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o Coupled, multi-region, zero dimensional power balance
code,

o Configured for (a) MARS (quadrupole) mode and (b) TARA/
MINIMARS (octupole-Axisymmetric) mode.

o Outputs include plasma parameters (densities temperatures.
nntentials, absorbed powers, etc.) and system engineering
power balance parameters (recirculating powers, thermal
powers, etc.)

KSTVI%E
: PORTIONS OF THIS REFIET ARE ILLEGIBLE,
Central Cell Phvsics It has been reproducesd from the best
available cupy 1o permit - Lroadest
® Fuel ion particle/energy balance. possible availability.

. Electron energy balance,

. Alpha particle balance.

. Global charge balance.

. Hot alpha prompt losses:
(a) Nor-adiabaticity
(b) FLR losses to halo,

. Pressure balance.

*Research sponsored by the Office of Fusion
Energy, U.S. Department of Energy, under
contract DE-AC05-840R21400 with Martin

Marietta Energy Systems, Incorporated. mm
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CHOKE COIL FIELD (TESLA)

YMIN=- 1422.  YMAX= 1650. NET ELECTRIC POWER = 600.0 MW
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o = PHYSICS

o = FUSION

a - ENGINEERING

YMIN- 3.038  YMAX- 82.61 NET ELECTRIC POWER = 600.0 MW
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M)
100.0

MINIMARS

250.0 300.0 350.0

200.0

1SP.0

50.0
)

0.0

-
......
o SO

CENTRAL CELL
& =~ LENGTH

1.0

¥
1.5

20 25 30 35
WALL LOADING (MW/M2)

YMIN= 489.75  YMAX- 348.4

T
4.0

NET ELECTRIC POWER = 600.0 MW



MINIMARS

26.0

24.0
h

(TESLA)
18.0 20.0
\

16.0

VACUUM FIELD
£ - CHOKE COIL

1.8 1.5 2.0 2.5 3.0 3.5
WALL LOADING (MW/M2)

YMIN= 16.71  YMAX=- 25.92

-
4.0 4.5 S.0

NET ELECTRIC POWER = 600.0 MW



(KEV)

17.520.0 22.5 25.0 2

MINIMARS

\

7.5 30.0 32.5 3?.0 37.5 40.0 42.5

A\

\

- CENTRAL CELL
=~ [ON TEMPERATURE
- ELECTRON TEMP.

20 25 3.0 3.5
WALL LOADING (MW/M2)

~—y
1.0 1.5

. YMIN= 19.81

—
4.0

YMAX= 41.16

T

4.5 5.0

NET ELECTRIC POWER = 600.0 MW



(MK)

MINIMARS

30.0

25.0

LFUNCHED POWER
& = MANTLE ECRH
+ o=ECRH AT A
&= ECRH AT B
+ - NEUTRAL BEAM
- ORIFT PUMP

e .

e

1.5 20 25 30 3.5 4.6 45 50
WALL LOADING (MW/M2)

YMIN- 0.423  YMAX~ 25.08 NET ELECTRIC POWER - 600.0 MW



MINIMARS

8 POWER
& - AUXILIARY PUMPS
2 © = CRYOGEN SYSTEM
g = FUELING SYSTEM
- ~ = HEATING SYSTEMS
»¢ = MAGNET SUPPLIES
9 o = PLANT FACILITY
ao;-
[ EPESI A EA
o' T
8-
+

Q

e-
o - 4 )

b B 00 s

S e “Tn e N
o 0:; ey ; ‘PhtA-‘;,: - [’{(“ 4 ‘()«r, \ ,_,
o MT’"“ T ) T Y T 1 —~ .
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 ! T .

WALL LOADING (MW/M2) e e

YMIN= 0.144  YMAX- 104.6 NET ELECTRIC POWER = 600.0 MW



MINIMARS

o |t 0
8- &= PHYSICS
o - = FUSION
a = ENGINEERING
\\

o
=) SPTTNPSINIRY Yep—— LA

U U U T ‘v ——g— -
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
WALL LOADING (MW/M2)

YMIN= 3.656  YMAX= 249.2 NET ELECTRIC POWER = 600.0 MW



FUSION ENGINEERING DESIGN CENTER

™

FPD-11 TYPE QUADRUPOLE MAGNET SET
(MARS-MODE)

