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0-D Confinement Analysis

Features included in the model:
® Plasma profiles and geometry.

® Neoclassical resistivity enhancement.

® Various forms of Y and ;.
® Physics constraints
iy
Berit ~ I/2B,,
Amyrakami ~ Bo/Ro
®

Equilibrium plasma current profile.

® Fuel, alphas and impurities (Zeft) -
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Steagdy-state global analysis is a useful complement to full
1-1/2-D transport code calculations.

» A simple analytic global model 1is developed to establish
ignition conditions and plasma parameters operating regimes
over large reglons of parameter space (R,/a, b/a, uBg/q., etc.)
under various physics assumptions (X,, X, Gy Berit’ Merit’
etc.)

o This simple model includes detailed enough physics information
to be useful in exoloring the options and reproduces many
global features and trends of the 1-1/2-D WHIST transport
code calculations (especially those of POPCON's).

« For many of the confinement scalings considered, it was
possible to generate nearly universal contour plots of
ignition, quxiliary power requirements, optimal path to
ignition, plasma heating and operating windows, etc. in
terms of a small number of parameters (such as aBg/q*,
<”>/”mu' <T>, etc.)

- this is found to be useful for rapid assessment
of a particular device and/or classes of devices
with equivalent performance

« These contour plots are used tC analyze potential physics
design space, operating regimes, and plasma performance
characteristics of small (Ry ~ 1-2 m), high field
(By~ 8-13 T) tokamak ignition experiments




NAU

Calculations are based on global analysis

» Local enegy balance equation

averaged over a flux surface for a given plasma profiles.

= (Geometry:

Concentric flux surfaces with elongation « = b/a
and triangularity 4.

> Profiles: Tynical profiles assumed dare as shown
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Definitions:

Ignition Margin

MHD safety foctor
Eauivalent cyclindrical

safety factor
"Figure of merit”

Constraints/Limits:

Density limit

Beta limit

Units:

M- —a* Poy
P(all losses)

qw‘-‘ Qs f(e, ﬂp,,.)

L= (=
T (RO) 2

GB3/qe

SaB. . @ [1 +K3(1 + 28 2)]

N0 = Rmurakami = Vnu BO/(q.RO)

V ~1-5 (OH)
W <15 (avx)

Biotar< Berit = 31/(aBy) (%)

mks units with T in keV,
Nyo tn 10°m™%, 1 1n MA
P In MwW.




The Llux- surfLace.- a\Jeracied. enerqy balance.

equation ( loas plos eleckrons) is

%[%nek-re * -g-ﬂ;_\c-\ﬂ =- PCon— ?ra& —+ ?«"‘ FOH'*' Faux

where.
== 2 [A( r\Jng-gS n.X, 2Lk
Fean Vi) A LA6 ( A 3¢ )]

-43 !
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:2.2“ = S ME/Ne , Ne = Z N3

‘Fb‘\' = My /ﬂ?. = (ﬂb*ﬂ‘ry [/ Ne. ) -CD= No /Ny
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(M515\ S~ 3 LT <10 kev
10T {20 key



Global Powser balance

- muH—lF\u_\ enerou balance eg. with  V'( ) Ag Tn{e,acq{e_
r g with  assumed profiles

A=y (1= @Y™, TaTo (1-§YaY T, 323, (1-eayd

a\ﬁ = - PCM\ - Loadl + E,,‘ + dgp * -\?aux (MN\
Dt
Here -

W= WerW = 024 Nezo T (14 LKLYV (WD)

P (M) = D.1b Nezo em(rx + Q\LT\L'Q [Q1C;t13%c(a "‘d'ik

—_— %o_ = OL‘_(\+°¢,\+=L‘,\(?* 3(.\ ?* )""ﬂ""'\' \

[Teu,\?erahre_ %{a&ien-‘es afe edaluated cd: Qe /a L1

- )mbfacﬂ\\% /o ~ 06-08 F . ~00) ]

