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EXECUTIVE SUMMARY

CONTRACT TITLE AND NUMBER:
MHD Comoressor - Expanaer Conversion System Integratea with a G5CA
Insioe a Deployvanie Reflector,

DE-ACZ2Z-BBFCBBOSL

CONTRACTOR NAMc AND ADDRESS:
ANSALDD S.p.A.
Corso F.M. Ferrone, 2%

16161 Genova - taly

START DATE: 4-21-198E&

COMMFLETION DATE: 4-Z0-1989

Tnis work originates from the prooosal "MHD Comoressor-Expander
Conversion System Integrated with a GCR Inside a Deployable
Reflector" submitted by ANSALDO under PFRDA RA-ZZ-B7FCT0271,
January 1987. The proposal concerned an i1nnovative concept of
nuclear, closed-cycle MHD converter for power generation on
space-based systems in the multi-megawatt range. The basic
element of this converter is the Fower Conversion Unit (FCU)
consisting of a gas core reactor directly coupled to an MHD
expansion channel, Integratea with the PCU, a deployaoie

refiector provides reactivity control. The working fluid could
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be either uranium he~afluorige or a mixture of uranium

hexafluoride and helium, aocded to enhance the heat transfer

properties. The original Statement of Wori. which concernea the

wnole conversion system, was sunseauently reagirected ang
focused on the basic mecnanisms of neutronics, reactivity
control, i1onization ano eiectrical conouctivity 1n  the FCu.

Furthermore, the study was reauirea to pe "i1nherentiv generic

such that the analysis and results can be aopliec to various

nuciear reactor anasor MmD cnannel aesigns”,

Spmecific goals of the project were:

- To evaiuate the performance of tne e.:ternal reflector.

~ To determine the 1influence of adoitional. fission-inducen
mechanisms on the i1onization levels of the working fiwid.

- To estimate the electrical conductivity levels that can be
attained i1n the MHD channel, tating 1nto account the effects of
F- or other negative 1ons.

Two major conciusions can be drawn from the accomolisnment of

this project:

- A reactor configuration has been obotained whicn avoias to
decouple the neutronics of the cavity and 1ts internal
reflector from the external shell, thus enabling tne latter to
be used for reactivity control.

In particular the results show that the movable reflector 1s able

to make the reactor subcritical by 1000 pcm at least, and to

control the reactor from CZP to HFF condition, accounting for a

reactivity change up to 3T00 pcm associated to depletion.
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- Tne conditions expected 1n the MHD channel show that tne
1onization  and conductivity levels can be amplified througn
'secondary’ processes 1nduced by the ‘primary’ hot electrons
which are directly generated by the fission reactions.

The numerical caiculations suggest that conouctivity levels 1in

the range 10-100 (fm)~! are consistent with the characteristics

of short nozzle, high power density generators, In fact, tne
nozzie lengtn turns out to be of critical 1mportance because of

the sharp decrease of resiaual f1ss10n ano gamma aGensities as a

function of tne gistance from tne reactor outiet.

Tnis conclusion remains true even 1f the effect of ocissociation

and attachment are i1nclugeo 1n the numerical moaoel.

Furtmermore, a preiiminary evaiuation of the influence of wail

material and thickness snows the potentisl for the fission ana

gamma densities 1n the duct to be 1ncreased of one order of
magnitude, in  comparison with the values used in tne
conductivity calculations, 1¥f a material with favourable

nuciear properties 1s adopted.
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+  INTRGDUCTION

i.1 Project Objecrtives

This work concerneq an innovative concept 0of nuclear,
closed-cycle MHD converter for power generation on space-based
systems 1n the multi-megawatt range. A schematic diagram of the
concept 1s shown 1n Fi1g. 1.1l. The basic element of this converter
1s the Fower Conversion Umt (FCU) consisting of a gas core
reactor ocirectiy couplec to an MHD expansion channel. The worving
fluid could be eitner uranium hexafluoride or a mxture of
uranium hesafiuvorige ano helium, acoea to enhance the heat
transfer properries.

Two major i1tems, both concerning the FCU, were adaressed in tne

project:

1. Because af the high levels of temperature expected i1n the
reactor cavity, reactivity control 1s not achieveo by neutron
absorbers (control rods) located 1n the cavity, but by
moving part of the reflector, located outside the pressure
vessel, 1n order to change the amount of neutrons escapbing
from the core.

2. The mere leveis of temperature, however, cannot sustain
levels of i1onization and, hence, of conductivity, capable of
providing efficient power generation i1n the MHD channel.
Fission products may represent a possible additional source

of i1onization.
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Section 5., Electricel Conaouctivitv Effects. adaresses tne stuay

of tne electricel conouvctivity levels 1n tne MrD channel,
presents the results of numerical estimates performed

different gas ano cuct parameters.
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References, Tanies and Figures are located at tne ena of each

section.
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2 PROJECT DESCRIFTION

This section is based on the contents of paragraph 4.2 in the
Statement of Work.

The work is divided into four tasts.

Task 1. Reflector Mogeling

Tnis tast shall provide the nuclear anaivsis of the concent,
performed on a reference FLU geometry, using developeq ana open
computer coades avaiiapie at ANSALDO.

The refiector mogeling shall andress the foliowing 1tems:

- Reflector reactivity worth.

- Fower density distribution 1insioe the FLU, at constant core

power level,

Task 2., Working Fluid Characteristics

This task shall provide an analytical model enapling the
prediction of the temperature distribution and 1onization levels
of the working fiuid in tne PCU,

Since the equilibrium thermal 10nization 1is not expected to
maintain sufficient electrical conductivity for efficient power
generation, this task shall investigate additional ionization

mechanisms that can be present in a fissioning plasma.
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Tast 3. Electrical Conductivity Effects

This tas+t shall provige appropriate relations enabling tne
preciction of the electrical conductivity of the working gas. For
this purpose, this task shall primarily address the evaluation
of the electron mobility 1n the gas. The possible contribution
(beneficial and/or detrimental) to electric conductivity of the
other chargeac particles 1n the gas, such as F- 1ons, snail be

taten i1nto account.

Task 4. Regporting
This task concerns tne execution of the reporting reauirements

incorporates 1n the contract.
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a Absorotion
a‘o Atom per cent
BOL Eeginning of life
BU Fuel burn-up
CZF Cola zerp power
+ Fiszionm
HFF rot full power
HZF Hot -ero power
a cnergy group
pcm Fercent mille ta reactivity change of 1 pem

Fower gensity

Af

ecuars a reactivity change of 1oe-5 a@Q)

Tne thermal power prodguced per unit volume of
the core (w/cm™)

Reactivity

Change in reactivity, definea 25

AQ =1n(k2/k1), where kl and k2 are the

eigenvailues obtained from two caiculations

that differ only 1n the values assigned to

the i1ndepencent variables

Removal
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shutaown margin

Teff

tr

Tne amount of negative reactivity ( Q ) by
which a reactor 1s maintainea in
subcritical state at CIF conditions after o
control trip

Resonance effective temperature of the fuel

Transport
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_.Z HhReference Core Description

General

The results presented in this section are referred to
tne reactor reference configuration shown 1n Figures Z.1-7.2,
This configuration 1s a simplifiea arrangement sunject to
tne limitetions of the coages acopted 1n the amalysis: 1n
particuiar, a coarse aiscretization of both composition ana
geometry has peen macge at the core 1i1nliet ana outiet conical
segments.

A simpie anlal-inlet +low pattern has obeen agootea 1n tne
analysis: nowever., the cooling reauirements ot tne wall mace 1t
necessary to add an 1nternal diffuser that divides the inlet
flow 1nto two parts, the larger flowing 1n the annulus between
the 1nternal diffuser and the external one.

In this reactor the same fluid acts as working medium and fuel:
1t flows across the reactor cavity and consists of higniy
enricned gaseous UF6 (region 1 of Fig. 3.1): Q0% a/o enrichea
1n UZZ5 with the reactor at EOL.

The core supplies a thermal power of 277 Mw at fuil power.

The following parameters have been fixeog for the power
density distribution calculations inside the core and for
the reactivity integral worth evaluation of the movable

reflector:
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- Reactor at fuil power (HFF),
- BOL,

- no xenon, no 5m,

- 1nlet pressure 135 MFa,

- UFo flow rate 1000 tars,

iniet temperature 1770 t,
The rationale for tne seiection 0o+ 1LThesSe system parameiars is
provicea 1n section S5.2.
Besiges, 1n oraer to estimate tn2e reactivity reguirements auring
reactor operations, two accitiona: core congitione nave peen
gefineao:
&) conoition I:

- [ore at coic zero power (liF/.

- BOu,

- UF6 1nlet pressure ST par,

- UFo 1niet temoerature 375 t.

- UFe flow rate [wow tgrs,
b) conoition 113

- Core at not zero oower ( HIF),

- BOL,

- UFé 1nlet pressure 15 MFa,

- UFé6 1nlet temperature 1720 k,

- UF6 flow rate 1000 ha/s,
The above conditions are possible 1f the reactor control

system can assure that:
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A) conditian I is reached without wusing nuclear hesting to
attain the gaseous phase of tne fuel;

B) the fuel density at the core inlet is Fkept constant (0.Z6
g/cm™) by controiling the 1inlet parameters during reactar

operations.

