"LEGIBILITY NOTICE

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federali,
state and local governments.
Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1




. LA-UR -83-1175 ~ LA-UR--§3-1175

. :\,/6,4,5 C// DE83 011147

" w\é‘a

. A0S ENG. D
s Alamos NanLona' LEDOTAIOTy 18 ODETated Dy the Universiy ol Canlormia tot the Un.ted Siates Department of Energy under contract W. *405-ENG M
O il v

| neTICE
PORYIONS OF THIS SEPOKT ARE ILLEGIBLE,

Rt bes heen reproduced from the best

avalialrs copy to permit tha b
possible availabitiy. ordent

TITLE MODELING AND ANALYSIS OF INERTIAL-
CONFINEMENT-FUSION FACILITIES

AUTHOR(S) @ I. 0. BOHACHEVSKY and A. T. PEASLEL, Jk.

SUBMITTED TO Third International Conference on Emercina

Nuclear Enerqy Systems, Helsinki, Finland, \
June 6-9, 1983 %\
DISCLAIMER SE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof. nor any of ibwir
omployees, makes any warranty. expross or implied, or assumes any legal liadility or responsi-
bility for the accuracy, completeness, or usefulniss of any information, apparatus, product, or
process disclosed, or represents thet its use would not infringe privately owned rights. Refer-
ence hersin to any specific commercial product, process. or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorscment, recom-
mendation, or favoring by the United States Government or any agency thereol. The views
and opinions of authors expressed hercin do not necosserily state or reflect thows of the
United States Government or auy agency thereof.

By aCCepIance o1 IR § arhcie the DubVENEr 1ECOGNIZEN INAI IRE U S GOVErn=ent 1etains 8 nonescluyive 1oyaiy-1ree hCONSH 10 pubISh OF 1eD10duce
the DUDISREA 17, a1 IS LONNDUton o tu 8liow Ol'ers to do 80 1ot US Government pulposes

The Los Alamos Nahona! LebOratory ;equests that the pudbtisher \dentily 1his articte as work pertormed undet the Buspices otthe U $ Despertment ot Ene*Qy

Los Alamos National Laboratory
L@S AB@F@@ Los Alamos,New Mexico 87545
FORM NO 834 Re ALTNOINON OF TWS DOCUMENT 13 UNLIWTED

8T NO 2429 3/0!


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


MODELING AND ANALYSIS OF
INERTIAL~CONFINEMENT-FUSION FACILITIES

Ihor 0. Bohachevsky and Alfred T. Peaslece, Jr.
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

ABSTRACT

Approximate analytic models are used to explore
relations among technical and economic characteris-
tics of Inertial Confinement Fusion (ICF) facilities.
Presented are attainable pulse rates for different
reactor cavities and dependencies of the unit produc-
tion cost of electricity on ICF driver pulse energy
and repetition rate and on the facility size and the
performance of the driver-pellet combinaticn. The
results indicate that economic electricity production
with ICF reactors mav require repetition rates of
~15 Hz or 20 Hz hut that it may be archieved with
values of the driver efficiency-pellet gain product
as low as ~3 or 4.

I. {NTRODUCTION

The use of ICF facilities tor the generatioun ot electric-
ity and production of special nuclear materials has been stud-
ied for a decade. Many reactor concepts have been proposed and
analyzed: wetted and magnetically protected wall con(ﬁpts.l’2
the modified wetted wail concept,’ HYLIFE.® SOLASE,” HIBALL,®
the renewable solid wall proposed by NECo.7 and others.“ Al-
though previous attempts have been made to model and deduce
trends and parsmetric dependencies of costs and operating

8-10 these attempis did not

characteristics of ICF facilities,
provide a sufliciently wide overview of paraneter ranges vhere
the ICF process may be technically and eccnomically feasible.

This paper i3 intended to correct the above deficiency.

We employ approximate analytic performance and cost models to
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gain insight into the dependence of economic and tecu. ical
characteristics on the relevant parameters. The objective is
to exhibit :elative trends and to indicate directions for most
profitable research and development efforts and not to deter-
mine the absolute production costs.