210

Prcw\ (_“N\ = C “eng’L?_ \/3 CB("('\""T\ N(l.é-l.‘ﬁ)x\-oz

Boawy - ﬂ:on:m\/ v Culotasg) ~ 022 (s~3)

-gof %QFG ~|. 5,
dﬂ‘\OOI% ,dT‘V‘-D

-3
Pow (MW) = Con ‘Ze\c; Xm h'( 1_;1_\ l-w.'-) N
-- Cop~ S.4x0t (—L‘/\»ul(-,}dn—.. 0.5, ot; ~1.0)

. ’Tfm_fu 2.8- 322 dor A=fofa ~ 25-35

—————

Alse ECMNKQ‘—{-A\I = ’)L = 300. 7.u_7.

|+¢4_’-y3’x Kla) j:e,(_
ijfi:n\\\a_: %1_ ~ 0.8-1.\



CDﬂ.FTnemee\-L Models
(EeFre.se.r\’m\:\be. thermal  Jiffusivikies?)

e lons : Neoclassical — C\'\ar\%-\-‘in‘kon
(ws) = axid” K& New Zogr Gu”

e Yo o2 \ T ..
Tio B .\-\-L")
; =(0.66+1.88 €_ 154e) (141.5¢*) e /g,

Lcl-\

» Electrons: Em Fin‘ca.\.

- Dhmic —_ MNeosAleator

m"/SB ~ 43a 2—_"-’")
nwejq* I+t

- quiliara ——= Varleus L= and H- rmede Sca\fnss

~i ~(Y3~2/
T\j?lCa“\a CE ~ I(‘ ") [ P ? 5) ofr b+ Q/P}
Ke (L-mede) ~ (2-4) %, (oH)
Xe (H-mode) ~ 0.5 K, (L-mcde)

—— For exawple:  Gms | MNiraoy SCa\m%_

L
[& . ~ D.12a I ll..h' - "x_ 2.5a 22

ﬁ(m.ﬂ El(mey = I IL,V?— |+IL’-S
Ceminy @ (2-3) ZE(mw)

— - For example: Kaye- Goldston scaling

L 24 _=-0.88 .65 _pug (0128 06 -oog os
CEKG ~ D.056 L P Ru o. (\e“ 3 ‘_

H
CTowa ~ LThic
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Steady-state (equilibrium) : W/ ot = 0

Pa * Poy * Paux = Peon * Prag = Plosses

There are two possibilities

I{PGUX= Ploss“POH'B: Prine

max

T T

Paux > Ppax 1S required Ohmic ignition
for ignition

P'Mm( = faw. (Te) — 39@; /3T =0 at T=T,
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Plasma parameter operating space is constrained by:

® Confinement

ion & electron transport, impurities).

® Density limit (Murakami limit

® MHD effects (B limit, qy, etcg.
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THERMAL “IGNITICN" (P, =C
RUNAWAY Four=0)
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> [ Yf/’
= _
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Ll
Ol YHATYI -
=
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=8 |
C /
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OH HEATING
EQUILIBRIUM “ IGNITED
(P, =0) WINDOW  opeRATING WINDOW

(T), AVERAGE TEMPERATURE

Special! Cases:

ZATiheating + 0

T operating * 0

An)operating *

Desirable Characteristics:

3

AT)heating = O-few keV
éoperating + Several kev

(An

Joperating * (0.2-0.5) npax

Ohmic Ignition
No Ignition
No Ignition

Low Pyyux

Ignition margin



To cover the range of possibilities Lor +he
Ccr\g-rr\e.men-\:. 'Sc:q\ir\as and +o lbracket +he
OP'\:\'oi\s J;br‘ iani-\:(on e_)cPel‘Tmen"{:s , we chopse

- "O‘D"h'm'xsjdc.“, ohmic— like scalina
— Neo Alcatar (T ~n)

