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0-D Confinement Analysis

Features included in the model:

• Plasma p r o f i l e s and geometry.

• Neoclassical r e s i s t i v i t y enhancement

• Various forms of Xe anc ' Xj •

• Physics constraints

Pcrit ~
nmurakami **

* Equilibrium plasma current profile.

• Fuel, alphas and impurities (Z eff).



Steady-stste global analysis is a useful complement to full

1-1/2-D transport code calculations.

• A simple analytic global model is developed to establish
ignition conditions and plasma parameters operating regimes
over large regions of parameter space (RQ/a, b/a, aBg/q*, etc.)
under various physics assumptions U e , x^ q^, fiCT\x.>

 ncrit'
etc.)

• This simple model Includes detailed enough physics information
to be useful in exploring 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 seal ings considered, it was
possible to generate nearly universal contour plots of
ignition, auxiliary power requirements, optimal path to
ignition, plasma heating and operating windows, etc. in
terms of a small number of parameters (such as aB^/q#,

<n>/nmu, <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 to analyze potential physics
design space, operating regimes, and plasma performance
characteristics of small (Ro ~ 1-2 m), high field
( B n ~ 8-13 T) tokamak ignition experiments



MAO

Calculations are based on global analysis

»- Local enegy balance equation

aw
7 nikTi ] " paux + p0H + pa " pcon " prad

averaged over a flux surface for a giverv plasma profiles.

Geometry:
Concentric flux surfaces with elongation
and triangularity 6.

= b/a

**- Profiles: Typical profiles assumed are as shown

r ̂ r s :
T = Tn; J = J(0); q = q(0) j©) t

ORNL-DWG 85-2931 FEO

SAWTOOTH REGION

h , T - - r 2/a 2) a n' T

q(O) -

J -T,3/2
a r

RADIUS



Definitions:

ignition Margin

MHD safety factor

Equivalent cyclindrical
safety factor

"Figure of merit"

N =
p a * PQH

P(all losses)

a 2iz)

Constraints/Limits:

Density limit

Beta limit

n2o — nmurakami

> 1.5 (

Jtotal = 3I/(aBn)

Units: mks units with T in keV,

n 2 0 in 10
20m"3, I in MA

P in MW.
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~ 0.5
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For example:



Steady-state (equilibrium) : d W d t = 0

MAO
6/85

+ POH + paux = pcon + prad = plosses

There are two possibilities

ipaux= ploss"pOH"pa

max

J.P.-J!Y

paux * pmax ls required

for ignition
Ohmic ignition



NAU 6/85

Plasma parameter operating space is constrained by:

• Confinement (ion & electron transport, impurities)
• MHD effects ((3 limit, q̂ ,f etc] .
• Density Iimit (Mur a k ami Iimitj.
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NAU 6/85

Steady-state P a u x = 0 contours for various values of
/ showing:

Requirements for ohmic ignition.
Relative size of heating and operating windows.
Optimal route (min P a u x ) to ignition.

OH

2 4 6 8 40 12 44 46 (8
<T>, AVERAGE TEMPERATURE (keV)

Confinement model: T£

q(o)

^Global
TNeoaIcator
1.0



NAU 6/85

Steady-state P a u x
 =

/ showing:
contours for various vaiues of

• Requirements for ohmic ignition.
• Relative size of heating and operating windows
• Optimal route (min P a Ux)

 to ignition.

ORNL-OWG 85-2890 FED
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TGlobal
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S t e a d y - s t a t e P a u x = 0 c o n t o u r s f o r v a r i o u s v a l u e s o f
a B 0 / q * s h o w i n g :

• Requirements for ohmic ignition.
• Relative size of heating and operating windows.
• Optimal route (min P a u x ) to ignition.

ORNU-OWG 85-2887 FED
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NAU 6/85

Steady-state P a u x = 0 contours for various values of
aB 0/q + showing:

• Requirements for ohmic ignition.
• Relative size of heating and operating windows.
• Optimal route (min P a u x ) to ignition.

2.4 -

2.2 -

2.0 -

« 1.8
UJ

a
a 1.6
UJ
N

< 1.4 h

i 1.2 H

< 1.0

<

§ 0.8

3 0.6

0.4

0.2

ORNL-OWG 85-2888 FED

- Hll 'IIIi l l IIImn • I
— | i | \ i

• 
i 

t 
i

-4- <5—41
20—H

_ |g—THJ
40—44--
50 H~.

