduced, limttingne blade erosion problems in absence of lengt
maintenance. The cold well finally assures the traasfer to the environment only by means of réatia
processes. According to a preliminary optimisastudy, the overall mass is minimized with a condens
temperature of about 165°C, resulting in an overatlle efficiency of 12.5%, a thermal power to be
removed of 700 kW and a total condenser surfadd 00 n.

4. NEUTRONIC DESIGN

A detailed neutronic analysis has been performeaadvestigate the feasibility of the control systbased

on the amount of water mass contained in the reaote@ and to evaluate the relationship betweeremwat
level and system reactivity. The analysis has lmered out using the Monte Carlo code MCNP [11].
Parametric studies on the neutronic propertieb@fréactor permitted to build simple correlatiortscl
have been introduced in a more comprehensive dynamidel, in order to account for the thermal-
hydraulics and neutronics coupling. The MCNP madeludes the core where the fuel rods are arranged
according to hexagonal geometry, the radial refleof BeO and water. The description of the dynamic
model and the discussion of some preliminary tearisiesults are out of the scope of this paperrevhe
just a stationary analysis is presented. The nuclat used in the neutronic calculations are based
JEFF3.1 library [12] where neutron cross sectiohsnore than 300 isotopes are available and are
evaluated over a pretty wide range of temperatuakewing to determine temperature coefficients in
different operating conditions. IAEA cross secttables [13] were used for ti®{a,0) treatment [11] of
low energy neutron scattering with thezs H,O and BeO molecules.

By means of MCNP it was possible to characterieestystem in terms of radial and vertical neutrom fl
profiles as shown in Fig. 2. The radial profile weadculated by averaging the neutron flux in eaghl f
rod positioned along one diameter of the core. idual peak factor, defined as the ratio between th
peak value and the average value, results equgEth11. For the axial profile it can be noticed hdw t
thermal flux becomes more important near the redlecegion, as expected. The axial peak factor is
higher than the radial value, more precisely i&dsial toF,=1.24. Thus the total peak factor is given by
Fi=F:F,=1.38. The maximum total flux value is aboutidm?s™.
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Figure 2 Radial and axial neutron flux profiles.

In order to fully characterize the reactor coretranics at different operating conditions, the admiof
the effective multiplication factor for differentalues of coolant level was calculated assuming a
temperature for the cold system of 300 K. In thase; the coolant in the core is essentially water i
equilibrium with saturated steam. The same calmrdias been repeated at zero power at the eduitibr
temperature of 600 K and system pressure of 15.&. NIRe results of the calculation show that at ROO
the system reactivity variation from core top tdtbm of the coolant level is around 20000 pcm, \ehsr

at 600 K the variation is 8000 pcm smaller. Thelaoi in addition to its moderating function, woks a
reflector.

For the cold system the criticality is reached wile& coolant level is about 7.55 cm from the core
bottom, whereas for the system at 600 K the cfiticaccurs when the level is 9.75 cm. This is nhain
due to the smaller density of the coolant at thisgerature (and pressure) and to the fuel temperatu
effect. A third calculation has been performed ddering the coolant as a homogeneous mixture in
nominal operating conditions, i.e. at the poweB@d kW. At this power the fuel temperature is asstdim
equal to 900 K and the rest of the system at thpéeature of 600 K. The assumption of homogeneous
mixture can be considered reasonable given thinbgirocess occurring along the channel core. il th
situation a very important role is played by the teflector represented by the coolant itself atekit of

the core. In Fig. 3 the behaviour of the MCNP clatmd effective multiplication factor as a functioh

the homogenous mixture density is presented. Thieyresults critical when the homogenous mixture
density is equal to 282 kgfmThe moderator density reactivity coefficient 8 gcm/(kgm™®), which
means a change of reactivity of about -60 pcm famn#ary change of inlet coolant temperature. The
curves of Fig. 4 are really important for the ursti@nding of the reactor start-up; they show theabietur

of the effective multiplication factor as a functiof the coolant mass at the different operatingd@ns
(cold system, hot system at zero power and nonaparating conditions). A tentative scheme for the
reactor start-up can be summarised as follows:

A. at the beginning water is added to the core at remmperature (300 K), keeping the reactor
subcritical (blue curve);

B. when still subcritical, the water is heated up @@ &, and the new reactor state is to be found on

the red curve;

other water is added in order to increase the systactivity till the system becomes critical;

at this point the reactor starts up and the fuelpirature starts increasing, reducing reactivity

because of its negative feedbacks;

in order to counterbalance the negative fuel teatpee coefficient, water has to be added in the

core till the reactor reaches the operating point.

oo

m

Besides a strong moderator density coefficient, tbee is characterized by a relative high fuel
temperature coefficient. This coefficient is eswdiyt due to two phenomena: the resonance broadenin
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with the temperature (Doppler effect) and the etéon of neutrons with the hydrogen atoms in the
zirconium hydride molecules. The influence of thelftemperature on the multiplication factor was
investigated by means of MCNP, carrying out critigacalculations for different values of fuel
temperature. At the nominal power, the value offtled coefficient is estimated to be around -3 F€n/
which is a small value with respect to the Highlyriehed Uranium (HEU) TRIGA fuel [14]. This can be
explained by the fact that the Heavy Metal (HM)dntory constitutes the 45% in weight of the fuel
composition. This leads to a reduction of the déffdue to the interactions with hydrogen atoms,
differently from the HEU fuel where the HM invenyas the 10%.

k-eff

/

100 200 300 400 500 600
Homogeneous Mixture Density [kg/nd]

0.9

Figure 3 Reactor effective multiplication factor asa function of the homogeneous mixture density.
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Figure 4 Reactor effective multiplication factor indifferent operating conditions as a function of tle coolant
mass, with explanation of a tentative start-up proedure.