The presentation is organized as follows: In Section [1,
we mndel the time required to clear the ICF reactor cavity of
the fuel pellet microexplosion products and thus reestablish
the interpulse ambient conditions dictated by the beam propa-
gation and pellet injection requicements. The results ot this
modeling estimate the frequencies available for cavity onera-
tions. In Section 11!, we model the dependence of the level-
ized (average) life-cycle unit production cost on the driver
and power plant characteristics. The driver charactaristics
contidered are pulse cnergy and repetition rate; the power
plant characteristics cecnsidered are plant size (gross power)
and the driver-pellet peirformance expressed by the product of
tone driver efficiency and the pellet gain. In the concluding

Section IV, we discuss tle : sults.

11. REACTOR CAVITY CLFARING TIME

The rcactor cavity must be cleared of the reaction prod-
ucts after each fuel pellet microexplosion to reestablish
between successive pulses the ambient conditions compatible
with satisfactory beam propagation and pellet injection. We

postulate that the medium in the reactor cavity immediatcly



after the pellet microexplosion behaves like an ideal gas with
a constant ratio of specific heats, y, and consider two mech-
anisms for its evacuation: exhaust through a nozzle and con-
densation on a cool and wet wall.

Maximum mass flow rate through a DelLaval uozzle is achiev-
ed when the nozzle operates above he critical pressure ratio;
we assume tbis to be the case. We also assume that the initial
temperature following pellet microexplosion, TO, is much higher
than the desired interpulse ambient temperature Ta, in particu-
lar that JT;7T: >> 1. Then the time required to exhaust fusion
products and to attain the nmbient temperature ’I'a appears to be

independent of To and given by:

=V [m
T =3 F(y) RT, (1)
i Y+l
s B ) 1

m is the molecular (atomic) weight of the cavity medium, R is
the universal gas constant, V is the reactor cavity volume, and
A is the nozzle throat area. For a spherical cavity and a cir-
cular nozzle V/A = (4/3) Rc (Rc/Rn)z' where Rc is the reactor
cavity radius and Rn the nozzle throat radius. A derivation of
Eq. (1) may be found in Ref. 8 or in any standard text on gas
dynamics.

The absence of an explicit dependen~e of t on To is only

apparent; the required ambient state is specified by the



particle number density, n., the calculation of which requires
the knowledge of the initial postexplosion conditions.

The reciprocal of the cavity clearing time, r;l, is the
highest frequency at which the cavity can he operated. 1t is
rlotted in Fig. 1 with y = 1.2 and Rc = 150 cm as a function of
the ratio Rn/Rc for different values of JE?T:. Clearlv, high-
fraquency operation reqnires a low atomic weight medium; this
requirement is at variance with the use of a gas for the wall
protection because subhstantial absorption of x rays requires
a high atomic weight gas.

When the cavity exhaust is through condensation on a cool

and wet wall, the exhaust time T_ is

) ot

2 VvI[{Me)Y m
e y-1 8§ (na) = I\ /RT ' (2)

where n_ is the initial postexplosion particle density and S is
the surface area of Lhe reactor cavity on which the condensa-
tion occ1rs;3'a for a spherical cavity V/S = Rc/3. This ex-
pression is based on the postulate that all molecules which
strike the wall adhere to it and are removed from the cavity.

The pulse frequency, tzl, implied by Eq. (2) is plotted in
Fig. 2 for Rc = 150 cm as a function of To and of the ratio

noln..



I11. ELECTRICITY PRODUCTION

In this study of the economics of the ICF process we used
several cost estimates of ICF systems. Reasonable agreement
was found between independently published estimates by the
Electric Power Research Institute (EPRI),” the University of
Wisconsin,6 AVCO,12 and the Los Alamos National Laboratory.13
The capital costs of various ICF drivers have hbeen estimated
in terms of the pulse energy, E(MJ), delivered to the pellet.
These estimates, adjusted to 1981 doliars, are: CO2 Laser

8 EO-B; KrF Laser Driver, $2.5 X 108 0.8;

Heavy lon Driver, $5.0 x 108 EO.A. Detailed cost estimates of

Driver, $1.9 x 10

CO2 laser drivers, including the costs of circulating and cool-
ing the lasing medium, carried out at Los Alamos Natiomnal
Laboxutory,l3 have quantified the dependence of capital cost on
nulse repetition frequency. In the range cf pulse energies and
pulse repetition frequencies of interest in this study, this
dependence can be approximated by an exponential function
included in Eq. (3).