. “Pessimiskic,' L-mode-\ike _s::a\hi
- \<Q.L3€. - Go\dston (T ~ P-d‘ D
with P = E“\' P0H+ Paux

A %enera.h%ed ohmic / O.U)C‘\\ic.\‘us sca\(ncé)_

....L—:—«—-‘ —!--————\

A - -z Za
e ZEDH Eaux

ZEDH =» (¥o- cleater

1
tEaux = { Cgm 3 Q: | L -mede
= 2 H-Mc:cle,




Sjr.e.o.&.ﬁ— state pouser balarnce e.C‘UC\‘\:,'\or\
F = — P - Pr

Con ad + ’\39‘ - PD\-\ “* Paux =0
ceLormolated oo small
O_Q Po.(‘qme)cers , Thos iden‘\'.\'.gt:\\ha

classes of devices with equtua\.e.n‘l:

Pef,go(ma nece .

can \oe_

W terms o
nomber

Dv’\e. Sucl'\ -Formu\c.“:;ar\
F=F(m, T, R

" = <Y'\>
N

murakami

= normalized. density

("Murakawi Parame&er"}

P o= <—\'> = <|‘\—\'> /<f\>

= dens\%l- a\)emieo\ Jcemeera\-_uce_
X =" I:(aure_ of mert’ parame‘\:.er N(r\t§

For nes-Alcatar \Caje- Goldston, Mirnov, etec. -lile
Sml(r\%s

.X-E QB?Q- /ﬂ*

Similar  paramekerizaton (Tn kerms of +hese or any

other similar Quanties) (= alse possible (or other
con Gnement .Sc_a\fn35



Exawples for  ohmic - like Scaline

) Tg = TCTnecalcator

by XKe = 'Fex ’X’ﬂeoqlcd:or
rx\: = ‘Fix ’X"C—\'\ar\%u Hinkon

. Funchonal Loem -
(T~ naRig )

. T:P\'Caul Parame#e.r rcmat (_“S‘{'andqrc\." —l—c\(_amak\
AL 3+o0.s

l(_ ~e l-‘:—\.;

4\“,,.. 2.6
i*eﬁc..,l.s

(B ~ 4hs-5.0)
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Steady-state Py, x = O contours for various values of
aB%/q. showing:

® Requirements for ohmic ignition.
® Relative size of heating and operating windows.
® Optimal route {(min Pyyx) to ignition.
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Steady-state Pyyyx = O contours for various vaiues of
aB%/q, showing:

® Requirements for ohmic ignition.
® Relative size of heating and operating windows.
® Optimal route (min P,yy) to ignition.
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Steady-state P,y = O contours for various values of
aB/q, showing:

® Requirements for ohmic ignition.
® Relative size of heating and operating windows.
® Optimal route (min Pg,,) to ignition.
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Steady-state Py, = 0 contours for various values of
aB%/q, showing:

® Requirements for ohmic ignition.
® Relative size of heating and operating windows.
® Optimal route (min Pgyyx) to ignition.
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Steady-state P,y x = 0 contours for various values of
aB3/q, showing:

® Requirements for ohmic ignition.
® Relative size of heating and operating windows.
© Optimal route (min Pyyy) to ignition.

ORNL-DWG 05-2891 FED

1 A S R R
B Paux=0 CONTOURS

22-i@ 90IM —

"24 -

50 20 -
60 —» 15 X o= XNEOALCATOR
20~ X;*3xXgy
q(0) =0.8

1.6~ -

- -
1_2 o } —
1.0 -

08

08—

(¢ /nyuraram))s NORMALIZED DENSITY
[\
{

oH ranition
0.4-13 | &
30 2
0.21-29 | 28 55
) P
oL TN 1 1 1 1o
0 2 4 6 8 10 2 4 16 18
(T), AVERAGE TEMPERATURE (keV)

Confinement model: Xe
‘X_.