5. STATIONARY ANALYSIS

A stationary analysis has been performed by caioglahermal-hydraulic channel parameters, i.et exi
vapour quality and mass flow rate, as a functiopater (Fig. 5) and core inlet coolant temperafétg.
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6) at nominal power. For each operating conditienvalue of the mass flow rate corresponds tot@airi
core. As it can be noticed from Fig. 5, as the poimereases the exit vapour quality decreases. The
increase of the power causes a negative reactnggrtion into the system because of the feedbéck o
fuel temperature. In order to counteract this effee mass flow rate must be increased. As forirtet
temperature dependency, a decrease of inlet tetupetzas the effect to introduce positive reagtiirito

the system. The only way to bring the reactor lack critical configuration is to decrease the nfbasg

rate. This decrease of the mass flow rate is suatthe exit steam quality is anyway lower.
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Figure 5 Primary system exit vapour quality and mas flow rate needed to keep the reactor critical aa
function of reactor thermal power.
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Figure 6 Primary system exit vapour quality and mas flow rate needed to keep the reactor critical as
function of inlet temperature reduction.

The reactivity control system of typical nucleaactr is usually realized with rods made of absaybi
material. The large amount of reactivity which d@nmanaged by increasing or decreasing the coolant
mass in the space reactor core suggested a cepstein based on a pump capable of finely changmg t
coolant mass flow rate in the core channel. In lilyjgothesis, a study was carried out in order tionase
the reactor behaviour as a function of the burmffigcts. In the developed model the control ofrtfess
flow rate has been realized by means of a Pl chetneith a reference law given by P = 800 kWKL).
The input is given by the reactivity variation divethe burn-up of the fuel calculated with BGCot&][
which is a fuel depletion code coupled with MCNRy.F shows the behaviour of the exit vapour quality
as a function of time at full power. As shown i tiigure, after a period of time of about 7.2 yedns
mass flow rate control is not anymore capable emteracting the effect of burn-up. At this poineth
vapour quality is zero. The mass flow rate reacghegximum value of about 11 kg/s whereas the Initia
mass flow rate is about 1 kg/s. It is worth to oetihat as the burn-up increases the mass flovhestd¢o
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be increased more rapidly in order to introduce #mount of reactivity requested by the fuel

consumption.
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Figure 7 Exit vapour quality as a function of timeat full power.

6. OPEN ISSUES

The performed neutronic analysis has demonstrabed féasibility of a water reactor for space
applications, controlled by varying the mass flatercirculating through the core. An R&D program of
large extent will be of course necessary, dealiith the many aspects discussed in this paper, Assve
with not considered drawbacks.

First of all, the use of uranium-zirconium hydride nuclear fuel requires further investigations,
considering also the possibility of its replacemeiith a more conventional uranium-oxide fuel. The
reactor control, based on time-changing core miasg ffate, must be in-depth analyzed, in particular
when dealing with critical situations such as stgrtand shut-down transients. As for emergencytoeac
scram obtained by draining the water of the cote the lower tank, it is of interest to considee th
possible establishment of natural circulation dnivy the decay power. The dynamic behaviour of the
reactor is currently under analysis by means dfelrdifferent simulation codes: a dynamic point-wise
core model implemented with SIMULINK [16], RELAP TlLcode and MODELICA [18]. In particular,
the latter will give the chance to approach thecteadesign within an object oriented environment,
where sub-models developed for different systemsbeaeasily reused, allowing the implementation of
multi-physics systems in the same application.

The power cycle needs a further optimisation preicesnust satisfy the requirements assigned ofecyc
efficiency maintaining system parameters consisigtiit existing technological limits. In particulawo
issues deserve a careful investigation: the turbif®mse size is outside present technology po#gabil
and the opportunity to use an organic fluid as wayKluid, which could assure higher efficiency and
lower technological limits on the size of the tumdi A detailed check on the value of critical h&at in

the primary system is furthermore needed to prewyt risk of thermal crisis, given the boiling
characteristics of primary coolant. In additionaib the activities mentioned above, other subjedts
have to be included in future R&D programs. A nahaustive list is: radiation shielding, vessel fiae,
safety features, overall layout, containment, lgakeontrol, coolant purification and radiolysis.

PHYSOR 2010 — Advances in Reactor Physics to PtveeNuclear Renaissance 9/11
Pittsburgh, Pennsylvania, USA, May 9-14, 2010



Vito Memoli et al.

7. CONCLUSIONS

A preliminary feasibility study on a water reacfor space applications has been presented. Theoreac
proposed is cooled by a boiling mixture of wated ateam. An innovative control strategy has been
adopted and investigated; the reactivity contrstay is based on the regulation of water mass rfédes

in the primary system by means of a pump. The iyl of the adopted design is the absence of any
movable components in the core (except for theastghump). Neither control rods nor a complex core
moving system are required, differently from thewous configuration of SURE reactor [4]. Reactor
reliability and simplicity are therefore deeply anlsed. A detailed neutronic model was implemented i
MCNP in order to perform a comprehensive analysised to the evaluation of the system reactivity
variation as a function of the coolant level, whaatts as control variable. The behaviour of thesnflasv
rate at different operating conditions was studibd, results representing a first control stratefyhe
reactor. As concerns fuel burn-up effects, a pregjve increase of the mass flow rate can counténact
reactivity loss for 7.2 years of operation at fudwer at most. A R&D program of large extent conoey
different issues will be necessary; a schedulehoftsrange activities has been identified and sdver
studies are currently under development. Anyway umsolvable issues arise from the performed
preliminary design study.
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