- 60 H-i

1 III

II '* '
L—-15

[L 20
J-P 30
TL 35

^X^—50

l\\
•4/^4/

I I 1

1 1 1

Pa u x»0 CONTOURS

X e *^NEOALCATOR

X i S < x X C H ""
q(0)=0.8

*^**—-— —" "

' —
—

I ! 1

0^

2 4 6 8 10 12 14 16
<T>, AVERAGE TEMPERATURE (keV)

18

Confinement model: X @ =
«!«<> Xi =

,(0) =

XNeoaIcator
lxXChang-Hinton
0.8 S



NAU 6/85

Steady-state P a u x = 0 contours for various values of
aB 0/q* showing:

• Requirements for ohmic ignition.
• Relative size of heating and operating windows.
o Optimal route (min P a u x ) to ignition.
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Devices with large aB./q» have favorable heating
and operating windows.
As aBo

2/q, increases
• (AT) heating window decreases

»- small P a u x requirements
»- margin against uncertainties

• (AT) operating window increases
+- margin against uncertainties
»- separation of ignition physics from

fi and density limits

ORNL-OWG 85 -2893 FED

10 TEsTGLQBALsTNEOALCATOR

XesXNEOALCATOR

(AT) heating

I I I
1 2 3 4 5 6 7

AT, HEATING AND OPERATING WINDOWS (keV)

( A T ) o p in the figure is measured at the Murakami limit.

op is larger aAong 4ln£ opt»ma.\ j p

Note: Assumption of q(0)=1.0 or q(0)=0.8 has very little
or no.impact on ( A T ) o p for aB^/q# < 25
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Maximum attainable margin for Ignition within the plasma
operating window increases with increasing aB*/q#.

60

cr
5
u.
o
LU
cr
3
O
GL

.
W
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a

50

4 0

30

20

10
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WM TE"TGL08AL"TNEOALCAT0R

X e
a 2xX N E 0 ALCAT0R A N D X i s 1 x XcH ~

aB0=s 4.5-5.0

I I
0.5 1.0 1.5 2.0 2.5 3.0

MAXIMUM IGNITION MARGIN

3.5 4.0

Based on the ohmic-like, con-pnamervt scaling devices

aBo
2/q.~20 =t 5

appear ignitable with a margin M — 1,5 ± 0.5. Required

auxiliary power Paux(equilibrium) - 10 =̂ 5 MW.
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Auxiliary power required for ignition decreases

as aBp/q* increases.
* Figure shows the minimum auxiliary power required

for ignition as 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

ORNL-DWG 85-2894 FED
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1 1 1 1 1
2 4 6 8 10 12 14 16

Paux, REQUIRED AUXILIARY POWER FOR IGNITION (MW)
18 20

Based on theAconfinement scallngs considered/ possibility
of ohmic ignition exists for devices with

aB0
2/q# - 40 =t 10

(much of the uncertainty can be removed by some amount
of added auxiliary power)
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SU.adu-sto.-te. vaaAioA / OH equilibrium

•for Various Values
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\Jaf\QOS

(i^nWo CoA-lours

are
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Maximum attainable margin for Ignition within the plasma

operating window increases with Increasing aB*/q».
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NAU 6/85

For typical range of aspect ratios (A-2.5 - 3) and
MHD safety factor ( q^-2.6 ), the range of device
parameters and plasma current corresponding to
aB*/q«~ 20 - 35 are: R - l - 2 m ( G » 0.35 - 0.65 m )

B^- 8 - m T

t~?-\o MAC <~ 1.&-1,̂ j ~3-i3wA CK~ i.s-a.ty, ~ u-i^ MA
ORNL-DWG 85-2899 FED ( | £ - J A . 3 -

0.75 1.00 1.25 1.50 1.75

Ro, MAJOR RADIUS (m)
2.00 2.25

0.5 0.6 0.7
a, PLASMA RADIUS (m)

For most parameter range of interest a B - 4 . 5 - 5 (mT)
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STEADY-STATE' AND TIME-DEPENDENT ANALYSES

' S t e a d y - s t a t e 1 c o n t o u r s g e n e r a t e d by s l o w t i m e e v o l u t i o n
of 1 - 1 / 2 - D W H I S T t r a n s p o r t c o d e and 0-D g l o b a l m o d e l .

• I G N I T O R - A , P P P L 0 4 2 4 , L I T E , and " M X " .

• S e n s i t i v i t y t o Xe ( o h m i c & a u x i l i a r y ) .

T i m e - d e p e n d e n t s i m u l a t i o n o f ' f l a t - t o p 1 :

• Time-to-ignition.

• Auxiliary power requirements.

Full startup analysis:

• TF compression with current and density ramps.

• Volt-second consumption.
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Example 1 (a-D 4 i-'/z-D")
Plasma performance contours for devices with

aB«/a# = 20

under different scaling assumptions.
Optimal path, PQUX, and Max. ignition margins are given,
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Example 2 ( o - b 4 i-V*-
Plasma performance contours for devices with

aBj/q, = 32

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

Physics assessments - design and engineering impact

0-D confinement studies

• physics requirements and options for ignited
plasmas

• classes of devices with equivalent performance

• sensivity to variations in confinement models

1-1/2-D confinement studies

• dynamic simulations

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

• startup analysis

• volt-second consumption