(Olwmic- like) :
| q(0)

XNeoalcator
3xXchang-Hinton
0.8



<nD ~0.85 Nmurakow|
n> = 0.65 Npurokawd

Summaey - Steady-state By =0 contours

ORNL-OWG 85-3048

Qm.c .models (&) Xe =Kneo-aleakr K= | X ’X'Chana- Binton
Oa) Pe=Tnes-alcater Ki=3xX Chang - Hiaton
Su(:er’\r\'\?csa& are tb: Perit = 31'/°t Bs (96) condeurs .

Dphmal o\enSH'\j path 4o 'lan{-h‘cn ( norowest AT b\ecrkns
u)u'\dou)\ s c\ear‘\j evident. and 4 occocs at

FED

e ALIMIT {Bepiy~1/0B)

L J

i 1 !

o= SLINIT (B ey~ 1/uD)
== Pys” O CONTOURS _|

X o Xnenarcaton
Xl'l x xm
q{0) =08

«nd /oy panaut b NORMALIZED DENSITY

Xq * XngoALCATOR
X Xc" h
q{0)=08
Z." * (.5 -
o
dag
4.5 -
NN\,
NN\ -
NS,
S N

{a)
{ I | {

2 14 8 80O
(T), AVERAGE TEMPERATURE (keV)

(ohmic - like - Sc.a.((nj\

0 2 1«

{T), AVERAGE TEMPERATURE (keV)

NAU &/85



NAU ©/85

Devices with large uBf/q. have favorable heating
" and operating windows.
As aB,z/q. increases

o (AT) heoting window decreases
» small Poux requirements
» margin against uncertainties

e« (AT) operating window increases
» margin against uncertainties
» separation of ignition physics from
B and density limits
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(AT)QD in the figure is measured at the Murakami limit.

(AT)QP is larger olong the optimal density path.
Note: Assumption of q(0)=1.0 or q(0)=0.8 has very little
or no.impact on (AT), for aB2/g. < 25.




NAU 6/85

Maximum attainable margin for ignition within the plasma
\
operating window increases with increasing aBZ/q..
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Based on the chmic-like confinement scaling devices with
B2/qs~20 =5

appear ignitable with a margin M - 1.5= 0.5. Required

auxiliary power Pq . (equilibrium) —10 5 MW.



08.2/q,, FIGURE OF MER!T
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Auxiliary power requirad for tgnitlon decreases
as aB2/q. Increases.

e Figure shows the minimum aquxiliary power requirad
for ignition cs determined by the maximum equilibrium
power along the optimal density path for several
confinement models.

¢ To raise the temperature to ignition in a finite
time more auxiliary power is required
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ohmic-like )
Based on the,confinement scalings considered, possibliity

of ohmic ignition exists for devices with

aB%/qs ~ 40 = 10
(much of the uncertainty can be removed by some amount
of added auxiliary power)
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Ohmic + qui\iqru\ SCq\rnq*

L = ._J_ -+ ——l?:
-Ce" teg'u Z"Eﬂux.

ZDH = Zne_ga.\Ca.-\nL ~ Y}QE&C{*

L2 ~oS8 LWeS -0
tQQﬂ =; t\:auﬂe. = GQ\AS*‘"‘ ~ X P R [« W 3

235
=3 Tggq ~ L

- S-i-ren3 daFencleqce_ - on P\asmcn. ShQFG- (w, 8)
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T. "E\ma:.&e&" " C K~ L8-20 y Sa02-00
@.

"More_-e.\maa-\e& " S VAP, - SR, 13 -)‘ 3~ D.2-0.0

_'T_jfu‘cql Parawaters

Aw 2.8 + 0.2

i(1‘\\,.;3@_ . E,L and Toy IS ncluded in P, in addition o Paux)

dhuos +he model can e considered as ‘?essim‘\s{-{c..