Central Ceil

Coil
Transition _
Coil W e
RO
lllp‘?"\\\\\\
\{i—— WA
Plug e

ABEE My 2
Aeﬂ&asu--u.-sa ST
Recircularizing

Coil

Plug Anchor Choke Central Cell

Pumps
Anchor ICRH
~—Sloshing-ion Beam
ermal Barrier ECRH

Potential Barrier ECRH




TANDEM MIRROR REACTOR SYSTEMS CODE
FLOW DIAGRAM

PHYSICS POWER CENTER CELL &
INeut }T (TMR BAR) REACTOR? BLANKET & SHIELD CHOKE MAGNETICY |'" CHOKE SHIELD
1
' NO |
' ! FIRST WALL
t Revise betas & end cel lengths i & SHIELD
[ F— M - o o - - — —— g - — -1 ]
] L Revise case thickness
[ I e 2
INO | NO
AUXILIARY END CELL YES END CELL CENTER CELL &
PHYSICS MAGNETS MAGNETICS/MHD CHOKE MAGNETS
{
i
Ravise °C" coil minor radius |
NO [ P————— e e - — >——a
SHIELD DIRECT
END CELL SHIELD | SPACE PLASMA HEATING VACUUM VESSEL FUELING
OK? CONVERTER
<
! NG
HEAT TRANSPORT POWER THERMAL MAGNET
HEAT TRANSPORT o OWER REACTOR? HYDRAULICS CRYO SYSTEM ELECTRICAL
TRITIUM MAINTENANGE
FACILITIES ‘-—v PROCESSING ‘—v EQUIPMENT }—. +C POWER }—o 1&C
OuTPUT .-{ COST SUMMARY




FUSION ENGINEERING DESIGN CENTER

EXAMPLE CODE EXECUTION

- Blanket
Shield
Choke Shield
Magnets
End Cell Shield
Direct Convertor
Plasma Heating
Fueling
Magnet Electrical
Cryoplant
Moin Heat Tronsport
Auxiliary Heat Transport
Power Conversion
Facilities/equipment
Fuel Processing
Mointenance Equipment
AC Power
I1&C
Vocuum Vessel

Costs

Case 1

30,3
65.5
4,0
175, 4
2.5
5,2
65.8
6.3
12,8
81.8
96. 1
17.8
99,6
287.3
218.14
66.2
26.9
64,3
98.7

1424,9 M$

Case 2

29.4
61.9
4,2
167.0
3.8
3.9
75.0
7.6
12.5
90.5
97.2
20.0
99.7
283.7
218.6
66.0
28
64.2
80.2

1413.4 mg




FUSION ENGINEERING DESIGN CENTER

EXAMPLE CODE EXECUTION

Parameters

Case } Case 2
Fusion Power (mw) . 1000 1000
Reyoke? (M 0.14 0.16
Rppasma (M) 0.46 0.53
Lee (M) 24,1 111.9
Bc c 0.60 .583
T4 (keV) 29.0 32.0
Plasma Heating (mw) 25.9 32.7
Wi (mw/m?) 1,52 1.53
Ay m) 0.7 0.7
Ag m 0.74 0.75
Ag g M 1,52 1.53
Pe net 388 366

Q ' 3.44 2,91



(1
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11

(12)
(13)
(14)

(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

NOTE: variables may have upper/lower bounds

BASIC 14 PHYSICS VARIABLES:

Transition Plasma B field
BwPlasma B field

Ba Peak Plasma B Field

9 = (Mpgss * Ntrap’/Mpass

9% = Mpassq’ Mtrop.@/Mpass, @
Transition Potential

Geodesic Curvature Potential Maximum
Sloshing Ion Point Potential

Barrier Potential

Inboard Mirror Peak Potential
Central Cell Ion Confining Potential

Central Cell Electron Temperature
Central Cell Alpha Fraction
Central Cell Floating Potential

OPTIONAL/OPTIMIZATION VARIABLES

Central Cell Length

Central Cell Ion Temperature
Central Cell Radius

Barrier Beta

Warm electron heating point mirror ratio

Central Cell Vacuum B field
Choke Coil Vacuum B fileld

Ehot - Te,warm

BPLAOT
BP]
BPLAOA

XLIL6
XLILGA

ETAT = @;/Te.
ETAPI =@/T¢,
ETAAP = b /T
ETAB =P /T
ETAMP =y /Te,
ETAC = /T,

TEC
CALPH Cq
ETAE = Pg/Tec

CLENGTH

TC

CRADIUS

BETAB

SLOSH = B,/By
BVACOC

BBAR

DELTEW

any physics input constant may be changed into a variable



FUSION ENGINEERING DESIGN CENTER

BASIC 14 PHYSICS CONSTRAINTS

= 172
(1) Bpjgsma,t = Bvac.,t(} -B¢) ™' (transition)