Components

The dimensions  of the reactor components (shown in Figures
Z.1-3.2) have been fixed after some preliminary considerations,
basea on the thermal and mecnanical feasipility of tne svstem
and on the basic neutronic reauirements enabling the core
reactivity to be controiled by & movapie reflector. siiging
axi1aily on the external side of tne poressure vessel.

As already pointed out in [11, the main oproplem 1s the
selection of a pressure vessel material highliy transparent to
neutrons.

It can be shawn that the adoption of the most common
metallic materials , such as nickel alioys or stainless-steel.
introduces a strong reactivity penalty and decouples the inner
shells from the external movable reflector to such a degree
that reflector worth becomes negiigible.

For the above reasons a Ir/Nb alloy (UNS=R40901) has been finally

selected as pressure vessel material.
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The cylinarical shell thiciness (10 cm) has been evaluated
preliminarily 1i1n conformity with the ASME III Code [2] for a
permanent static load condition at 15 MFa. In order to
minimize creep pnenomena the pressure vessel maximum
temperature has been supposea to be lower than 620 k.

To bleep tne pressure vessel temperature at such a low value
an active neat removal svstem has to be provided.

Since tne maximum temperature i1n the reactor cavity 15 expected
to reacn about 2800 L close to the wail, highliy refractory
meterials have been used:; 1n particular, a graphite shell (10 cm
thick) ana & BeU shell (10 cm thick) have been 1nterposed between
the fuel ano the pressure vessel,

These shells have to be cooled by helium qes flowing across a
number of coolant channels obtained i1n the shells themselves.
Tne purpose of tne cooiant system 1s twofold:

1} to remove the gamms and neutron heating from the 1nner snellis:
2) to create a strong temperature gradient between fuel and
pressure vessel., Tab. 3.1 shows the radial temperature profile
assumed for the core reference configuration.

Furthermore, in order to avoid the corrosion reactions between
UF6 and graphite, a thin Mo-alloy liner (0.6 mm thick) has been
placed to insulate the fuel from the graphite surface.

An adeguate liner material 1s TIM (UNS=F/M,R03640) that has a
high melting point (3300 KY and a liquidus temperature at

2895 K.
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Typical fields of application of this material are heat engines,
extrusion dies and nuclear reactors, as 1t retains good
mechanical performances at high temperature.

It should be pointed out that only Mo-alloys can be probanly
used for structural parts 1n the reactor cavity (e.g. tne
diffuser); however, since these alloys act as strong absorbers
1n the proposed concept of gas reactor, tneir use showa be
limted.

In this preliminary feasibility analysis. however, tne 1nterna.s
( diffuser and gas coolant tubes) have been 1gnored: tne
reactivity penalty due to the 1nternal materials can be
balanced by increasing fuel enrichment.

Finally, peryllium has been selectea es the material of the
movable reflector.

Mass and volume of the reactor components are summarizea 10 Tab.

3

(5]

.7 Analvsis Codes

The principal computer codes adopted in the analysis are GGC-4
(31 (zero-dimensional), ANISN [4) (one-dimensional), SOUID-Ze0
[3] (two-dimensional), WAFITI-GAS {61 (two-dimensional),
MERCURE-IV [73 (three~dimensional). A brief presentation of these
codes 1s provided below: additional information can be found 1n

the references.
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5GC-4 Coge:
GGC-4 15 a point model neutron spectrum program.
The fast and thermal spectrum calculations are performed by
the methods of GAM [B1 and GATHER [91, respectively.
Input mi1Croscopic Cross section data are based on the
ENDF/B-IV wabrary [103
The eneragy range 1s divided into a number of fast grouos (un

to 99) and thermal groups (up to 101).

ANISK Coae @
ANISN solves the one-gimensional Boltzmann transport eguation
for siabs, ano for cylindrical or spherical geometries.
As secongary calculation, the detailiec flux generated as
the solution of the Boltzmann equation may be used to perform a

group reduction of the cross sections.

SEUID-Z60 Code:
SOUID 1s a muitigroun finite difference ciffusion code 1n two

dimensions (X-Y or R-Z).

WAFITI-GAS Code:
WAFITI-GAS 15 a fimite difference code developed by ANSALDO tor
two-dimensional (X-Y or FR-1) thermal-fluid analysis  of
compressible systems. it 1s derived from the French code

WAFITI.
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MERCURE-IV Code:

The Monte Carlo code MERCURE~IV compbutes in a three-dimensional
heterogeneous geometry heating and gamma dose rates, and by
the point-wise lernel attenuation in a straignt line, the feast
fluxes.

Tabulated accumulation factors give the contribution of
the scattered gamma rays. The program calculates the
accumulation factors for mixtures; for wmulti-layer media the

t1tacume formulation is used.

Additiomal support codes have been used +for special calculations

sucn as the correlation factors and the cross section update

~.& Features of Ferformea Calculations

Fuel and structural material cross sections

In accordance with the scheme reported 1in Fig. 3.3 the cross

sections have been calculated by using:

a) BGC-4 for the fuel cross sections with:

- fast energy range from 14,9 Mev to 2.38 eV and Bl
approximation (GAM);

- thermal energy range from 2.38 eV to zero and BEO

approximation (GATHER):
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- S0 group M1Croscoplc cross section generation 41 fast
grouns ana 9 thermal groups) to be 1nput to ANISN c¢cooe 1m

orger to generate fuel ano structural cross sections.

Tne assumed energy cuts are shown 1n Tao. 5.3

b) GGC-4 as i1n 1tem a) but for the structural cross sections
witn:

- Bl approximation i1n GATHER.

c/ Al 1SN coce  using cviinaricai geometry  anc Fu-5s
aporo 1mation in orager to:
- 1nvestigate tne fuel S group cross sectlion geoencence on tne

temperature and gensity of tne fuel:

Ut

- generate tne structural material macroscopic €ross section
ana a 5 group cross section data set to calculate tne fuel
macroscopic cross sections to be i1nput to SEUID coge as
a function of temperature and density at each i1teration steo.

The assumed energy cuts 1n the range 14.9 MeV - 0.0 eV are

14.9 Mev, 0.821 MeV, 150 keV, 5.5 keV, 0.425 eV, 0.0 eV.

Reactor Calculations

In accordance with the scheme reported i1n Fig. 3.4, total
reflector worth and the distributions of thermal opower,

fuel temperature, ano fuel density have been caiculateo ov using:
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a) SOUID-760 code with:

- simplified R-Z geometry and material compositions,

- k-eff calculation,

- spatial fluxes calculations in order to evaluate the thermal

power gensity aistribution to be input to WAFITI code.

b) WAFITI-5ARS coae for the thermal-fluid analvsis witn:
- R-1 geometry,

- turbulernt flow,

density ano temcerature distributions of tne fuel to be input

to SGuwID-T60 Coae.

.5 Nuclear Cross Section Calculations

iy

The macroscopic cross sections regulred as i1nput data for the
full core R-Z S0UID calculations have been generated by
using the proceaure outiineo in Fig. 3.3. The cross sections
are referred to :

~fuel,

-structural material.




MD 00123

Progetto
project

Identificativo Rev Pagina

document no rev page

NUCLEAR MHD CONVERTER RD-12-01-FNPR

24

Fuel crposs sections

1t has been assumed that inside the reference core configuration
(see par. 3.1) fuel temperature and density may change 1n the

range 1B800-3000 k and 0.15-0.45 g/cm~, respectively, as shown 1n

A sensitivity analysis has been performea by appiying the

procedure of Fig. 3.3 to each of the points 1-9 of Fig. 3.5.

The resuits are summarizeo below:

a) the fuel microscopic cross sections change only:

- with fuel density in the 4th energetic grouo (epithermal
range’,

- with fuel temperature 1n the Stn energetic groun (tnermal
group) :

b) the § group structural material cross sections are not
significantly affected by the {fuel conditions unoer the
assumption that the radial temperature profile in the
structural material doesn’'t change.

Consequently, in order to update the fuel macroscopic

Cross sections during the iterative SGUID calculations of

reactor power distribution with thermai-fluid feedbacws, the

foliowing correlations can be used:

g g n g=1,3 and jstr,a,f
I (Tyn) =L (Toyn0) === or
3 J no g=1,4 and j=r
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L (T.n) =1 (To,n0)e= +AL (n) J=tr.a,f
3 J no J
] S n 3
L (Ty,ny =L (To,nole= +AL (T) 1=tr,a.1
3 B na 3
4
AL ) = nwaInT + pIn + c) IZUr 8, ¢
J
=]
AZ (T) = n{AIT= + BIT + L
J
where:
Ini=g/cm~ {7i=r . no=0.2 gsem~ To=2100

The correlation coefficients aj, bj, cij, A, By, C3 have peen
estimated by using the previous ANISN caiculations.

The resuits are reported in Tab. 3J.4.
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Structural materi1al cross sections

The structural Macroscoplc cross sections for the full core
R-Z SGUID calcuiations have been evaluated by ANISN with the
procedure shown 1n Fi1g. 7Z-T by fixing fuel density at G.30 g/cm”
and fuel temperature at Z100 bk, which represent average values

1in the core reference configuration.