To the capital costs of the driver must be added6 the
capital costs of the reactor cavity and blanket ($200 M);
liquid metal pumps ($56 M); the pellet factory ($200 M); and
miscellancous pipes, dump tanks, and cleanup systems (540 M):
or approximately $500 M. Finally, we add the capital cost of
turbines and generdtors.

These estimates are summarized by the following

expression:



C=a+bE%® + qrw (s) (3)

where C is the total capital cost, J4 = 0.50 §/watt, and

¢ = 0.026. The gross clectric energy output per pulse, W, i
W= [Y(o.? Ex +0.3) + E] n, (M) (4)

where Y ois the fuel pellet energy yield, Ex 1s thr neutron
energy multiplication, and N, is the thermodynamic cycle eifi-
ciency. The pellet vyield Y is related to the drive:r pulsce

energv, E, through the gain function G(E):
Y = EG(E) . (5)

In this analysis we used an optimistic approximation to the
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gain function derived by Rangerter, Mark, and Thiessen, and

given hy

G(E) = kEP (6)

with k = 21.6, B = 0.76 when E is in megajoules (MJ). The
coefficients s, b, and the economy of scale exponent, a, are
1iated in Table 1 for CO2 laser, KrF laser, and heavy ion (HI)
beam drivers.

The levelized 1ife-cycle cost 18 cummonly used in economic
comparisons of unit production costs. It is the ratio of &n-

nual expenditures to the annual outpu. averiged over the



lifetime, L, of the plant. The levelized life-cycle cost, U,

is given by the analytic expression

=1 (B
U= PE (XQ C + M) €))

. . L A\
where B = i (1 + i)x ] y Q= (1 ¢ z)k E (}wi—-:) , X is the
J= J=

construction period in years, i is the annual interest rate,
and z is the inflation rate. The net electricity production

rate, PE’ is

P, = 8.776 x 10° f(w - 5—) (525—) : (8)
where nd is the driver efficiency (E/r]d is the circulating
fraction required to operate the driver); and the maintenance

and operating cost, M, is approximated withé’la

M =16 x 10% + 0.02¢ + 3.16 x 10 fe (9)

where cp is the pellet cost, here assumed equal to 0.10 §/
pellet.

The unit production cost, U, given by Eq. (7) becomes a
function of the pulse energy, E, and of the frequency f, when
Egqs. (3)-(6) with Eqs. (8) and (9) are substituted into

Eq. (7). The dependence of the cost on these two variables in



the range 1 < E <5 MJ, 5 < f < 50 Hz is presented in Figs. 3
and 4. The results shnw that at jow pulse energies the unit
cost is a strong function of the frequency for irequencies less
than approx'mately 10 Hz but that the cost becomes nearly in-
dependent of the frequency beyond approximately 20 lz. The
input for these calculations is summarized in Table Il. Simi-
lar results were calculated for other drivers; KrF lacer and
Hl accelerator were chosen for presentation as representatives
of low and high efficiency dravers.

Figures 3 and 4 illustrate the dependence of the produc-
tion cost on the driver characteristics: pulse energy and
frequency. For general svstems and economics analyses it is
ureful and convenient to know the dependence of the production
cost on integrated facility characteristics. The most relevant
of these are the size of the plant and tha pertormance of the
driver-fuel pellet combination. We use the gross fusion power
output, fY, as a measure of the plant size and the product of
the driver efficiency with the pellet gain as a measure of the
driver-pellet performance. The corresponding results are shown
in Figs. 5 and 6. The plots terminate where either of the

inequalities, E < 5 MJ and £ < 50 Hz, is violated.