(2) - Byjgsma, = Bvac., (1 -B )1/2 (geodesic curvature moximum)

=B (1 -By1/2 (potential peak)

(3) Bplosma, vac. ,a

(4) 6lobal Charge Balance

(5) Alpha Particle Balance

(6) Quasi-neutrality in Transition (t)

(7) Quasi-neutrality at Geodesic Curvature Maximum ( )
(8) Quasi-neutrality at Sloshing Ion Injection Point (a’)
(9) Quasi-neutrality at Thermal Barrier (b)

(10) Quasi-neutrality at Inboard Plug Mirror Peak (mp)
(11) Quasi-neutrality in the Central Cell (c¢)

(12) Electron Energy Balance

(13) Ion Trapping Rate in (b), (t) = Removal Rote

(14) lon Energy Balance :

OPTIONAL EXTERNAL CONSTRAINTS

(15) Fixed Net Electric Powef
(16) Fixed Wall Loading

(17) AT;:Ehot - Te,worm



MINISYSTEMS CODE

0 - OBJECTIVE
MINIMIZE A USER-SPECIFIED SYSTEM FIGURE OF MERIT BY

VARIATION OF UP TO 22 PLASMA ENGINEERING PARAMETERS
SUBJECT TO A USER-SPECIFIED SET OF CONSTRAINTS.

0  RELATIONSHIP TO THE FUL. /MRSC:
RUNS IN OPTIMIZATION MODE TO EXPLORE PLASMA ENGINEERING

PARAMETER SPACE IN A SINGLE RUN. REQUIREMENTS ARE TO
(A) OBTAIN REASONABLE OBJECTIVE PARAMETER BASELINES IN
THE FIRST FEW MONTHS OF THE STUDY AND (B) PROVIDE A
BASIS FOR SINGLE POINT RUNS OF THE FULL CODE WHEN

AVAILABLE.,

0 FIGURES OF MERIT FOR MINIMIZATION:
1. TOTAL SYSTEM CAPITAL COST
2. CENTRAL CELL IGNITION LENGTHS (USEFUL FOR IGNITION
ETR'S)
3. TotaL PLuGc ECRH POWER
4, OTHERS----- ?



@D FUSION ENGINEERING DESIGN CENTER

1

“TMRBAR" POWER BALANCE CODE FOR TANDEM MIRROR REACTORS

General

Coupled, multi-region, zero dimensional power balance
code.

Configured for (a) MARS (quadrupole) mode and (b) TARA/
MINIMARS (octupole-Axisymmetric) mode.

OQutputs include plasma parameters (densities temperatures.,
potentials, absorbed powers, etc.) and system engineering
power balance parameters (recirculating powers, thermal
powers, etc.)

Central Cell Physics

Fuel ion particle/energy balance.
Electron energy balance.
Alpha particle balance,
Global charge balance.
Hot alpha prompt losses:
(a) Non-adiabaticity
(b) FLR losses to halo.,

Pressure balance.



OPTIMIZATION PROCEDURE

(1) Find Feasible Starting Point

. Solve 14 nonlinear physics constraint equations.
May fix Tc' central cell length or fusion power 1f

no external constraints are used.

) Solve using a modified Newton’s method:
Plug warm electron temperature equation.
Minimization of mantle ECRH vs. mantle hot

electron energy,

) Solve optional external constraints.
Fixed net electric power.
Fixed wall loading.
Fixed AT = (Ehot - Te,warm)

(2) Select Optimization Function

. May minimize or maximize any combination of
physics variables.
For example:
Minimize cost figure of merit.
Minimize neutral beam power,
Minimize total rf power,
Minimize central cell length.
Maximize fusion power,
Maximize wall loading.



(3).

(4)

OPTIMIZATION PROCEDURE (con’t)

If Optimization Finds an Infeasible Point

. Attempts to find a feasible point using all
physics and external constraints.
If unsuccessful, reduces the number of constraints
by 1 until a solution is found or the number of
constraints < 14

Output From Both Starting and Final Points is Stored

° Formatted output file is created,

. Namelist file created.
Can be used as the input file for the next run.