2.t Reactor Calculations

The reactor calculations have been performed bv applving the

scheme reportea 1n Fi1g., 7.4 to the core reference configuration

with:

a) external reflectar out, 65% of the fuel +lowing 1n the
annular ciffuser anog 28% of the fuel flowing 1n the internal
diffuser;

b) as 1n 1tem a’, but with the external refliector 100% 1n:

c) external reflector 1004 1in, 704 of tne fuel flowing 1n the

annular diffuser and 0% of the fuel flowing 1in the internal

diffuser.
The proposed scheme can be wuseful to study a generic
stationary core configuration in order to evaluate power

density distribution and k-effective, along with fuel temperature
and density distributions.
In short, the calculation procedure 1s the following:

1) a guess power density distribution 1s fixed,
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2) WAFITI-GAS comoutes the fuel density and temperature
distributions generated by the 1nput power aensity

distribution,

2} the fuel density and temperature distriputions are us=a 1o
update the nuclear macroscopic Ccross sections for eacn
fuel composition,

4) SGUID computes a new power gensitv oi1stribution ano
eigenvalue,

5 a test on tne convergence of tne main variaples 1s mage:
1f 1t 15 successful, than the 1terative process i1s stooned:
1f not, 1t returns to step 2).

Figures 3.6-7.8 report the axi1al profile of power densitv at

different raci1 for the above configurations.

Tables 2.5-7.7 show the respective temperature distributions 1n

the reactor cavity. Tne values are comouted at the center of eacn

mesh. The axial coordinate is given 1n the first column of the
table, the value at the top corresponding to the reactor iniet:

radially, the mesnes are numbered from the reactor axis.

.7 hReactivity Reguirements

In this core concept, excess reactivity 1s controlled by the
external movable reflector. This excess reactivity includes:
a) reactivity changes due to changes in gas working temperature

between the colid and hot, no load conditions;
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b} reactivity changes due to changes i1n reactor power over tne
power range of operations:

) reactivity changes due to fuel depletion:

d) reactivity associated to the minimum shutdown margin.

The reactivity change associatea to each 1tem 15 reported 1n Tab.

3.8.

The 1ntegral worth of the movable reflector has opeen evaiueted

by means of the reactor calculations: an uncertainty of about 10%

has been associated to the results.

The reactivity change between L[IF and hIF does not apoear

to be significant pecause i1n this reactor the Doppler effect has

been consigered only for UZ78. as 1n the GAM iibrary there

1sn’'t anvy i1nformation about the Doppler effect in UZTS.

Finally, since 1t 1s not 1n the scope of this preliminary

analysis to make accurate assumptions about the system operating

modes. 1t has been supposed that the reactor 1s operated

at full power level continuosly.

It has been estimated that, with a 3300 pcm of reactivity change

available for depletion, reactar life 1s limited to a few

hours because of the strong Xenon poisoning that affects this

type of core. This time 1s a function of the UFe overall

plant/core mass ratio as shown 1n Fig. 3.9.

The full power level can be restored after an 1interval of time

whose length depends on the operational strategy; the process can

be repeated until fuel depletiaon allows 1t.




MD 00123

Progetto
project

NUCLEAR MHD CONVERTER

! identificativo Rev  Pagwna

/ RD-12-~01~FNPR

document no rev page

29

Fig 3,10 snows tne evolution of reactivity after a snutoown
pertormeg at the eno of the first iifetime at +full power., wnose
iength 1s about § hours. In this case, which 15 referrea to a
UFe mass ratio of 5, the time reguireg for reactivity tD oecome
positive again 1s approximately 20 hours from snutoown: thls
waiting time 1s reducea by increasing the mass ratio.

The minimum value of reactivity that occurs Y nours after
snutdown 1n Fig. 3.10, corresponding to a maximum of the Xe
concentration, 1s expiained by tne presence of a source of xeild,
the raoioactive oecay of 11325, 1N COmperition witn 1ts

disanpearance gus to gecay to Cs135.
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Tab. 3.1 Radial temperature profile in the core
reference configuration.
Radial Range (*) Material Average Temperature

(cm ) (K)
50.0-53.5 Graphite 2200
53.5-56.5 " 1500
56.5-60.0 ¢ 1200<T<1500
60.0-63.5 BeO 900<T<1200
63.5-66.0 " 900
66.0-70.0 " 600<T<900
70.0-80.0 Zr-Nb <600
80.0-110.0 Be <600

(*)see Fig. 3.1
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Tab. 3.2 Mass and volume summary for the
core reference configuration.

Reactor Material Avcrage volume Mass % of

Density (dm3) (kg} Total Macss
(kg/dm3)

UF6 0.29 1723 500 1.9

TIM 10.16 2.93 29 .1

Graphite 1.71 1320 2257 8.5

BeO J.02 1317 3877 14,9

+r=Nb alloy 6.5 1634 10621 32.8

Be 1.85 5012 9272 34.8

Total Reactor Massg 26656 100.0
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Tab. 3.5 Temperature distribution in the reactor cavity,
External reflector 100% in and 65% of the fuel

through the annular diffuser.
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Tab. 3.6 Temperature distribution in the reactor cavity.

External reflector out and 65% of the fuel through
the annular diffuser.
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Tab. 3.7 Temperature distribution in the reactor cavity.
External reflector 100% in and 70% of the fuel
through the annular diffuser.
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Tab. 3.8 Reactivity balance for the core

reference configuration.

Movable reflector integral worth

Assumed uncertainty (10%)

From HZP to HFP

From CZP to HZP

Shutdowrn margin plus depletion

-0.96%

-4.3%

0%

4.34%
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n® =8 holes @ 3

nY 57 holes ¢

120
Arrow Nominal radius (mm) Materia:

No

UFeo
1 1000 o
2 1200 Graphite
3 1400 EZ] 8e0
4 1600 Zr-Nb alloy
5 2200 {2 e

Fig. 3.1 Core cross section
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Fig. 3.2 Reactor model for nuclear analysis
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Fig. 3.5 Fuel characterization as a function of temperature
and density.
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3.6 Power density vs. axial coord. (from core inlet) at different radial
coordinates,
External reflector 100% in and 65% of the fuel through the annular
diffuser.




MD 00123

Progetto identificativo Rev Pagina
project gocument no rev page

NUCLEAR MHD CONVERTER RD-12-01-~FNPR 1 46

RADIUS=47.96 CH
RADIUS=43.60 CH
RADIUS=38.73

RADIUS=33,t7 CH
RADIUS=26.45 CH
RADIUS=22.36 CM
RADIUS=0 CM

CoP+ X0

POUER DENSITY (W/CHM3>
or o 200.00 240, 08 200,00 320,08 300, 00
1 1 i 1 1 TR 1
!\
B T T T T T T T T L

1 v 1 Ll 1 1 1 1 1 1 1 R 1 U 1
o eo 48 80 80 00 126 88 166 00 200 8@ 240 60 200 00 320 00
7 AXIS (CH>

Fig. 3.7 Power density vs. axial coord. (from core inlet) at different radial
coordinates .
External reflector out and 65% of the fuel through the annular diffuser.
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4.1 Symbols, Terms and Abbreviations

n lwmber of particies per unit volume

¢ {pliision cros=z s=ction

v Farticle velocity

ND Number of nevtral moilecuies per unit valume
s Recombination coefficient

T Temperature

re Number of electrons per unit volume

ni Numaer of 10ns per unit volume

ne wumper of primary electrons oer unit volume

rel Thermalization time between electrons ano
10Nz

- Dusptity 1n the e.pressi1on for thermaliCsTion
time

b Boltzmann s constant

m Eiectron mass

A Ion mass 1n amu

M ion mass

e E.ectron charge

r Cuantity 1n  the eupression for coulomb
collisions
eo Energy of primarv electrons .

Tp Temperature of primary electrons




™MD 00123

Progetto

ldentificativo

Rev  Pagina

™! NUCLEAR MHD CONVERTER feement e RD-12-01-FNPR SR

Ts Temoerature of secondary electrons

T1 Temperature of 100S

Tee Taermalization time netween primary 303
cecongar. elacerons

Tpel Trermalication time betwean orimarv 21sctrons
snd 10ns

Tsel Tnermalization time CETwW2En Seconcary
electrons and 10ns

I Ioni1zstion potential

[ 10n1zation gegree

Ng Number of gas molecuies per unit volume

a,b Coefficients 1n tne rate eouaTions

fi Ra*1o or na to Ng

Vg b2z velocity

~varage
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4.2 Fhase I

This phase provided a qualitative assessment of the types of
primary reactions considered as the most important, and the
evaluation of the relevant cross-sections, using current

literature data and theoretical models.

The Froduction of Frimary Electrons

-

Wnenever 275U unoergoes a f1s8100 reaction a number of ionizing
agents are generated. Fission fragments are the most i1mportant as
they apsorb aroung 8Ux of the energy releasea. The energv balance
of a fission reaction is illustrated in TABLE 1 (oata are
essentially similar for thermal or fast fission reactidns ang for

the two uranmium isotopes)[1].

TABLE 1
1. Fission Fragments 165 MeV
2. Frompt gamma rays (bremmstrahlung) 7 MeV
3. Delayed gamma rays (discrete spectrum) 6 MeV
4. f+ and - rays 7 MeV
s. Neutrons S MeV
6. Neutrinos 10 MeV
TOTAL 200 MeV
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Exceoting neutrinos. that are not stoppea i1n the gas ana escape
from the core because of their extremely small cross-section.
all the other remaining products are stoppeo within a few mms of
gas (the neutrons travel the furthest distance but are. however,
partiy recovered by the reflector, and the gamma ravys occur as
electron-positron pairs in a few cms) and, therefore, they lose
their energy partly by 1onizing the constituent elements of the
system and partly through the fission reactions.