((n)/nMURAKAMl)' NORMAL'ZED DENS'TY

S{,e_ud\j state ‘E\m)“m / OR ec‘uxl loriom  contours
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Maximum attainable margin for ignition within the plasma
operating window increases with increasing aBZ/qa.
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Applications to Compact Tokamak \3ni\:icn ExPerimen‘cs

At ?resen'\‘. several Candidate design options for a
cDmFac:\. , h\'ala- Lield l'gni’cn'on experiment are leing
considered. b‘j the U.S. Tokamak \3ni\-_\'cm Studies
Be.sian Teawms . TThese OP-Hons include
. lam‘{or- A — Q~033m, Ri~w!lwm , B~126T
I~bmMma, ch,.u:z.e , Kale3 |, 5028
= a® /9% ~ 32
« PPPL_ ISP 5 0 A053m, R .~lé6wm , BAAT

(ouay) I~ 8%MmaAa Qu~2-6, Kkmlb, 3~0Y4
- alg/qy ~320
e MIT- LITE _. O~ 0535m, Ro~13Sm , B,~885T
I o3FMmA, qQe~326 s L~ 16 , 3~0.3
= aBg /qx ~\3

Can lbe Ca&.e_aon‘-ze& in +wo classes

I. Devices with aB? /c!,; ~ 20
I. Devices with ap? /C‘* ~ 32
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For typical range of aspect ratios (A =~2.5 - 3) and
MHD safety factor ( qu~2.6 ). the range of device
parameters and plasma current corresponding to

aB2/qs—~ 20 - 35 are: R~1-2m (a~0.35-0.65m)

B.~8 -14T7
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Variations D(: Fsrame{:es woith \3{\‘-\:\;:(\ mqrah’\

and quec:E ratio
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*STEADY-STATE’ AND TIME-DEPENDENT ANALYSES

‘Steady-state’ contours generated by slow time evolution
of 1-1/2-D WHIST transport code and 0-D global model.
e IGNITOR-A, PPPL 0424, LITE, and "MX".

® Sensitivity to X (ohmic & auxiliary).

Time-dependent simulation of ‘flat-top’:
® Time-to-ignition.

® Auxiliary power requirements.

Full startup analysis:

® TF compression with current and density ramps.

® Volt-second consumption.



GENERAL TARAMETERS

Re |- L35 m
Q - O - 0.6 v
B, - 137
1 8 - 13 MA
K .6 - 2.0

SPECIFIC PARAMETERS

[GNIToR- A PPPL -SSP

MIT-LITE MM
(Ou24) )
Ko (m) .ol L62 L36 LY
a (w) 0,338 0.53 0.55 0.5
A=R./a 2.6 3.0 3.2 2.8
K .63 L6 WA L8
S  a2s 0.4 5.3 0.2
B (T 12.6 3.0 8.6 10 .0
I 0.0 8.0 3.0 10.0
I 2.6 2.6 2.6 2.6
Zege 1.5 LS LS s

NAL

*Mo‘\- an eajneeﬁns descnan. A (‘e-pzre.r\ce. ‘P'm.ls.‘cs Aevice,

(_l\l‘a\.d\e_ of the 'P.:o_)é h) -X»o(‘ calculatonal ‘PurFosg.

/85 o



Example 1 (0-D 4 1-Y2-D)
Plasma performance contours for devices with

2 =
0B3/e = 20

under different scaling assumptions.
Optimal path, P, .. and Max. ignition margins are given.
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Example 2 (0-D 4 1-2-d)
Plasma performance contours for devices with g

20, =
GB3/ds = 32

under different scaling assumptions.
Optimal path, Paux' and max. ignition marain are given.
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OUTLINE

e Physics assessments - design and engineering impact

confinement studies

ohysics requirements and options for ignited
plasmas

classes of devices with equivalent performance

sensivity to variations in confinement models

o 1-1/2-D confinement studies

dynamic simulations

critical physics issues (sawteeth, a- slowing down,
local transport, etc.)

startup analysis

volt-second consumption