. Namelist file created for plotting.
Can combine this file with previous run files
and plot the cumulative results using a separate
plotting code and make a summary output file.

. Output file created.
Contains physics variables and constraint equations
values for each iteration to be plotted if iteration
diagnostic information is required.



FUSION ENGINEERING DESIGN CENTER

Cupital
Cost

COST FIG. OF MERIT IN CURRENT USE

C. Cell C. Cell
binkt. & Build-
Magnets shield ing B.0.P.
s e — St
F.0.M = Cy BZ Lo FE mag + C2 Lc + Calg + CuPgysion

+ CsB%end cell Vend cell * C¢ Preat,, wall plug
\ ) |\ J

choke coil ‘and end cell Plasma’ Heating
magnets Systems
eomag = T * Thalo * Mbinkt * Fshield Ci =7,19 x 1072 M$ T2 ™2
Bend cell = (Bynoke * Bouter mirror)/2  C2 = 0.93 M$ m™!
Ve _ _ -
end cell = rgver mirror Lend cell C; =05 Msm’
Cs = 2.67 x 1072 M$ T72 m™3
Cs =

1.5 M$ IMyq11 plug
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OCTOPOLE VERSUS QUADRUPOLE END PLUGS
- A COMPARISON OF MARS AND MINIMARS

ADVANTAGES
0  SHORTER END CELL MAGNET LENGTHS:

- SHORTER CENTRAL CELL LENGTHS FOR IGNITION: SMALLER
REACTOR SIZES.,

= CHEAPER, MORE COMPACT, END CELL MAGNET CONFIGURATION,
0 SIMPLE MIRROR CONFIGURATION WITH (NEARLY) AXISYMMETRIC*
MAGNETIC FLUX. BUNDLE IN END CELL:

- REDUCED RADIAL DRIFTS.

- SIMPLIFIED CORE PLASMA POWER BALANCE COMPUTATION = ONLY

ONE END-CELL MIRROR REGION,

*CORE PLASMA ONLY: MANTLE IS NON-AXISYMMETRIC.

DISADVANTAGE

0 ACCESS PROBLEMS IN COMPACT END PLUG (INTEGRATION OF SEVEN
MAJOR SUBSYSTEMS)

0  HOT ELECTRON MANTLE WITH ADDITIONAL ECRH SYSTEM REQUIRED IN

END CELL.

0 OCTOPOLE MAGNET HAS COMPLEX WINDING GEOMETRY AND
CONSTRUCTION.

0 AXISYMMETRY MAKES DRIFT PUMPING OF TRAPPED IONS MORE
DIFFICULT.



MACHINE BASELINES BASED ON PRELIMINARY
TRADE STUDIES WITH MINI-SYSTEMS CODE

BASIS: MINIMIZATION OF COST FIGURE OF MERIT SUBJECT To 600
MwE FIXED NET ELECTRIC POWER. -

BCHOKE
27 221 28 1
GENERAL
NET ELECTRIC POWER., MW "~ 600 600 600
FUSION POWER, MW L423 1430 1443
e 68 77 86
CoLb DT FUELING CURRENT, KA 1,12 1.12 1.11
CENTRAL CELL
LC.M 87.7 , 85.4 84.3
BC.T 2.77 2.88 2.59
<8 0.6 0.6 0.6
R oM 0.553 0.520 0.490
RWALL.MZ 0.748 0.707 0.671
8, MA/m 2.76 3.00 3.25
CHOKE COIL
BCHOKE _ 20 22 24
Bs/c'T 16 16 16
ngERT‘T MW fs uy 513 2 321 6
INSERT * . . '
END PLUG
BpLuG 0.33 0.33 0.33
BMANTLE 0.3 0.3 0.3
END PLUG" MIRROR LENGTH.M 9.58 9.45 9.32
 PLUG MINIMUM F1ELD* T 1.5 1.5 1.5
MANTLE MINIMUM FIELD®,T 1.4 1.4 1.4
ABSORBED POWERS - BOTH ENDS
PNB.Mw 0.672 0.597 0.533
FIrap 0.140 0.133 0.127
PECRH-A' MW 1.10 0.955 0.835
PECRH-B* MW 7.97 7.08 6.28
PecrRH-M MW 11.1 10.1 9.15
TOTAL INJECTED POWER 20.8 18.7 16.8