In this phase we examinea the eiastic and 1nelastic
cross~-sections of the various fission prooucts on Qaseous JF6
ang He [Z]J. Objective of the analysis was the evaluation of the
number of 1onizations that tate oplace for each +fi1ssi0n,
negiecting the effects 1nguced by tnis s0 called pramary

1onization,

The enerqy produced by the fission processes 1s largely convertea
i1into electrons:the majority of tnese teaquivalent to about 165
MeV) are due to 1o0m:zation processes i1nduced by the fission
fragments, and have a diffused spectrum with an average energy of
500 eV.

A smalier part (20 MeV) results from gamma ray conversion and
beta decays and may have an energy of iMeV per electron. However,
in this case, the energy 1s rapidly distributed over other
electrons, and hence 1t can be assumed, to a good approximation,
that a single fission actually produces 4.10e5 primary electrons

characterized by an average energy of SO0 eV.
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These primary 10n1zations are mostiy maoe up by "stripping” an
electron without mooifying the molecular or atomic structure of

the target.

4.7 Phase 11

Tnis ohase sgdaresseq tne study of the rate equations 1n tne

reactor core, provioing an approximate analvticel solution, and

1geptifying the critical parameters,

Tne Froguction of Secongary Electrons

The primary eiectrons give rise to processes such as elastic and
inelastic scattering (excitation of bonding electrons in the
molecule), secondary ionization, and recombination.

Elastic scattering 1s low at energies agreater than 10
eV and can be almost neglected in most cases. The
inelastic scattering, on the other hand, is a very important
reaction channel since 1t absorbs around 2/7 of the primary
electron energy. This value 1s difficult to be computed or
measured. It depends on the energy and on the structure of the
molecules; data available in 1literature ogive a ratio between
ionization and i1nelastic collision cross sections of 0.2 - 0.5
{3]J. These reactions are part of the gas thermalization and

heating process.
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The atomic cross-section for 1oni1zation processes on UFé aroung
500 eV 1s of the order of 10e-15 cm?, The cross-sections are
known with errors of 25%. It should be noted that the 10nization
cross-sections on He have a very hign threshold value, due to tne
high 10n1zation potential (about 24 eV), and a very low value,
due to the closed shell structure of He which permits elastic
scattering to predominate. Hence, the andition of He 1S e pecteo
to 1ncrease the eiectrical conductivity to a vervy small extent.

The contribution to the i1onization process 1s given by the
proouct of the numpoer of electrons, the cross-section, and the

velocity. This yields, therefore:

dn/at = +nli.v.,Ng

where G 1s the cross section, numerically equal to
10e-15, <«<v» 1s the velocity 1n cm/sec. equal to .v>=4.10e747
{(where T 15 tne temperature given 1n eV) and Ng 1s the number of
molecules per cm”,

The probapiiity of 1onization by collision should be actuailyv
obtaineao by averaging the cross-section, which depends upon the
electronic energy, over the assumed Maxwell velocity distribution
{41, However, the numerical value 1ndicated for @ 1s

correct for the order-of-magnitude estimate of this phase.
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Recombination

The neutralization probability of the 1on1zed system 1s
related to the product of the electronic density, the
10mic density, ana the density of a third element essential
for energy ana momentum conservation [4]. This third element may
be either a neutral atom or an 10n, or even an eflectron. Tne
higher mobility of the electrons maves tne following the

preferred recompilnation Drocess 1n our case i

ne + ne + N1 -—- he + Nl

Tnis parameter 15 entremelvy sensitive to the densitv ang
temperature of the system.
The rate of recombination can be expressed by the following

relation:

gnsdt = - an=

where o = 10e-25n/T2-%, n 15 the electron <(or 1on) density per
cm and T 15 the temperature expressed in eV.

Note the depengence upon n~ (the coefficient x 15 linearly
related to n), which reminds that recombination i1s a three-body

process [5].
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The depenaence on T 1s very strong because the electron veiccity
1s the other key parameter to the problem, both when calculating
the cross-section and when successively calculating the
average on the velocity distribution, necessary to determine the

probability per second of the process.

Simplifiea Rate Equation

The effects of recompbination and 1onization may be combined 1nto

a rate eguation for the electronic part of the system:

dnsdt = nd v:Ng - an?

Supstituting tne numerical values 1nto tne apove eguation

yielids:

dn/dt = n T.10el3 TJT - 10e-25 n=/T74-%

Ng was assumed to be 5.10e20 molecules per cm<,

Let us now suppose to be under steady state conditions
(hence neglecting dn/dt).

This assumption requires that a unique equillibrium temperature
ex1sts, at least among the various i1onized species, and that the
time to reach such conditions 1s much shorter than the time

during which the gas remains 1n the reactor core. In fact,
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electrons arouna SO0 eV, electrons of a few eVs (secongary), and

1ons at almost the same temperature of the gas coexist guring &
first phase.

however, as we snall see better afterwards, the conditions in tne
reactor core lead to extremely short thermalization times
compared with the transit time of the gas. and hence, 1n spite of
the simple approach, this first eveluation mey be consigered
quite realistic.

Let us now i1ntroduce the energy balance, that 1s determinea by

tne distribution of the 1onization and thermalication energies:

ynoSud = n(T+I) = n(T+10) = vI.B.-10ell

where v<1 1s the part of energy i1nvolved 1n 10ni1zation processes

and I 1s assumeo to pbe egual to 10 eV, a value typicsl of most

atoms and molecules.

The rate eauation, once 1inserted 1nto the balance equation,

gives:

T® = (T+10) = 165y =: T & Z.8By='®

Similarly, the impiicit value of the electronic density

can be found:

n = 610e5(2,8-10e20y~n)=- 7
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which yields approximately

n = 2.8-10el0y

It should be noted that the recombination process 1s

active. abaove all, at low temperatures. However, the

process temperature is getermineg criticaliy througn
the parameter Y The conventional thermal region
(T 4000 C) 15 i1ndicated by values of y less than 10e-L.

Theretore, the critical parameter that must be

calculated is the actual distribution of energy between the
ionization and thermalization oprocesses or, 1f one prefers, the

electron equilibrium temperature.

Thermalizetion Times

What remains to be seen is whether the secondary electrons, which
st1ll have sufficiently high energy, of the order of 2-T eV, can
thermalize iand hence recombine rapidiy or not.

The  electron-ion thermalization time decreases with the

temperature according to the following relationsnip [51:

9

7@l =T = (FT) /=

n

where & is given by [5] as:
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3 m*’~ 1B72 A

8(2m 172 e% logl

where m 1s the electron mass, e the electron charge, A the 10n
mass 1n a.m.u., and loglh a parameter which varies slignhtly with
density and temperature (1t 1s related to the smallest collision
parameter 1n a Coulomb interactions. In tne case of uFe. tne
value of & 18 7.1029, witn kT expressed i1n eV. Assuming that tne
final eneragy has a vaiue of a few eVs, with a density of about
10el? el/cm=, tne siectron-ion tnermaiization time 1s of tne
orger of 10e-9 s.

Another important parameter 15 the electron-electron
thermalization rate. In fact, in our case, high energy electrons
(around 3S00 eV) and secondary electrons (around 10 eV) will
toexist for a certain period of time. The electron-electron
thermalization time 1s reduced by the electron/ion mass ratio,
that 1s ree=(1/1872A)ve1. Both thermalization times are much
shorter than the gas replacement time (0.1 s, typically) ano,
hence, 1t 1s reasonable to assume steady state conditions to
calculate the concentrations of the chemical soecies 1n tne

reactor.
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Complete hate Equations

The "complete" rate eacuations tate actually i1nto account only a

few of the numerous possible reactions i1n the system. On the

basis of the cross-section experimental data and of the analvsis

reported in the previous paragraphs, we selected the reactions

which were consigered as the most si1gnificant for

purpose of this stuay.

the

reactions such as the multiple 10onization of stoms or molecules

have been neglected. In other words, only UF:i, UFi1+ (with 1=0,6)

ang F- tvpe systems are considered and possiblie states such as

UFi1-, UFi1++, etc. are neglected.

Under this assumption, there are 18 unknown parameters in tne

problem:
n1 =UF1/cm® ( 7 variables ),
m+=Uri+/em~ ( 7 variables !,

nf = F/em™,

nfl

Fo/cm™,

nf- F-/em™ (2 variables),

1n addition to n that represents, as before, the number of free

electrons., Therefore 16 equations are required to seolve the

system as a function of three basic i1nput parameters: Ng (gas

density 1n the reactor), no (number of primary electrons) and the

average primary radiation energy eoc = 500 eV.

The rate equations provide 17 relations, one for each variable:

the energy balance yields the Mm1SS1NQ condition (system

neutrality 1s 1mpiicit 1n the rate equations).
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Method of Solution

Before proceeding. 1t 1s necessary to discuss some assumptions
that should be 1ntroduced 1n & numerical approach to the
evaluation of 1oni1zation levels and gas composition 1n the
cavity.

1) The system 1s homogeneous.

This 1s a good appro:imation given the parameters of
the reactor and the properties of the system being examinea.
In fact, the mass transfer rates are very small 1n comparison
with two significant fluid parameters, the tnermal
transfer rate and the speed of sound: in addition, the
thermalization processes tale place on smali space
scales, of the orager of a few cms. Hence, tnere 1s NO use 1N
introgucing the convection terms i1nto the rate eauations, and
considering the unknowns as a function of position.