IV. DISCUSSION OF RESULTS

The results presented thus far witheut comments indicate
the following observations and conclusions. Exhaust of the
fusion products through nozzles will not admit pulse repeti-

tion rates greater than ~1 or 2 Hz unless the rd4s load on the



exhaust system is very light. However, condensation of reac-
tion products on cool, wet walls of ICF reactor cavities may
allow pulse rates perhaps as high as 100 Hz. Therefore, ef-
forts shoulid be directed to develop cavity wall protectlion
schemes compatible with the use of the condensation for cavity
evacuation. One such scheme is being investigated at the Los
Alamos National Laboratory.3’l6

The dependence of the unit production cost of electricity
on ihe ICF driver pulse energy a—~d repetition rate shows that
the cost varies rapidly with pulse energy and repetition rate
at low values of these parameters, i.e., E < 2 MJ, f < 10 Hz.
The sensitivity of the cott to variation in frequency decreases
with increasing pulse energy and frequency and most of the
potential cost reductions will be achieved at frequencies above
~20 Hz. This eppears to be a general characteristic of ICF
production facilities.l6

The dependence cf the unit production cost on _he facility
size shovs that most of the economies of scale will be attained
with facility sizes greater than ~500 MW of fusion power, fY.
The dependence of the unit production cost on the driver-pellet
performance, measured with the driver efficiency-pellet gain
product, shows that economic electricity production may be
possible with the values of this product as low as approxi-
mately three or four when neutron energy is multiplied and when
account is taken of the fact that the puise energy of the
driver remains in the thermal cycle. Neut-on energy multipli-

cation as low as 1.5 (used in this investigation) appears
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sufficient; it is easily achievable even with nonfissionablc

238

(e.g., beryllium) multipliers.16 Fissionable (e.g., U)

multipliers improve the performance by approximately a factor
of ten.16’l7

The above conclusion is very encouraging; we hope that
results of mor- detailed and accurate rcsults will sustain it.
To a large degree it is a consequence of high gain estimates
used in this study. Conservative readers may use explicit
expressions presented throughout the paper to derive their own
cost estimates. The trends and changes of costs vwith different
parameters do not depend strongly on the values of constant:
that specify the gain function.

We vonclude this presentation with a summary of the char-
acteristics of the ICF reactor designs proposed by various
groups at dif/erent times. The values of the four parameters
used in this study to characterize ICF reactor systems (E, f,
ndG. fY) are listed in Table II1. The table shows that the
individual designs are larger than necessary to exploit the
economies of scale but that the operating pulse rates are much
lower than the desirable value of 20 Hz. It is necessary to
point out that some of the postulated higher pulse rates are
not always consistent with the results presented in Fig. 1.
The high values of the product ndG reflect the past prevailing
confidence in the ability to design and manufacture high gain
furl pellets. The results of this study indicate that the
requirements on that parameter may not be as severe ag pre-

viously thought.
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TABLE 1

DRIVER COST CHARACTERISTICS

2 b o M
R 8
COZ Laser 5 x 10 1.9 x 10 0.8 0.10
KrF Laser 5 x 108 2.5 x 108 0.8 0.04

HI Beam 5 x 108 5.0 x 108 0.4 0.25
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TABLE 11

INPUT TO U(E,f) COMPUTATION

0.15 E =
x

0.10 e

8 r c_ =
years p

30 years o =

21.6 d =

0.78

1.5

0.4

0.10 $/pellct
0.626

0.5 §/watt



CHARACTERISTICS OF ICF REACTOR SYSTEMS

Design

SNL (LIGHT ION)
LANL (MAG WALL)
RYLIFE

WECo (Laser)
WECo (HT)
SOLASE

HIBALL

- 13 -

TABLE 111

£ £Y
_(MJ) (Hz) N¢C (GW)
12.0 35.0 5.7 3.0
1.0 10.0° 6.3 1.4
4.5 1.5 20.0 2.7
2.0 10.0 17.5 3.5
2.0 10.0 52.5 3.5
1.0 20.0 10.05 3.0
4.8 5.0% 22.0 1.992

*per cavity. Reactor has

four cavities.
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Fig. 1. Pulse repetion rate with nozzle exh.ust.
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Pulse repetion rate with surface condensation.

Fig. 2.
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Fig. 3. Variation of the unit production cost with pulse
energy, E, and repetion rate, f, for KrF laser
driver.
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Fig. 4. Variation v«. the unit production cost with rulse
energy, E, and repetion rate, f, for HI beam
driver.
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Fig. 5. Variation of the unit production cost with facility
size, fY, and driver-pellet performance, ndG, for
KrF laser driver.
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Fig. 6. Variation of tiic unit production cust with facility
size, fY, and driver-pellet performance, r]dG, for
HI beam driver.