2) The system 1s under steady state conditions.

This assumption 1s undoubtedly true when considering the
thermalization time scale (10e-9 s), and allows the rate
equations to be simplified considerably by neglecting the time
dependence of the variables.

3) Cross-section values.

In our approach, there are 4é cross-sections (which are strongly
energy dependent) constituting a set of i1nput parameters to the
problem. They are not variables but physical quantities that can

be experimentally measured. In any case, these parameters are not
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well known and 1t 1s therefore necessary to create a simple
theoretical model to predict the cross-section relative weights
and their dependence on energy.

The system can be solved by means of successive i1terations. A
tentative value 1s assumed for the number of electrons (for
e.ample the value calculated with the simplified eauation shown
previousiys and the system solvea with this value. The soiution
1n tnis case 1s very simple because the system 1s aimost linear
since the majority of the cuadratic functions are reiated to tne
presence of the unknown n. Now the average energy 1s calculated,
the vaiues of the cross-sections are redefined and the number of
electrons recalculated using the first rate eguation. The velue
thus obteined 1s 1nserted back 1nto the equations ang the
procedure repeated. After a few 1terations the result beqgins to

converge towards the exact value.

~.» FPhase III

This pnase agaressea the study of the rate equations 1in the MHD
channel, providing a simplified set of equations for numerical

solution,

The following assumptions have been introduced to describe the
evolution of 1onmization degree and temperature in the MHD

channel:
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1) gas density i1s uniform ouring the tranpsit time 1n the
channej:

2) a uniform distribution of fission reactions proviges a
uniform backgrouno of primary eiectrons (500 eV

J) as a first approach, the secongary species are supposea to
derive essentially from the i1onization of UFé. Therefore. tne
marimum ievel Of charge densitv cannot oOvercome gas gensitv.
The conseauences of tnis Statement wili De QisCussSea later:

4) the ioss of electrons 1s ascrideqg to three-poav
recombination:

3) since tne locai neutrality conoition 15 well verifieg
because of tne very short Depve length compared with pliasma
dimensions, 1t 1s assumed ne=n1 for secondarv charages,

Even a simplified approach reauires to solve the system giving

the thermal sichange rates among the 1omzea species. Since

charge density 1s variable, the energy balance must be coupleo to

the rate eauation for electron proaguction:

dip noip - nels noTp - nema
no = - - vl
dt ree rpe:
dTs noTp - neTs neTs - neTa
ne = - (2)
dt Tee Tsel
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aT1 noip - net: neis - nei1
NE e = * )
at TDel rsel
ane a expi(-isTp/ exp(-1/7s)
——— = - NOU -0 <+ hne) - Dne:TS ST P4 )
dt 1 Tp’ T 751~ =

cguations «i). 2y ana (o represent the cooiing O+ orimary

eLeCTrons Dy thermail evCnange with secongary €1ecTIrons ans 10°%,

=}

Lng neating Ot 32CONgary eleftrons by escnange W1TPH TMe Zrivary

ones ang the transfer of energy from secongarv electro

n
]

10NS (EQ. 2. ang f1lpally the neating of 10ns. o, T
T1 are the temperatures (1n eV, of primary eiectrons. seconcarv
eiectrons, ana 10Rns, respectively. no 1s the umiform anag
constant gensity of 500 eV electrons., ne=n1 1s tne cnarcs
aensity proaucedg by adgaoitional ionization.

Tpei1, ~Tsei,and yYee represent the thermalication time constants
for tne i1nvolvea 1nteractions. Tne general form of v nas Deen

given i1n the previous paragraph. Therefore, the time constaents of

tquations (1, (2) ana (3) are given Dy:

]
TEE = wmem (kTP)=-T and vpe1 = 183Zree

ne
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Tsel = 1832A o= (kTs)=/=
ne

In Eq. (4), the first term represents the rate of
1onization produced by primary and secondary electrons,
and the sacond one the three-boay recombination of
secondary charges, the fissions providing the gas with a
continuos source of primary electrons.

I 1s the 1on1zation potential, a and b are numerical
coefficients, and No i1s the density of neutral molecules, related
to ne by the mass conservation relat:ion.

It 15 useful to introduce the degree of 1onication 25 a
variable, namely R=ne/Ng where Ng 1s the gas density. The density
of neutral molecules 1s replaced by No=Ng-ne, and the density
of primary electrons by no=ANg: no 1s given by the number of
fissions/cm®s times the i1onization efficiency of each fission,
whose value has been estimated i1n a previous paragraph at about
4,10e5. Therefore, the system of Equations (1)-(4) 1s transformed

in

dTp RNg R m Tp R

— = = (TP = = T§ =~ @la=) 32 (T5-T1) =] (3)
dt §Tp="= 4 MTs d

dTs Ng R m Tp R

e E  emme [Tp =~ @ TS = m(cmw)T/2 (Tg-T1) =] (&)
dt 8Tp=-= ] MTs 6
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dTi m fiNg R m Tp R
—— = - e— [Tp -- TS = = —)T = (TS_TI)—J (7}
dt M eTo™- = (i M Ts H
ah ahNg {1-R) exp(-1/Tp) exp(~-1sTs) bNQ=R~
— = L N+ Ri - (8
at 1 o’ v Tgl = s~ -
The assumption of & uniform oQensitv Q0i1Strioution, reiateo

to the rather +lat protiie of gas gensity aguring the transit
1n tne channei., allows one to neglect tne contribution ot tne
terms Vg.graa(i) ana Va.graain; 1N comparison with thne time
gerivatives. Tneretore, an elementary volume of flwa 18
modified 1n 1ts properties bpefore appreciapie depiacement
takes place. As a consequence, tne 1ntegration 1n time 1s
equivaient to +ollow the space evoiution, with the variabie
change x=Vg.t, It turns out thnat a non-uniform source of
primary electrons can be 1nciudea 1in the modei, unger tne
condition that the i1nouceo gradients stiil verify the i1nequaiilty
Vg.graa(i).~aT/0t ana Vg.graa(n;..dnsdt. For 1nstance, 1n the
presence of a step aistribution of the fission source 1n

a length xo, 1t 1s sufficient to 1ntroduce, 1n the soiution

of the system, the condition no=0 for tsxo/Vg. Alternatively,
the system can be solved 1n the space variable by
1ntroducing dx=Vg.dt. In general, 1t 1s not strictly
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required that gas velocity and density are uniform and
constant; it is sufficient that significant variations of Vg
and density occur in a time longer than the time required to

reach a stationary state for Tp, Ts, Ti, and R.
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{11

{31

[4]
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ELECTRICAL CONDUCTIVITY EFFECTS

Symbols. Terms and Abbreviations

Electrical conductivity

Mass of the superconaucting coil
Fower generated by the MnD channel
Conguctor mean density
Fermeability of free space
Current densaty

Channel lenath

Channel diameter

bas velocaty

Magnetic field strength

Mass of the magnet structure

Density of the structural material

working stress level ot the structurail

material
bas temperature at the compressor i1nlet
Neutron flux along the duct

Neutron flux at the entrance of the duct

Diameter of the entrance section of the duct

Axial coordinate along the duct
Electron velocity
Ion velocity

Total electric field




MD 00323

Progetto
project

NUCLEAR MHD CONVERTER

Identihicativo Rev  Pagina

document no rev page

RD-12-01-FNFR

71

Eo

Eint

Vet

Vit

Te
T1
ne

ni

73
De
pe
p1

Ts

GN

Tp

External electric field

Internal electric field

Electron charge

Electron mass

Ion mass

Total collision frequency for electrons
Total collision frecuency for 1ons
Boitzmann’'s constant

Electron temoerature

Ion temperature

Number of electrons per un:it volume
Number of 10ns per unit volume

Number of particles per unit volume
Collision cross section

Number of gas molecules per unit volume
Ionization degree

fuantity 1n the expression for thermalization
time

Diffusion coefficient of electrons
Diffusion coefficient of 1ons

Electron mobilaity

Ion mobilaty

Temperature of secondary electrons
Coefficient 1n the conductivity relation
Collision cross section with neutrals

Temperature of primary electrons
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T1

no

£

nf

Temperature of i10ns

Coefficients 1n the rate equations

Number of primary electrons per unit volume
Ratio of no to Ng

Number of primary electrons per fission
Number of fissions per unit volume

Time

Time constant

Attacnment energy

Coefficient 1n the attachment equation
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.. Channel Characteristics and Conductivity

To proceea further 1n the analysis, 1t 1s necessary to combine
conauctivity calculations with actual cnannel (ang noczies
characteristics. In fact, the resuits of the former depenc
directly on the latter, as channel and noczle lengths, along with
the density distribution of the gas flowing through them, are
required to solve the rate equations (1)-(4) or (5)-(8) given 1n
section 4.4. Furthermore, the same characteristics i1nfluence the

distributions of residual fission neutrons and

[In]

amma rays
available 1n the duct which, 1in turn, provide the source of
primary electrons to be introguced 1n the rate eouations. On the
other hand, the channel operating characteristics are largelyv
dependent on the conouctivity leveis assumed in tne analysis. For
this reason, a parametric apporoach has been aaopted, ana the
generator performance has been estimated for two levels of
conductivity, namely ¢=10 and ¢=100 (im)~*, The nozzie ana
channel configurations arising from this process have been testeg
to verify 1f¥ they were consistent with the conductivity levels
resulting from the rate equations. Channel pertormance has been
evaluated under the following assumptions:

- Faraday configuration of the generator electrodes with a load

factor of 0.9:
- Straight channel with a constant aperture angle of 7°;
- Nozzle 1nlet temperature and pressure of 300 k and 15 MFa,

respectively:
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- Cnannel fiow rate of 1000 hg/s:
A 1-D tnerma.-fluia mogel of tne chapnel ana nozzle aucts has

peen agopteo 1N TNe anélivsls.

leveis of conouztivity,

& numper of cnannei

the two reference

configurations nave

been comcarea as a first approach oy using the specific mass
relation given by Rosa 1n [13 for @ cnannel of lenath L and
oi1ameter D:

Mc le 9c L 1 1

— T ) ()7 ] T — 5T 1

Fa vo Jd D Fa neuspl =
where Pt 1s Tne conguctor mean gensity and J 18 the current
density. This relation gives tne mass of & superconaucting coil
per uUN1T OFf generatec Dower, 1IN tne congitions of the analysis.
the mass af tne structure reaulregd to noid the coil together

should be comparaple witn tne coil mass given by Ea.

limit for tne former can
reiation:
p [ B
st} po

be estimated

tl). A lower

with the following
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wnere p 1s the density and st 1s the worting stress level of the
structural material. Tnhis relation too 1s ogerived from [il: tne
structure unit mass for & saodle coli 1s eipectea to be witnin a
factor Z of tne vaiue given by Ea. (Z/.

In acoition to tne two levels o+ congductivity menTtlonec above,
the configurations that have been 1nvestigatea ére festurec oy
different values of the inlet Mach number ano 1naguction fieia of
the generator duct. The parameters assumes in thne analvsis enaole
to extract power 1n the 1Z0-150 MWe range, limiting the 1nouction
fiela strengtn at reasonable values (6 T at most). observing the
constraints on the length to diameter ratio i1mposea Dy heat ang
pressure losses, and obtaining @ specific mass (from Ea. (i)/ 1n
the range of 10e-2-l0e-3 hg/kWe. Tnis range 1s in the reacn of
both reference ieveis of conoguctivitv: towever, a gecrease Ot ¢
must be offset Dy a corresponaing variation of otner terms in Ea.
(1), In particular, tne values of u ano b are assumed as
independent parameters, while L/D and Fg are aerived from tne
calculations. It 15 eviocent that a higher levei of conouctivity
males 1t possible to attain the desired range of power agensity
with lower values of B and, especially, of u (and, hence, of the
Mach numpber at the generator 1inlet), This latter condition
appears to be of special importance, as a lower gas velocity in
the channel means a shorter nozzle before the channel. On the
other hand, the distance between the generator and the reactor

cavity has a strong 1nfluence on the actual level of

conductivity. The results show that, 1f one pursues a high power
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density condition (that 1s, essentiaily, a high value of gul),
the system should work at a high conductivaty, Ilow veiocity
condition, rather than the oppos:ite.

It should be pointed out that such influence 1s not connected
with the effect of the field on the reactor core, which 1s
negligible, oue to the different order of magnitude of the
fission 10n gvro radius 1n comparison with their mean free patn.
In fact, tne nozzie length turns out to be of critical imporrance
pecause of the sharp decrease of residual fission and gamma
densities as a function of the distance from the reactor outlet.
Finally, a few consiagerations about the parameters adootea in the
anaivsis.

Tne value of nozzle i1niet temperature (230C K) has been partly
assumed on the basis of material requirements, by analogy with
conventional MHD converters, and partly to maintain an adequate
level of cycle efficiency with a high heat rejection temperature
(T1=600-90C0 &, T1 being the compressor inlet temperature), as a
space-based system 1s expected to recuire. Within this range of
Ti and with the other cvcle parameters indicated in this section,
efficiency may vary between 0.12 ana 0.36. It should be stressed
that cycle efficiency 1s heavily 1nfluencea by heat rejection
temperature and regenerator performance; both characteristics
should be ultimately seiected on the basis of minimum system

mass, rather than maximum efficiency.
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The noz:zle 1inlet pressure (18§ MFa) 1s eaual to the average
operating pressure of the reactor, which was derived on the
basis of an average reactor temperature and density of 2000 V' and
0.3 g/cm®, respectively. Tne latter 1s the result of a
prelimnary estimate of criticity. The same calculations gave the
cavity diameter (1 m) assumed 1n the neutron analysis.

The flow rate of 1000 kg/s results from the power output to be
generated by the converter, assumed in the range 120-150 Mue
gross and 20-30 MwWe net. The latter 1s actually a lower limit
applicable to the highest rejection temperature assumea 1n the
calculations: the net output 1ncreases to 60-80 Mw when T1 1s
lowered to 600 n.

Tne temperature of the gas at the reactor inlet (1770 t) has been
obtained through a preliminary analysis of the working cycle, and
1t 15 typical of regenerative Erayton cycles onerating between
the temperature levels mentioned above. The same analysis gave
the reference value of 277 MW for the thermal power provided by

the reactor.

[

Fission and Gamma Density 1n the Channel

Ln

The fission and gamma power densities 1in the MHD expansion
channel must be estimated to solve the rate equations ang

evaluate the conductivity levels.
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Fission Fower Densityv

Thne f1ss10Mn power ogensity calculations nave peen carried out oV

means of the tollowing approxl1MAarions:

14}
+
~
r
[

l. Freliminary evaiuation witn a s1mpiliflec metnoa (see n

ra

« SCUID- 40 {Z] oi1ffusion calculations with a simpiifiea
two-gimensi1onal R-1 geometry ano walls tabriceteg +rom ALIOC
or EBed.

in orocer to estimate thne power density, tne oguct hnas oeen

givigea 1nto & fimte numper of regions witn different UFo

gensity (see Fi

+ Seats

. 3.1 ang F1

[[=]
0

For each region, Tne +1SS10N MAacroscoplc Cross  SECTions Nave
peen gerivea from the core cross sections calcuiateq guring
Tast 1. reagucea by the appropriate densitv factors.

Tne neutron +iur level 1nsige  tne MHD  chnannel has Dbeen
calculateo as transmission tnrougn a cviinaricai oucet.
Freiiminary evaiuation. Tne neutron filuxes at tne 1niet ot the
nozzle have peen deriveg from the nuclear analysis of Tas: 1.

The eftect of wall material reflections anag worting fiwg
absorptions have been neglected.

The wuncollided +flures along the duct have been calcuiateag

with the formula:

d?
[/ R/ T J—

y
SHE
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where @o 1s the fiux at the entrance of the nozzle, d 1s the
diameter of the entrance section of the nozzle, and L 1s the
distance between the entrance of the nozzle ana thne point wnere
the flux 1s calculated.

The resuits i(Mev/cm”s) are reporteog 1n Tab. S.1.

Diffusion Caicuiations. In orger to estimate tne 1nfiuence of
wall material ana thicitness on fission power density. @ secona
analysis of tne MHD channel has been carrieg out bv tne
S50UID-360 ai1ffusion code, using the R-I geometry to model tne
Fower Conversion Unit (gas reactor + nozzle and MdD channel), and
the cross sections derived from Task 1..

The configuration extends radially to 1inciuge tne movaoile
reflector and axially from the core midpiane to 1200 c¢m i1n the
channel (see Fig. S.2).

As to the spatial discretization, 114 axial ang 727 radial
meshes have been used.

The guct has been divideda i1nto 9 regions witn different UF6
gensities carrieoc out from Fig, S5.2.

The nozzle ano channel walls have been assumed to be fabricateag
from Al20°7 or EBEe0. For each material, two values of wall
thickness have been examined: 3 cm and 6 c¢m. The adoption of a
two-dimensional model doesn’'t account for the presence of the
electrodes. However, it shouldn’'t be unreasonable to assume an

electrode wall consisting of "thin" electrodes mounted on "thictk”

1nsulating blocks: furthermore, the electrodes themselves might
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be fabricated from zircomia based mater:ials, ang =zirconium
possesses favourable properties being a iow capture cross-section
material, which would allow to exploit the potential of a
moderating layer.

As previously mentioned, the calcuiations have been carried
out by wusing the cross section data from Task 1. collapsed
to a 5 group structure.

Tne +f1ssion power for each region 15 snown 1n Fig. S.4, The

-

results of the ceses e.aminea are reportea i1n Tab. 3.Z.

Gamma Faower Densitv

Tne gamma fiuxes 1n tne MHD channeli have been calculateg by
the MERCURE IV point kernel code [4].

The gamma source, consisting of fission gamma, 1s located 1n the
core.

Build-up factors have been used i1n the MERCURE calculation.

The geometry of the analyzed configuration 1s shown 1n
Fig. S.1.

The core has been divided into 3 regions and the duct into 6
regions with different UF4 density.

Region-wise UFé agensities 1n the duct have been carried out
from Fi1g. 5.3.

The nozzle ana channel walls are assumed to be fabricated from
Al1203 mater:ial, but they have not been taken into account for

streaming calculations. .
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The calculations have been performea by wusing the EifF GZ
library cross section data from Ref, [S].

The results are reported i1n Table 5.7.

=

5.+ Conductivity Calculations

A Felation for Conductivity

Owing to the range of gas transit time i1in the channel «(* 10
ms) and to the very small Debye length compared with the
dimensions of plasma, tne motion of both charged species can pe
describegd by neqglecting the convective aerivatives of the
velocities and assuming the neutrality congition ne=ni.

Therefore, the velocities Ue and Ui are given by [6]

ekt I Te graa(n)
Ue = - - (1)
mVet mvet n
eE kTi1 grad(n)
U = - (2)
Mvit MV1t n
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where E represents the total electric field, given by
the superposition of an e<ternal field Eoc and the internal fieid
Eint generated by tne relative motion of charges. Vit 1s tne
total collision frequency incluoing momentum-exchange

collisions with neutrals and between electrons and 10ns, namely

RNg

Vit = «BU)y ‘Ng(1-R) +

where the symbols have been previousiy defined., The internal
field 1s obtained by eaquating the flutes of 1ons ana
electrons, 1n accoroance with the neutrality condition., It turns
out that 1n the absence of an external field, the current 1s

zero. The internal field 1s given by

Di-De graa(n)

Eint =

pe+pi1 n

where D)=kT3/mi)Vit 1s the diffusion coefficient and pr=e/miVit

1s the mobility. Therefore, current density becomes

J = en(Ui-Ue)= e“n(pe+p1lEo = Eo (4)

mVet
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where the mobility of 1ons nas been neglected, because of the
very small mass ratio. By wusing the same notations, the

conductivity is given by

e=RTs="<

mlcTs=(1-R)+R/&]

where Ts 15 1n eV ana ¢ 1s proportional to the cross section with

neutrals. In MrS units

10e-2RTs™"=

T = (@m) -1 (&

3, 10e70NTs=(1-R)+10e-4F

GN 1s the geometrical cross section with neutrals i1in cm®=. If the
contribution of collisions with neutrals 1s negligible, the
conductivity 1s 1ndependent on the degree of 1onication R ang
increases as Ts 1ncreases. With a tyoical value of ONz10e-15,

the conductivity 1s only function of Ts 1f the condition

3. 10e-4Ts=

R »»

1+3,10e-4Ts*
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1s verified. in case of total 1onization (R=1{), the

o~

conductivity 15 simply equal to 10e2T7s"<. 1If Ts210 eV, a degree

of i1onization of 10% 1s sufficient to give ¢=3.10e3 (Gm)~?,

Numerical Results and Discussion

The system of Equations (5)-(8) derived 1n section 4.4 has been
solved by the Runge-hutta fourth order method. The 1mi1tieal
conoitions are Tp=500 eV. Ts=1 eV, Ti1=0.5 eV and R=0. Tnev
correspond to typical mean values: however, the stationarv
values don t deoend on the 1mtial conditions. The a and b
parameters in Ea. (8) are chosen on the basis of data available
in literature, namely a=10e-é and b=10e-2ZT (cgs units). Tne
vaiue of b 1s probably more realistic than tnat given previously:
1n  any case, an overestimation of the recombination rate gives
the lowest limit of achievable 1i1omzation. The 1omization
potenzial of UFé 1s 215 eV, The thermalization coefficient

1s 10e4 (cgs unmits). The i1nitial rate of primary electrons fi

1s relateo to the number of fissions 1.e (=%nf/Na,
where § represents the number of 500 eV electrons per fission,
whose value  has been estimated at 4.10eS. Figures 5.35-5.7

show the time  evolution of temperatures and degree of
1oni1zation at different 1ni1tial gas dens:ities. It has been

assumed (=10e-2, that corresponds to nf=2.5el0-BNg.
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Unaer the conditions of Fi1g.5.9 (Ng=5.10el7 molecules/cm~,,
the system reaches a stationary configuration in less than |
ps, with Tp=24 eV, Ts=T1=3.7 eV and R=0.067. The resulting
conductivity 1s g=7.10el (fm) 1.

Figures 5.6 and 5.7 show the system evolution with Ng=I.10elB
molecules/cm~ and Ng=10eZ( molecules/cm~,

The stationary gata referring to Fig. S5.6. are Tp=140 eV, Te=T1=9

eV and R=.15, witn n¥=7.5.10el0 fi1ssions, wnich leaos to

N

- -
i

g=3.10eT (um) :, wnereas 1in tnhne case of F10.5.7, p=30 ev,
Ts=T1=7 eV ana R=0,0Z, but at t=30 ns (nf=2,5.10e:2),

The results suggest that the 1ncrease of neutral density
cannot be always consioered as a factor that inhibits the
growth of ionization rate. Fig. S.B shows tne stationary values
of the relevant parameters as a function of the initial gas
density.

Figa. S.8 shows that the highest values of conductivity are
obtained in a region around 10elB molecules/cm=. Of course, tnis
value depends on the choice of the input parameters.
Nevertheless, a variation of one order of magnitude of the
ionization and recombination coefficients (a and b) slightly

affects the results.

The  production rate of primary electrons, oue to the
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fission reactions, plavs a relevant roie. If an i1nitiel rate ¢
of 10e-3 and an 1nitial density of 3.10e1B8 molecules/cm™ are
assumed, the stationary values become Tp=Z1 eV, Ts=T1=2.4 eV anao
R=0.01, 1.e. ¢ =l.10e2 (m)~?' 1nsteada of Z.10el, 1f the 1ni1tisi
value of 4 1s 10e-2.

The distribution of fission rate 1n the cnhannel 1s very
important 1in order to maintain suitable conditions for MHD
conversion, In fact, 1f the 1onization saource stops at a time
to (eguivaeient to a sharp cut 1in the spatial distribution at
so=Vg.to), the furtner evolution of the 10n1zation rate AR 1s

given by

dh bNg>R~
dt Tg™ =

the secondary electrons being too cold to sustain the i1omization
level. This equation can be integrated by assuming as 1nitial
values those determined, 1n the stationary state, by the fission
source. Thus, the time evolution 15 reoresented by
R=Ro/ (1+t/r) 1=, where v=Ts™ =/Zb(RoNg)=.

By 1ntroducing the data of Fig. 5.6, R 1s reduced by a factor 10
in 0.05 ps. It results that in the absence of a 1o0mzation
source, the conductivity arops quickly to unsuitable values.

The time benavior of temperatures ang 1onization _rate

greatiy simplifies the analysis of the fuel chemical composition,
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with special regard to the formation of negative 1ons and to the
contribution to 1o0mization of the species arising from UFé
dissociation. Dissociation 1s important from the point of view
of the effective neutral densitv, Reminding the results shown
in Fig. 5.8, an 1increase of neutral density due to dissociation
does not affect dramatically the relevant parameters, On the
contrary, 1¥ the 1mi1ti1al density 15 5.10el7 molecules/cm™, as
1t could be expected auring the gas expansion i1n the MHD channei,
a growth of a factor 7, due to dissociation and subseguent
1oni1zation, could lead to an 1imorovement of the final degree
of 1onization and temperatures, whose values should
approximate those of Ng=37.5.10e18 molecules/cm~ (see Fig. S5.8:.
However, according to the measurements of Compton [7], the
thresholds for the formation of UFn+ type 10ns by electron
impact 1onization are respectively 14 eV for UFS+, 18 eV for
UF4+, 22 eV for UFT+, 26 eV for UFZ+, 32 eV for UF+ and 40 eV for
U+. Since the stationary temperature of secondary electrons ang
10ns 1S 1n the range of 5 eV, relevant contributions can be
only expected from UF6 and UFS.

The influence of the formation of negative ions on the
conductivity can be estimated by simple arguments. The affinity
potential 1s around 5 eV with a cross section of 3 A= [7]
(the behavior i1s similar for UFé6- and F-). By averaging over a
Maxwell distribution, the contribution of attachment 1n

Eq. (8) can be expressed as
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a-
<GV ne (NFANUF ) 2ne INFHNUF ) s @4 D (=1=/kTS) (cm=g)-1
Tgi- =
wnere a- 210e-7 (caos umts and 1-x-5 eV. Bv 1ntrooucing tnis

term 1n Eag.\B:, 1t turns out that tne oprevious resuuts
are siigntivy mooifiea. even 1n case of tTOtal Q1SSOCIaTion,
1.e. NF+NUF=6Ng. In particuiar, the degree of 10n1zation
decreases of less tnan 104 1in comparison witn tne vaiue
ootainea without attacnment.

From the  above discussion, 1t seems  that tne mooel of
Eguations (S/i-8) Qives a reliapnle description ot tne
1omzation 1n conditions of relatively low gas densitv. The
model goes not consiaer 1nelastic collisions between electrons
ang  neutral atoms. witn excitation of 1internal levels, ano
transfer of energv between 1onized anc neutral Qas. The
influence of tnese effects can pe estimates bv comparing tne
collision freguency with neutrals ana between electrons ana
10Nns, With tne previous notation, the 1loss of energv bv

collisions with neutrals can be neglected 1f (see Eg.6))

R
— 7 5.10011BNTs=

(1-R)
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with  GN=10e-15 cm=, Ts=% eV. R Z.5.10e-2. The value of R=0.15
(Fig. 5.6) ensures that only about 10 7% of energy 1s tranferred
to the neutrail gas. As a conseaquence, the chemical
composition of the neutral gas will be simpiy determined by tne
thermal equilibrium relations, calculated at the temperature of
the neutral gas, being negliqgibie the heating oue to 10ni1zation.
Fia. 5.9 represents tne chemical composition of UF4 calcuiatea
1n conoitions of tnermal eguilibrium at a pressure of 10 atm
«from Ret.[BJ).

The percentage of neutrais of gi1+terents specles can pe
girectly ootainec from Fig. 5.9 at tne temperature of tne gas
flowing 1in tne channeli, whose value 1s not modifiea DV
the 1onization processes. FReferring for instance to the
conditions of Fio. 5.6, the stationary state i1n the channel can
be approximately estimated as:

Q0% neutral gas, of composition: 95 % UF6. 3 % UFS (at Tg=Z000
k).

104 1onized yields, of composition: S04 UFe+, 0% UFS+, F-.10 %
(from the e.perimental results of Ref.[71])

with an 1mitial density of 3.10el8 molecules/cm=, we obtain:
2.565.10ei8 molecules/cm” of UFe, 0.125.10elB6 molecuies/cm~ of
UFS, 2.7.10el7 molecules/cm™, 1.5.10el7 molecules/cm™ of UFé&+ and
UrFS+, less than J.10elé molecules/cm™ of F-.

Finally, Figures 5.10-5.12 report the results obtained with the
gas density distribution of Fig. 5.3, and the fission gensity

distribution of Tab. 5.1, The latter 1s conservative: the
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preliminary evaluation of the i1nfluence of wall material ana
thickness reported 1in Tab. 5.2 shows the potential for the
fission and gamma densities 1n the duct to be increased of one
order of magnitude at least, 1n comparison with the values usea
for the conductivity calculations, 1f a material with favourable

nuclear properties 15 adopted.
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“ab. 5.1 Fission power density in the MHD
channel, simplified calculations.

|

| Distance from
| Entrance of

| Nozzle ( cm )

{
I
I
I
I
I
50 | 1.72
I
I
|
[
I
|
I

|
!
|
| 200 2.90
I
| 400 2.80
|
] 600 9.20
I

Fission Power Density

( MeV / cm3 sec )

E+12

E+10

E+09

E+08
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Tab. 5.2 Fission power density in the MHD
channel, diffusion calculations
(MeV/cm3 s).
| R | A1203 | |
B oo e |
| 6 | Thickness | Thickness |
O At I
ol a| 3 cm | b | 6 cm | ¢ | 3 cm | a | 6 cm |
A et |
| s lAver.Power}RatioIAver.PowerlRatiolAver.POwer!RatiolAver.PowerlRatiol
| | Density | a/a | Density | b/a | Density | c¢/a | Density | ds/a |
e N |
I I I | I | | | I |
1 | 1.10E+14 | 1.0 | 1.35E+14 | | 2.10E+14 | | 3.20E+14 | 2.9 |
| I | I I | I I I |
I 2] 6.54E+22 | 1.0 | 9.61E+12 | | 2.10E+13 | | 4.70E+13 | 7.2 |
| I I I I I | | | |
| 3 ] 9.45E+11 | 1.0 | 1.85E+12 | | 3.00E+12 | | 1.20E+13 |12.76]
I I | I I I I | I I
| 4 ] 1.93E+11 | 1.0 | 4.62E+11 | | 7.51e+1l | | 4.08E+12 |21.2 |
| I I I | | | | I I
| 51 4.42E+20 | 1.0 | 1.23E+11 | } 2.08E+11 | | 1.40E+12 |31.7 |
| I I I | I I | I !
| 6 | 7.99E+09 | 1.0 | 2.56E+10 | | 4.95E+10 | | 4.0BE+11 |51.1 |
| | | I | I | | [ [
| 7] 4.256+08 | 1.0 | 1.70E+09 | | 3.91E+09 | | 4.19E+10 }98.6 |
I I | | I | I | | |
| 8 | 1.83E+08 | 1.0 | 8.22E+08 | | 1.96E+09 | | 2.36E+10 |129.2]
I | I I | | f I | I
| 9 | 1.37E+08 | 1.0 | 6.55E+08 | | 1.58E+09 | | 1.96E+1G6 |{143.3]
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Tab. 5.3 Gamma power density in the
MHD channel.

|

| Distance from
| Entrance of

| Nozzle ( cm )

100
200
300
400
500
600
700
800
900
1000
1100

1200

Gamma Power Density

( MeV / cm3 sec )

E+11

E+09

E+08

E+08

E+07

E+07

E+07

E+06

E+06

E+06

E+06

E+06

E+06
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1 10 A1203

2 11 Graphite

3 12 BeO

4 13 Zr/Nb Alloy

: UF6 14 Be

7

8

9

Fig. 5.1 Three dimensional model for
fission density simplified
calculations and Mercure
calculations.
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1 11 TZM

2 12 Graphite

3 13 BeO

4 14 Zr/Nb Alloy

5 UF6 Nozzle and MHD Channel 15 Be

6 16 Al1203 or BeO
7

8

9
10 UF6 Core

Fig. 5.2 Two dimensional model for
SQUID calculations.
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Fig. 5.3 UF6 density vs. axi:l coord. in nozzle and channel.
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Fig. 5.4 Integrated power for each region.
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Fig. 5.5 Gas density 5.10el7 molecules/cm3.
Temperatures in eV. nf=1.25.10e10
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Fig. 5.6 Gas density 3.10el8 molecules/cm3.
Other conditions as in Fig. 5.5.
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Fig. 5.8 Stationary values of Tp, Ts=Ti, R, and
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Fig. 5.9 equilibrium chemical composition of
UF6 at 10 atm. (from Ref.&).
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& SUMMARY AND CONCLUSIONS

This report presents the results of worl performed under DOE
contract number DE-AC22-88FCBB651, The overall objective of this
project was to i1nvestigate the use of a gas-core nuclear reactor
directly coupled to an MHD expansion cnannel i1n an SDIO mission
application. In the proposed concept, working ga&s could be eirther
uranium hexafiuoride or a mixture of uranium hexafluorice anc
helium, wnlie reactor control 1s performeza 0y cnanging tne
confiquration of a reflector locateo outsige the pressure vessel.
Wort was focused on the basic pnysical mechanisms of neuvtronics,
reactivity control, 1onization, and electrical conauctivity of
the concept. Specific goais of the project were:
~ To evaluate the performance of the external reflector.
- To determine the influence of additional, fission-induced
mechanisms on the ionization levels of the working fluid.
- To estimate the electrical conductivity levels that can be
attained in tne MHD channel, taking i1nto account the effects of

F- or other negative 1ons.

Task 1., FReflector Modeling, provided a reactor configuration
that was used as a reference for subsequent, detailed simulation.
This configuration is featured by a cylindrical reactor cavity,
surrounded by a couple of reflecting (and refractory) shells
located 1i1nside the pressure vessel and by a movable sliding

reflector, located outside the pressure vessel. Two conical
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segments, at eacnhn end of the cylinarical core, compiete tne

reactor. A simple axi1ai-inlet flow pattern has been adocteo 1in

the analysis.

A number of 1mportant features of the proposed gaseous reactor

were i1nvestigated. The nuclear analysis adoressed the following

i1tems:

a) materials selection for the fired reflectors 1nside the
reactor pressure vessel, and for the movable reflector:

b) reactivity control performance of the movabie reflector:

c) power density distributions i1nsi1ae the core accounting for the
interaction with 1local fuel gensitv and temperature, as
resulting from thermai-fluig analysis.

d) reactivity requirements.

Tasv 2., Working Fluid Characteristics, addressed the study of

the 1onization leveis 1n the woriing gas, 10entifying a mecnanism

ta convert the energy releasea by the fission reactions into
charged particles, ang providing & system of rate eguations for

the numerical estimates performed in Task Z..

Task 3., Electrical Conductivity Effects, provided the evaluation

of the conductivity levels attainable 1n the generator.

To enable this evaluation, the nuclear analysis was extenged to

include the estimate of fission and gamma power densities

inside the nozzle and the MHD channel, taking into account the
effects of the wall material and thickness. The rate equations

were solved for a number of typical gas conditions ano ouct
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lengths. The i1nfluence of dissociation and 100 attachment. not
1ncluded in the simplified numerical approach, was also

discussed.

Two major conciusions can be drawn from the accompiisnment ot

this project:

- @ reactor configuration nas Deen obtained wnicn avoias to
gecouple the neutronics of the cavity and 1ts 1nternal
reilector from the external sneil, thus enapiing the latter to
be used for reactivity contral.

In particular, the resuits show that the movable refiector 1S

abie to mate the reactor subcritical by 1000G ocm at least, toO

control the reactor from CZF to HFF candition, accounting for a

reactivity change up to 3300 pcm associated to depietion,

- The conditions expected 1n the MHD channel show that tne
1on1zation and conductivity levels can be amplifred through
‘gecondary’ processes 1nduced by the ‘praimary hot eiectrons
which are directly generated in the fission reactions.

The numerical caiculations suggest tnat conductivitv levels 1n

the range 10-100 (@m)~* are consistent with the characteristics

of short nozzle, high power density generators. In fact, the
nozzle length turns out to be of critical 1importance because of
the sharp decrease of residual fission and gamma densi1ties as

a function of the distance from the reactor outlet.

This conclusion remains true even 1§ the effects of dissociation

and attachment are inciuded 1n the numerical model.
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Furthermore, a preliminary evaluation of the influence of wail
material and thickness shows the potential for the fission and
gamma densities i1n the duct to be increased of one order of
magnitude at least, in comparison with the values usea for the
conductivity calculations, 1f a material with favourable nuclear

properties 1s adopted.
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